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ABSTRACT. To study the role of oligosaccharides on the properties of glycoproteins, five glycoproteins
(yeast external invertase, bovine serum fetuin, glucoamylase Aspergillus niger and chicken egg

white ovotransferrin and avidin) of previously established glycan patterns were purified to homogeneity
and deglycosylated with endo- and exo-glycosidases in native conditions. Thermal stability and
conformational changes were measured by high-resolution differential scanning microcalorimetry and
circular dicroism spectroscopy before and after they were deglycosylated. It was found that deglycosylation
decreases protein thermal stability, as judged by the decrease in denaturation temperature and denaturation
enthalpy, while it does not affect substantially the conformation as indicated by the CD spectra in the far
UV range. The destabilization effect of deglycosylation seems to depend on the carbohydrate content,
i.e., the maximum effect was observed for the most heavily glycosylated protein, irrespective of the types
(N-linked or O-linked) or patterns (mono- or multi-branched) of the covalently attached carbohydrate
chains. In addition, studies of the reversibility to heat denaturation revealed that deglycosylated proteins
have a poorer thermal reversibility in calorimetric scans than their native counterparts and tend to aggregate
during thermal inactivation at acidic pH. These results suggest that carbohydrate moieties, in addition to
the apparent stabilizing effect, may prevent the unfolded or partially folded protein molecules from
aggregation. Our results support the hypothesis that the general function of protein glycosylation is to
aid in folding of the nascent polypeptide chain and in stabilization of the conformation of the mature
glycoprotein [Lis, H., & Sharon, N. (199Fur. J. Biochem. 2181—-27].

Glycosylation is one of the major naturally occurring of protein glycosylation: O-glycosylation at hydroxyl groups
modifications of the covalent structure of proteins. Most of serine and threonine residues and N-glycosylation at
secretory proteins become glycosylated as soon as theasparagine residues in the consensus sequence of Asn-X-
growing polypeptide chains enter the endoplasmic reticulum, Ser/Thr. Although much is known about the structure and
before the final native-like folded state is reached (Rothman biosynthesis of oligosaccharides in glycoproteins, the central
etal., 1975; Kiely et al., 1976). There are two different types question of how glycosylation contributes to the glycoprotein
structure and function is not entirely clear. Many specific
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in cell—cell interactions (KOj]mg Qt al., 1992), a”q,ma”y Table 1: Major Glycosylation Characteristics of the Five
others. However, the close similarity of the composition and Giycoproteins
peripheral sequences of N- and O-linked sugar chains, larger
sugar chains especially, may suggest some general nonspe-
cific effect of glycosylation on protein property. Studies on .
the native glycosylated, carbohydrate-depleted, and recom—g'_g'&gg;; +
binant non-glycosylated proteins have revealed such effectsyinary complex +
as stabilization of protein conformation (Walsh et al., 1990), triantennary
protection from proteolysis (Bernard et al., 1983; Rudd et  complex
al., 1994), and enhancement in nascent polypeptide solubility tétraantennary -+
(Paul et al., 1986; Kern et al., 1993), but none of them was NeuNAc *
" ! " 2 . oligomannose + +

constantly observed for all glycoproteins. Moreover in some carbohydrate  50% 22% 19% 10% 2.2
cases controversial results were obtained for the same content
glycoprotein (Chu et al., 1978; Sclke & Schmid, 1988a ). “Ugjbfgr(ghains 9 6 >30 1 1

To elucidate_ if glycosylatior_l_has a general St_ab"izatio_n nativg polymer dimer  monomer monomer tetramer monomer
effect on protein thermal stability and conformation, and if  form
it aids or participates in the protein folding process, a dozen molecular 240000 48000 82000 68000 80000
glycoproteins with different content, type, and pattern of weight
glycosylation were tested and five of them were chosen on 2“+”indicates the presence of a particular glycan propérGlycans
the basis of availability, ease of deglycosylation, and included.
calorimetric behavior.

