
PiHE USE OF HH~WI-VtXX-~4GE P-4PE.R ELECTROPHORESIS IX STUDIES 

03F 333E BHOSIB~HS 0” 3WC:X GLYCOPROTEINS 

me hams resptiton; tract produces a secretion in which the major 
nrna~mao~ ~~mpsrmenulis are muciu-type glycoproteins. High-voltage paper 
ell~pltno~ has proved 9 tahix30k research tool in studies of the formation of these 
@&uD~~~ ‘Sqpramltiio~ of hexoses, amino, sugars, oligosaccharides, sugar nucleo- 
tidks .annd rnnrn&~ gllycqpro&e~ are rapid&~- and easily obtained by paper electroplloresis 
a& vc&tagw o&w It0 Ho0 V/cm_ The use of high-voltage paper electrophoresis to follow 
=alramiiraco,~m in&erconPns and the transfer of glycos~l units to mucin acceptors 
ikde!scriiii 

The ~YCUA&JQII of smaD molecules by high-voltage paper electrophoresis 
@%Vl?E)) ” usn4lly cums&kwdl t 01 b e primarily of interest in clinical biochemistry1 and 
se~eraP cIm&Al aqppliktis oE biih~wokge and thin-Ia>-er electrophoresis were 
d-ii eaUr&lr iiml lOhliiS s$nml~s;Ri by CLO-CTES~. However. the advantages offered 
I@ HXPE a&s rnnake the tec~ue an exceedingly useful research tool, and we have 
russi% ez&msk@ in @&qprotei biosynthesis studies that are part of a basic research 
v on 6Atnro3bti &~ive hmg diaeses. J .L. 

We axe im~terreskd iirm t&e bi;ss+n&esis of mucin-t_vpe glycoproteins because they 
anw tie major nnacronno~ml!ar component of respiratoq tract secretions. These 
mmr.n~ haux~ ~&ru~etnrall p&terns characteristic of other “epithelial glycoproteins” and 
aureccanar1511~wuE co& mie0nUrall~ s-i&Jo- and! sulfomucins 3. The respiratory glycoproteins are 
repor&& to’ be nnn;;ede tap of gal!a~%ose and N-acetykesosamine residues attached to a 
pa~&,,pWle core@_ SqxrGmnposedl on this basic oligosaccharide structure are fucose, 
S&aIllk aNciid~ alnnd~cor snnfalte glrt?xaPb -*-a_ These mucin-tvpe glycoproteins provide the neces- _ _, 
sallx FJXSX+&~L&~~@ tt;co~allIlo~~ttIhe,O~ct~eobronchialsecretion to perform its vital physio- 
Uq&alk rwk Pattthe~llo~ coar~t~~ of the respiraton- tract, however, are usually 
arharrrct&zea3 by a~ Ilnypersecreta~~ of mucus with altered ph~sicochemical properties. 
li8hii$.hypwwxxetjionn iis eiil&ea the prima~;t- finding or is a major contributing factor in 
suncli! respira~twry alkeas~ as cbronik bronchitis, asthma, and emphysema5. 
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TABLE I 

I79 

BUFFER SYSTEMS FOR Hk-PE OP ChRl3OMYDRhTl3S 

Compounds were clctcctccl as follows : free hcxosamincs with 511 alkaline silver nitrate reagent, 
N-acyl tlcrivatives by yellow fluorcsccncc after spraying with 0.5 N alcoholic NaOI-I and heating 
at 100~ for 5 min (ref. 7), ncutrnl sugars were clctcctecl with a p-aminohippuric acid sprayR, and 
sugar phosphates and nucleotidcs wcrc visualizccl by Auorcsccncc under UV followin& treatment 
with an alcoholic quinine sulfate reugcnt?. 
I_..----------_--._-_-_--_..- -.-... -.I--.---_-_- -.__. ._ __-- -._--.-. 
B%~f/-U Sepavation of 
----..--___-_.-.._--___._ .- .-..- --- _-__ -_. - _..___._. __.~ _.__ - . . ..___ _..-. -.--. 