YEI' is a glycoprotein associated with the cell wall and glycosidase, Endo H, and PNGase F were from Oxford
possesses on average nine N-linked oligosaccharide chainsGlycosystem (U.K.).
all of which are high-mannose type (Reddy et al., 1988). YEI (grade VII), GA, and BSF were purified to homo-
BSF is a glycoprotein abundant in calf fetus serum. Each geneity according to Trimble and Maley (1977), Svensson
molecule carries six carbohydrate chains, of which three areet al. (1982), and Green et al. (1988), respectively; OTF and
N-linked and three are O-linked (Spiro, 1962; Spiro & AVD were used without further purification.
Bhoyroo, 1974; Green et al., 1988). Studies on fetuin  Proteins were deglycosylated at the concentration-¢f 1
oligosaccharide structure also revealed the presence ofmng/mL. Deglycosylation conditions were probed for each
N-acetylneuraminic acids attached to each end of the of the proteins as follows. First, the protein sample was
carbohydrate branches (Cumming et al., 1989). GA is an incubated with one glycosidase at 32. By changing the
O-glycosylated protein to which more than thirty short type and amount of glycosidase, the most “efficient” enzyme
oligomannose chains are attached at serine or threoninewas determined. Second, the temperature and time of
residues on the linker region separating the two functional incubation were changed to find the conditions in which the
domains of the enzyme molecule (Gunnarsson et al., 1984;glycoprotein was deglycosylated while the protein structure
Williamson et al., 1992a). AVD and OTF are only N- remained native. In this step each protein sample was
glycosylated and have lower carbohydrate content (Bruch divided in two fractions, one of which was deglycosylated
et al., 1982; Dorland et al., 1979). The oligosaccharide while the other was treated exactly in the same way, except
characteristics of these proteins are summarized in Table 1.that no glycosydase was added, and thereby used as a control.

Carbohydrate moieties of glycoproteins can be released This non-deglycosylated control fraction was then analyzed
by chemical or enzymatic methods. Enzymatic methods by CD and DSC, and its parameters were compared with
have the advantage of a high degree of specificity, but the those of the native untreated protein. When no difference
potential target of glycosidases may be masked in the nativewas observed, the proper incubation temperature and time
state of glycoproteins and denaturation may be necessanyvere established and all subsequent deglycosylations were
before enzymatic release (Mellors & Sutherland, 1994). In performed under this condition. The control proteins thus
the present study, various endo- and exo- glycosidases werdéncubated were considered identical to the native proteins.
used and different non-denaturing conditions were selectedComparison of parameters was made between the “coupled”
for individual protein deglycosylation. The heat stability of control and deglycosylated fractions. The extent of degly-
all the species was analyzed by differential scanning micro- cosylation was assessed electrophoretically by running the

glycan glycoproteins
properties YEI BSF GA AVD OTF

+ +

+

4+

+
+

calorimetry (DSC) and by circular dichroism (CD). enzyme-treated samples on SBFBAGE (Laemmli, 1970)
followed by staining with Coomassie Blue (for BSF, YElI,
MATERIALS AND METHODS and GA) or followed by transferring to nitrocellulose sheets

and probing with lectin Con A (Faye et al., 1985).

Purified BSF, in 50 mM phosphate buffer, pH 8.0, was
incubated with PNGase F (200 milliunits/mg) at 25 for
24 h. The protein was then separated from the released
1 Abbreviations: YEI, yeast external invertase; BSF, bovine serum N-oligosaccharides and incubated with sialidase (50 milli-

fetuin; GA, glucoamylase fromispergillus nigey OTF, chicken egg - .
white ovotransferrin; AVD, chicken egg white avidin; HPAEC-PAD, units/mg) at 30°C, in 50 mM acetate, pH 5.0. Release of

high-performance anion-exchange chromatography with pulsed am- Sialic acids was monitored by HPAEC-PAD equipped with
perometric detection; Endo H, engeN-acetylglucosaminidase Hfrom  a CarboPac PA1l column. De-O-glycosylation was per-

Streptomyces plicatuysPNGase F, peptidéN-glycosidase F from ; ; Al _ ~
Flazobacterium meningosepticur8DS-PAGE, sodium dodecyl sul- formed by incubation of the asialic and N-carbohydrate-free

fate polyacrylamide gel electrophoresis; DSC, differential scanning Sample WithO—egcosidgse (10 milliunits/mg) in 50 mM
calorimetry. phosphate, pH 6.0. Oligomannose of YEI was released by

All glycoproteins were purchased from SIGMA. Sialidase
and a-mannosidase were from Boehringer Mannhe(@s;
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incubation with Endo H (10 milliunits/mg) for 20 h at 30 ..— —PZO

°C, pH 5.5. GA was de-O-glycosylated withmannosidase

in 20 mM sodium acetate for 18 h at 3T, pH 4.5. OTF 82

and AVD were incubated with PNGase F in the presence of - - - ;8 >

1% octyl 5-D-thioglucopyranoside for 24 h at 3T. =
CD spectra were recorded in the far-UV region (390 - - 48 3

250 nm) on a Jasco J-710 spectropolarimeter. A jacketed 1 - 40

mm cuvette was connected to a water bath for temperature

control. Effects of temperature on CD spectra were exam-

ined as follows: samples were heated to a given temperature

and maintained at that temperature for 1 min. Then CD FoURe 1© SDS-PAGE of YEI BSE. and GA before and after
spectra were recorded a_t 3 min intervals with a scan rate Ofdeglycosylation. YEI was treated with Endo H; BSF was treated
20 nm/min and a bandwidth of 1 nm. Measurements wWere yjth PNGase F, sialidase, and O-glycosydase; and GA was treated
performed at temperatures which correspond to pre-transition,with a-mannosidase. Deglycosylation conditions were described
transition, and post-transition. The protein concentrations in Materials and Methods. The proteins were electrophoresed on a

; 10% polyacrylamide gel and subsequently stained with Coomassie
\;Vﬁéeed’fo’ 150, and 5@g/mL, respectively for YEI, BSF, Blue. Lanes A, C, and E, native glycosylated YEI, BSF, and GA,

. i . i lanes B, D, and F, deglycosylated YEI, BSF, and GA. The
DSC experiments were carried out with a MicroCal MC-2  molecular massM;, kDa) markers are located to the right.

differential scanning microcalorimeter (MicroCal Inc.,

Northampton, MA) interfaced to a personal computer. scan. Protein concentrations were measured spectrophoto-
Protein concentrations were 2.0, 2.5, 1.8, 1.5, and 1.0 mg/metrically using the following absorption coefficients: BSF,
mL, respectively, for YEI, BSF, GA, AVD, and OTF. No Exe = 5.3; YEI, Exy = 22.5; AVD, Egpny = 15.4; GA,
difference in T, or in AH was noticed for YEI in the g, =137 mMtcm L OTF, Exgo= 92 mMtcm L. The
concentration range 1-6%.0 mg/mL. The buffers used, if  molecular weights of all proteins (protein moiety plus
not otherwise stated, were 50 mM sodium phosphate for YEI, gycidic moiety) are reported in Table 1. Only wheh

BSF, and GA; 0.5 M HEPES for OTF, and 50 mM phosphate (cal/g) and AC, (callg °C) values were determined for

in the presence of 1M GuHCl for AVD. Befpre measure- comparison with normal values for small globular proteins
ments, protein solutions were extensively dialyzed againstyas the molecular weight used that of the protein moiety

the appropriate buffer. The sample cell was loaded with the (j e the total molecular weight subtracted by the weight of
protein solution, whereas the reference cell was filled with ne glycidic moiety).