0.0s n/r borate, PI-T g.5 I-Icxoscs, hcxosamincs 
acetylhc.xosamincs 

1’7/0 borntc, pH 9.0 

0.05 A’2 phosphate, p1-i 7.5 

0.0s M pyriclinc-0.04 A4 
acetic acid, pM 6.5 

Mucins, sugar nuclcoticlcs 

Sugars, sugar phosphntcs 

Sugars, sugar phosphates 

_--_ _--_.---___----_---..---.__-._ .--._ - _..._._ -- ..-_.. .-.-. -- .-__.._ _-.- 

overall pathogenesis and progression of the disease. This work is aimed at an under- 
standing of the biochemical pathways involved in the formation of mucin glyco- 
proteins by the respiratory tract. 

The synthesis of the oligosaccharide units of glycoproteins results from the 
conversion of glucose to the individual monosaccharides, and the activation of these 
monosaccharides to the corresponding nucleotide sugar, followed by polymerizationO. 
An outline of the pathways involved in the biosynthesis of the monosaccharides and 
their subsequent activation and incorporation into glycoproteins is shown in Fig. 2. 
As sulfomucins appear to be an integral component of respiratory secretions3, the 
formation of activated sulfate from inorganic sulfate is also included in this figure. 
While little is presently known, concerning the biosynthesis of sulfated glycoproteins, 
it is believed that sulfate is transferred from phosphoadenosine phosphosulfate 
(PAPS) to a glycoprotein in a manner similar to the sulfation of mucopolysaccharides. 
The main enzyme systems we are investigating in respiratory tissues are shown in 
Fig. 2 and include the pathways for the biosynthesis of sialic acid and the transfer of 
individual monosaccharides to the glycoprotein core, Major use kas been made of 
HVPE during the course of these studies and in the preparation and purification of 
essential radioactively labeled substrates. 

ELBCTROPHORETIC UEVAVIOR OF N-ACIOTYL AND FREE xmsoshnlmm 

Whnt!nan No. 3MM paper, 0.05 M borate, pH 9.5, 30 min at Go V/cm. ‘ITlie compounds were 
visualizecl as clcscritecl in Table I. 
___.__._ -__-.._.. ._.-. . ..^__. _.__ .._.. .- __._.... _ .__.___.. .- ._...,._ - .._ . .__ ._. 

CV,*QWtL?ld Migvation to naode (cm) 
.- ____ - --._ -___- _...... . . ..--- -.-_ .-I ._.-- -- ..---... . . ..- _- -... _ 

Galactosnminc 2.0 
Glucosaminc 0 
Mannosaminc 9.9 
N-Acetylgalactosaminc 3.6 
N-Acctylglucosamine 0.2 

N-Acctylmannosamine 6.3 
Galactose 12.5 
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Fig. 3. Separation of ManNAc and UDP-GlcNAc by HVPE usin g a 0.05 M borate buffer, 1~14 9.5, 
at Go V/cm. Aliquots of the cpimerasc incubation mixture wcrc subjcctccl to clcctrophorcsis for 
55 min. Arcas corresponding to standards are cross-hatched. Raclioactivc arcas wcrc dctcctecl by 
strip scanning and then quantitatccl by sectioning the pnpcr and measuring radioactivity with a 
liquid scintillation counter. - -- -, Radioactivity at o time; --, following 30-min incubation 
at 37O with UDP-ClcNAc a-cpimcrase. 

EXPERIMENTAL AND DISCZiSSION 

Several typical buffer systems that we have employed most frequently are 
listed in Table I. An application of each system in our research is described below. 
The electrophoretic behavior of several amino sugars in one of these systems, a borate 
buffer, at 60 V/cm is shown in Table II. Galactose is also included in this table to 
show its rate of migration in this buffer system compared to the amino sugars. 

We are particularly interested in UDP-N-acetylglucosamine-z-epimerase, the 
enzyme responsible for the formation of N-acetylmannosamine (ManNAc), the first 
step in the series of reactions leading to the synthesis of sialic acid nucleotidcs, essen- 
tial precursors for glycoprotein synthesis (see Pig. 2). This enzyme has been shown 
to be subject to feedback inhibitionlO, and hence it is important to the possible regula- 
tion of glycoprotein biosynthesis. HVPE is used to separate the product of the reac- 
tion, ManNAc, from unreacted UDP-N-acetylglucosamine (UDP-GlcNAc). Typical 
separations are shown in Fig. 3. The use of HVPE and radioactive UDP-GlcNAc 
allows for a simpler assay of the enzyme as compared to standard chromatographic 
and calorimetric assays l”J1. Using this technique we have carried out estensive 
studies on the regulation of this enzymel2. 