the dialysis buffer. A scan rate of 6€/h was used in all
experiments. RESULTS

Data acquisition and analysis were performed with the . i )
software package (Origin) also supplied by MicroCal. Al Deglycosylation of GlycoproteinsPNGase F is a potent
the five glycoproteins showed only one peak, and therefore €ndo-glycosidase, cleaving most common mammalian N-
a unigque maximum in the excess heat capacity function, in linked high-mannose-, hybrid-, and complex-type glycans
the temperature range 485 °C. By extrapolating the pre- &t the N-glycosidic bond (Mellors & Sutherland, 1994) and
and post-transitional base lines into the transition region, aWas used for releasinyy-oligosaccharides throughout the
progress base line was drawn. When precipitation occurredPresent study. o
(as in the case of AVD, and also YEI and GA at low pH), ~ BSF is easily deglycosylatedi{ andO-glycans and sialic
a linear base line connecting the initial and final temperatures acids) with glycosidases at 3. However, incubation at
of the overall transition was used. Calculation this temperature resulted in structural perturbation and partial
(temperature of maximum heat capacit}l (calorimetric unfolding, as indicated by the distortion of CD spectra and
enthalpy of denaturation)AH,; (van't Hoff enthalpy of DSC curves (data not shown). To overcome this problem
denaturation), andC, (difference in heat capacity between We have tried, in a series of protocols, to perform deglyco-
the native and the denatured states) were performed afteSylation at lower temperatures (230 °C) for 22-24 h. As
normalizing the data for protein concentration and subtracting Shown in Figure 1, nearly all N- and O-linked glycans can

A B C D E F

the appropriate base lines. be released.
AH,4 was calculated using the formula YEI migrated as a diffused band around 120 kDa on SDS
polyacrylamide gel. Incubation with Endo H for 20 h
AH,, = ARTl/zzcex.l/ZAHcm decreased its molecular weight to a 70 kDa species, indicat-

ing that 80% of its oligomannose had been released. Higher
(Sturtevant, 1987) wherm, 1>(C, at T12 in our notation) is mannosidase concentration or longer incubation time failed
the excess heat capacity (i.e., the distance from the base lind0 release the remaining glycans, which represent the nine
to the curve) affy,, Ti2 is the temperature (K) at which the  residual N-acetylglucosamines and perhaps the two short

process is half completed\H.s corresponds ta\H in our oligomannose chains which have been shown to be inac-
notation, andh = 4 for a nondissociating system undergoing cessible to glycosidases under native conditions (Trimble et
a two-state transition. al., 1983).

The cooperativity of the heat transition was evaluated from  GA carries more than 3Q-oligomannose chains with an
the ratio AHw/AH (Bertazzon & Tsong, 1990). The average size of 2 mannoses. Incubation witimannosidase
reversibility of the thermal transitions was checked by a released 30% of its glycans (Figure 1).
second and, sometimes, a third heating cycle of the same OTF and AVD are thermally stable glycoproteins. Al-
sample immediately after ending and cooling the previous though they are less glycosylated, their resistance to gly-
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Ficure 2: Differential scanning calorimetry of YEI, BSF, GA, OTF, and AVD before and after carbohydrate removal. Experiments were
performed at pH 8 in 50 mM sodium phosphate for YEI, BSF, and GA, in 0.5 M HEPES, pH 7.5, for OTF, and in 50 mM sodium
phosphate, pH 8.0, in the presence of 1 M GuHCI for AVD. The solid lines give the experimental heat capacity traces for the native
glycosylated proteins, the dotted lines for the deglycosylated forms, and the dashed lines represent the relative base lines. Protein concentrations
are 8.5 (dimer), 90.0, 17.8, 23.0, and 22M (tetramer), respectively, for YEI, BSF, GA, OTF, and AVD. Traces have been arbitrarily
displaced on th& axis for clarity.

cosidase action is apparently higher than that of YEI and 1994). In order to make a reasonable comparison between
BSF. This is probably due to the inaccessibility of the T, values, special attention has been paid in each step of
glycosidic bonds which might be masked and buried under sample preparation. In addition, a high concentration (0.5
the protein surface. Hence we tried to remove enzymatically M) of HEPES has been used to avoid precipitation which
the carbohydrate moieties in the presence of the non-ionicoccurs at low ionic strength.

detergent octyB-b-thioglucopyranoside (Saito, et al., 1984). Glycosylated GA and OTF were also studied previously
As indicated by the negative staining with Con A, OTF and by Williamson et al. (1992b) and Lin et al. (1994) under
AVD could be completely deglycosylated if hydrolysis similar conditions: our results were in good agreement with
conditions were carefully controlled (data not shown). those reported by these authors.