The next reaction in the biosynthesis of sialic acid is the phosphorylation of 
ManNAc (Pig. 2). During studies of the distribution of ManNAc-kinase in mammalian 
tissues, it was reported that extracts prepared from tracheal tissues did not contain 
this enzyme 13. In addition, in all tissues tested, the kinase was accompanied by 
GlcNAc-2-epimerase and by GlcNAc-kinase. The latter two enzymes were found to be 
especially active in tissues, particularly lung and tracheal mucosa, in which ManNAc- 
kinase was not detectedr3. The presence of these two enzymes results in the formation 
of N-acetylglucosamine-6-phosphate from ManNAc. 

In a detailed search for ManNAc-kinase in tracheal tissue, we have made 
extensive use of HVPE to measure ManNAc phosphate formation in the presence of 
GlcNAc phosphate. The rate of phosphorylation is determinecl with the aid of [f4C]- 
ManNAc as substrate. N-Acetyl-hexosamines are separated from their phosphate 
esters using either a pyridine-acetate or phosphate buffer system, as shown in Fig. 4. 
The N-acetyl-hexosamine phosphate esters are isolated and then dephosphorylated 
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Fig. 4. Separation of N-ncctylllcso~~miilcs and their phosphate esters. I-IVlJU in 0.05 M phos- 
phatc, p1-I 7.5, at 40 V/cm for zo min. Ratliorrctivc ;Ircils wcw dctcctccl ;Ls tlcscribccl in IGg. 3. 

with potato pllospl~atase13. The resulting W-labeled N-acetylhcsos~~nlir~es are then 
separated, using the borate system described in Table II. Using these techniques, we 
have been able to demonstrate the presence of significant ManNAc-kinase activity in 
tracheal tissuel4, eliminating the need to postulate the existence of an alternative 
pathway for the synthesis of ManNAc-6-phosphate in this tissue. While ManNAc is 
rapidly converted to GlcNAc-G-phosphate by the trachea, sufficient ManNAc-G- 
phosphate is formed to allow for sialic acid synthesisl*. 

HVPE has also proved to be an esceedingly useful tool in studies of the transfer 
of glycosyl units to mucin acceptors by tracheal enzymes. In general, the assembly 
of the carbohydrate units of glycoproteins involves a series of glycosyl transferases 
(termed a multiglycosyl transferase systemlG) that transfer individual monosacclla- 
rides to growing oligosaccharide side chains. As part of our program on the biosyn- 
thesis of respiratory mucins, we are studying the glycosyl transferases of the canine 
tracheobronchial tree in normal and diseased animals. 

In order to study the individual transferase enzymes and their receptor specific- 
ity in tracheal tissue, it is essential that well-characterized acceptor glycoproteins be 
used. As purified glycoproteins prepared from respiratory mucus are not available, 
we have used such purified acceptors as desialiised sheep and pig submasillary mucins 
and sialidase-treated fetuin. Using such acceptors, various tracheal transferases can 
be characterized. A typical reaction of a monosaccharide glycosyl transferase, in this 
case CMP-sialic acid :glycoprotein sialyl transferase, is 

CMP-sialic acid + GalNAc-protein += sialic acid-GalNAc-protein + CMP 
Sinlic acid is transferred from CMP-sialic acid to a desialized acceptor, resulting in the 
formation of a sialic acid (n , 2 : 6) N-acetylgalactosamine (GalNAc) linkage. While this 
specifically depicts ovine submaxillary sialyltransfernse, a similar reaction involving 

I 
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Fig. 5. Assay for sialyltransfcrasc. x’yO sodium tctraborntc, p.I-1 9.0, go V/cm f0r 30 inin. 
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the transfer of sialic acid to a GalNAc-protein acceptor has been demonstrated in the 
respiratory tractfO. 

HVPE greatly simplifies the assay for these transferases. Enzyme preparations 
are incubated with radioactively labeled CMP-sialic acid (CMP-NANA) in the presence 
and absence of acceptor. Product formation is followed by subjecting aliquots of the 
reaction misture to electrophoresis, as shown in Fig. 5, The excess substrate, CMP- 
NANA, and its degradation products, primarily sialic acid, migrate rapidly from the 
origin. Protein-bound radioactivity, representing sialic acid transferred to the glyco- 
protein acceptor and depicted in Fig. 5 as mucin*, remains near the origin; this 
section of the paper is cut out and counted in a liquid scintillation counter. Transfer 
of sialic acid to small molecular weight acceptors to give such products as sialyllactose, 
which moves only a short distance from the origin, can also be studied using this 
systemlb. 

Another of the multiglycosyltransferase enzymes that have been studied in 
tracheal tissue is UDP-galactose:glycoprotein galactosyl transferase17. This enzyme 
catalyses the transfer of galactose to a GalNAc-protein acceptor to give a galactosyl- 
GalNAc linkage. The transfer of GalNAc to a polypeptide acceptor has also been 
studied using labeled UDP-GalNAc and ovine submaxillary mucin previously treated 
with sialidase and N-acetylgalactosidasero. 

UDPGAlNAc 
I , I 

ORIGIN 10 20 
DISTANCE (em) 

Fig. 6. Assay for jialactosyltransfcrase. I o/o sodium tetraborntc, ~1-1. 9.0, go V/cm for 30 min. 

These transferases are assayed in .a similar manner to the sialyltransferase using 
a borate system, as shown in Fig. 6. In the galactosyltransferase assay protein-bound 
radioactivity remains near the origin while galactose and escess UDP-galactose 
migrate away from the origin, In the assay for N-acetylgalactosaminyl transferase, 
however, free GalNAc remains near the origin in this system (Fig. 0). In this case, 
the electrophoresis paper is dried and the origin washed with 80% ethanol by descend- 
ing chromatography to remove any free GalNAc formed during the incubation. The 
material now remaining at the origin represents protein bound [W]GalNAc and is 
counted as previously described, 

These HVPE assays for glycosyltransferases are much more rapid than proce- 
dures involving acid precipitation and repeated washings of labeled glycoproteins. In 
addition, the assay can be carried out in very small reaction volumes conserving 
valuable acceptors and substrates. The transfer to small acceptors such as mono- 
saccharides can also be followed by HVPE. Such studies are extremely useful in 
characterizing specific linkages in the oligosaccharide side chains and also in mised 
enzyme experiments. Detailed enzyme stuclies of the multiglycosyltransferase system 
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TABLE III 

ELECTRODHORETIC BEHAVIOR 012 SIJCLEOTIDUS AND ACTIVATED SULFATE 

0.025 M sodium citrate, pH 5.S, 30 rnin at 70 V/cm. 
activity or UV ahsorbancc. 

The compounds were clctcctccl by raclio- 

----__ ..----__ . ̂ ..._ -.-._ 
CorlIpoli?ld Mi~mtion to mrode (cm) 
---__--.- -- . ..---- ---- .- ..-- ____. - _.... -. __. 

AMP 5 
.ATP II 
PAPS I4 
SO,‘- 23 
__-_.-.- .--._. ___- -.-.-_.... _.. __ .._. 

of canine respiratory tissue are being carried out by BAKER ad coworkers1”J7 using 
these analytical procedures. 

As sulfate groups appear to be superimposed on the basic oligosaccharide side 
chains of respiratory tract mucins”J, we are investigating the incorporation of p%]- 
sulfate into tracheal mucins 18. The biosvnthesis of PAPS and its transfer to acceptors ” 
are being studied in tracheal tissue estracts. HVPE is again being used in this 
research. The electrophoretic behavior of “activated sulfate” (PAPS) in a citrate 
buffer system is shown in Table III. As PAPS is formed by a two-step condensation 
of ATP with inorganic sulfate, the nucleotides AMP and ATP are also included in 
this table. 

CONCLUSIONS 

The studies described above demonstrate the usefulness of HVPIS in studies of 
the biosynthesis of mucin glycoproteins. The use of HVPE greatly simplifies several 
enzyme assay procedures that are laborious and time-consuming using conventional 
chromatographic, calorimetric and acid-precipitating techniques. It is hoped that 
these relatively simple applications of HVPE will encourage further use of HVPE 
in biochemical research laboratories, 

The author wishes to extend appreciation to Mr. Cr. I-I. STAHL and Mrs. 1I. 111. 
SOLMAR, who helped in providing most of the data in this paper, and to Dr. H. GREEN 

for his interest in this work. 
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