Effect of Deglycosylation on the Unfolding Temperature  The thermodynamic parameters and standard deviations
of Glycoproteins Figure 2 shows the temperature depen- obtained from replicated experiments for the five glycopro-
dence of the excess heat capacity of YEI, BSF, GA, OTF, teins are listed in Table 2.
and AVD before and after deglycosylation at pH 8.0. The  Effect of Deglycosylation on the Transitional Enthalpy of
extensive heat absorption peak was associated with the heaGlycoproteins Table 2 also shows the molar transitional
denaturation which resulted, as in the case of most smallenthalpy of the five glycoproteins in the native and the
globular proteins (Privalov, 1979), in a significant increase deglycosylated forms. Specific heats of denaturation were
of excess heat capacity. For each protein, the shape of theobtained dividing theAH of each protein by its molecular
two thermal profiles was essentially the same. The only weight. Inspection of the data at pH 8.0 revealed that all
difference was that the carbohydrate-depleted protein had athe specific enthalpy values, and particularly those of the
lower T, than its native counterpart. At pH 8.0 native YEI more heavily glycosylated proteins, were considerably lower
unfolded at 47.9C. After carbohydrate removal i, was than those reported for other globular proteins (Privalov,
shifted to 44.4°C. The same behavior was also observed 1979). If, however, the heat effect was referred to the protein
for BSF and GA at pH 8.0, was decreased by 1°€ in component of the molecule, i.e., subtracting the contribution
both cases. AVD is a highly stable glycoprotein. Itis stable of the glycan moiety from the overall molecular weight, all
even for weeks in the presence of 3 M guanidine hydro- the values (4.64t 0.08, 6.78+ 0.22, 1.90+ 0.05, 5.40,
chloride (Green, 1975). This property was employed to and 7.06 cal/g, respectively, for YEI, GA, BSF, OTF, and
prevent aggregation upon heat denaturation of this protein. AVD) fell in the normal range with a single exception, BSF.
At pH 8.0 in the presence of 1 M guanidine hydrochloride, This protein had a very low specific heat of denaturation,
deglycosylated AVD showed &, of 72.2°C. This value which might represent an uncomplete unfolding of the
is only 0.2°C lower than that of the native AVD and is molecule.
within the limits of experimental uncertainty. The cooperative ratioAH,w/AH) of the five proteins was

OTF is a Fé" binding protein. Its stability depends also calculated. The value of this ratio was close to 1 for
strongly on the bound ferric ions, wifhy, 21 °C higher for BSF, while it was much smaller than unity, suggesting the
the fully saturated form than for the apo-form (Lin et al., presence of multidomain structures, for all the other proteins.
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Table 2: Thermodynamic Parameters of YEI, BSF, GA, AVD, and OTF, before and after Carbohydrate Removal, as a Function of pH

pH
4.5 5.5 6.0 7.0 8.0 8.8
YEI
deglycosylated T2 62.4+ 0.05 60.9 50.6t 0.5 44.44+ 0.3 43.8+ 0.1
AHP (336) (639) 550+ 8 420+ 6 400+ 14
native Tm 64.7+0 62.9 51.740.3 47.9+ 0.2 46.2+ 0.1
AH 958+ 6 916 686+ 11 556+ 11 461+ 4
Ne 2 1 3 3 2
BSF
deglycosylated  Tn 58.2+ 0.1 53.0+£ 0.4 46.4+ 0.2 455
AH 84.5+ 0.3 75.0£ 2.6 68.9+ 1.3 62.8
native Tm 60.3 59.6+ 0.2 542+ 0.4 48.4+ 0.3 46.8
AH 89.6 87.7+0.2 77.6£ 2.6 71.0+1.8 67.8
N 1 2 3 8 1
GA
deglycosylated  Tp 67.5 68.2 67. 24 0.1 60.0+ 0.1 55.9+ 0.4
AH (180) (452) 478+ 1 439+ 6 400+ 7
native Tm 67.8 69.7 69.1 0.1 64.0 62.4£ 0 57.8+0.1
AH (190) (190) 528+ 6 482 490+ 6 450+ 6
N 1 1 2 1 2 4
AVDY
deglycosylated  Tm 742+ 0.1
AH 422+ 3
native Tm 7444+ 0.1
AH 432+ 4
N 3
OTP
deglycosylated  Tm 63.5+0.1
AH 4184+ 3
native Tm 63.5+ 0.1
AH 422+ 6
N 4

a Denaturation temperature i€ + sd.? Denaturation enthalpy in kcal/met sd. Data in parentheses are approximated values because of the
lack of measurable post-transition base line due to the precipitation upon thermal unfolding. The buffers used were 50 mM sodium acetate, pH
4.5-5.5; 50 mM sodium phosphate, pH 6:8.0, and 50 mM glycine-sodium hydroxide, pH 8¢&lumber of experiments.In 50 mM sodium
phosphate in the presence of 1 M GuH&In 500 mM HEPES, pH 7.5.

70

704 804

BSF GA

56789567H8é4éé%é9

p

Ficure 3: pH dependence of the transition temperatdig Of native glycosylated YEI®), BSF ©), and GA (1), and deglycosylated

YEI (¢), BSF @), and GA @). The straight lines (broken for native proteins and solid for deglycosylated ones) are linear regressions of

the data. Protein concentrations and buffers used were indicated in Table 2.

Deglycosylation did not appreciably influence thel,4/AH three glycoproteins was studied in the pH range—43.
ratio: the values for the native and deglycosylated forms As seen in Table 2, an increase in pH led to a decrease in
were 0.13 and 0.19 for YEI, 0.20 and 0.23 for GA, 1.00 and both T, and AH. At pH 6.0, native BSF unfolded at 59.6
0.98 for BSF, 0.35 and 0.35 for OTF, and 0.18 and 0.17 for °C with aAH of 87.7 kcal/mol. When pH was increased to
AVD. 8.8, Ty was shifted to 46.8C andAH lowered to 67.8 kcal/
Thermal Unfolding of Glycosylated and Deglycosylated mol. In a similar way, the deglycosylated BSF gave values
Proteins As a Function of pHAs deglycosylation did not  of 58.9 °C, 84.5 kcal/mol, and 45.8C, 62.8 kcal/mol
induce significant changes in the thermal stability of the less respectively at pH 6.0 and 8.8. Wh&g was plotted against
glycosylated AVD and OTF, we have concentrated our study pH (Figure 3), an apparently linear function was obtained
on the more heavily glycosylated YEI, BSF, and GA. The for each of the two species. Figure 3 also shows the DSC
effect of deglycosylation on the thermal unfolding of these results for YEI and GA: the pH dependence Tof again
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Ficure 4: TemperatureT,) dependence of the calorimetric enthalgyH) of native YEI ), BSF ©), and GA (1) and deglycosylated

YEI (¢), BSF @) and GA (a). The straight lines (broken for native proteins and solid for deglycosylated proteins) are linear regressions
of the data (data of experiments in which precipitation occurred have not been used). The slope of the straight lines (broken for native
proteins, and solid for deglycosylated proteins) gives the heat capacity che@gekxperimental conditions were indicated in Table 2.

approximates a linear function. The scatter of the points in 10 N
the graphs reflects the variability of experimental conditions,

since there are differences in ionic strength in buffers of o
different pH. If, howeverATy, is calculated from the data

in Table 2 and a parallel pH dependence is assumed for both
forms, the average decreaseTip for the deglycosylated -104
proteins is 2.8 0.5°C for YEI, 1.8+ 0.4°C for GA, and
1.3+ 0.1°C for BSF, over the entire pH range examined.

The enthalpy values of denaturation of YEI, BSF and GA, e o

in both glycosylated and deglycosylated forms, are presented 40
as a function ofT, in Figure 4. The slope of the plots
represents the difference in the heat capacity of the protein 207 |
in the native folded and denatured statesCf) and is @
considered a more accurate and reliable value than that 2
obtained from the thermal profiles (Privalov, 1979; Becktel < 20/
& Schellman, 1987). In factAC, data calculated from the
thermograms are of the same order of magnitude but affected 40
by greater error. AC, is an important thermodynamic 51
parameter as it characterizes the thermal transition and
provides a measure of the hydrophobic stabilization of the
proteins. In the temperature range whexH is a linear
function of T, AC, is calculated to be 0.21, 0.10, and 0.04

cal/lg (of protein, excluding glycansX, respectively, for -51
YEI, GA, and BSF. No significant change &C, was
noticed after carbohydrate depletion. 10

o . ) 195 210 225 240 255 195 210 225 240 255
A remarkable feature of the data in Figure 4 is that while Wavelength (nm)
the AH of native YEI increases linearly witfiy,, that for
the deglycosylated form decreases sharply atp610. This Flfirl]JRIE]f;i Cbh lsp?ctra Otf_ YEI (g, B_),h?A (C, lD)]L angl B|SF (E.le, g
; ; L with left panels for native and right panels for deglycosylate
|idue tlo the occurrence .of.(l’:lggregalltlon and preplpltatlpﬂ Lmmproteins. Experiments were performed in 50 mM sodium acetate,
thermal denaturation. Similar results were obtained with GA. pH 5.5 for YEI, in 50 mM sodium acetate, pH 5.0, for GA, and in
Above pH 5.0, both de-O-glycosylated and native GA 50 mM sodium phosphate, pH 8.0, for BSF. Protein concentrations
unfolded without aggregation. At pH 5.0, precipitation were 150, 4(_)0, an_d 5@g/mL, respectlvely. Experimental conditions

d for deal lated GA but not for th fi were described in the text. Dotted lines represent the spectra
occurred tor deglycosylate ut not for the na 'V(_a ONe. gptained at pre-transitional temperatures, and solid lines represent
When pH was further decreased to 4.5, approaching thethe spectra obtained at the transition temperature (post-transitional
isoelectric point of the protein [p= 4.0, Svensson et al., temperature for BSF) after 15 min incubatiérvalues in deg crh

1982), both forms precipitated (Figure 4). dmol.

Effect of Deglycosylation on the CD Spectrdo see if  region at 25°C. YEI and BSF are characterized by minima
carbohydrate depletion influences the secondary structure ofat 218 and 208 nm, respectively. The essential absence of
glycoproteins, the same samples used for DSC study werethe 222 nm transition in the spectra suggests that the two
diluted and their CD spectra were measured in the amide proteins contain a low amount afhelical structure (Chang
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Table 3: Comparison of the Thermal Denaturation Reversibility of YEI, BSF, and GA before and after Deglycosylation

native deglycosylated
| scan Il scan | scan Il scan

pH T AH, Tonn AHy AHyAH, T AH, Tenn AHy AHyAH,
YEI 6.0 62.9 916 61.2 114 12.4% 61.2 640 precipitated 0%

8.8 46.2 461 46.6 172 37.1% 43.8 400 43.2 120 30.0%
BSF 6.0 59.6 87.7 59.5 83.8 95.3% 58.2 84.5 58.5 15.9 18.8%

8.0 47.3 71.0 48.2 64.4 90.0% 46.4 68.9 45.0 34.3 49.8%
GA 7.0 62.4 490 58.5 65.7 13.0% 60.0 439 57.4 54.9 12.5%

8.0 57.8 470 57.2 153 32.5% 55.9 400 55.7 57.8 14.5%

aThe quantitieS» andAH are defined as in Table 2. The buffers used were 50 mM sodium phosphate-p8l®dhd glycine-sodium hydroxide
pH 8.8. The subscripts | and Il {6, and AH indicate the first and the second cycles of scanning, respectively.

etal., 1978; Murray et al., 1969). GA has a double minimum experimentally measured unfolding process be reversible.
at 209 and 220 nm. The shape of the spectra indicates thafThis was checked by rescanning the sample after rapid
the protein adopts predominantlyhelical conformation. For  cooling and calculatind., andAH of the second scan. The
all the three glycoproteins tested, no significant change waspercent of area recovenAH;/AH, x 100) is the measure
observed in the spectra before and after deglycosylation.of reversibility. Depending on proteins and the buffer
These results are also consistent with those obtained by otheeonditions employed, the extent of reversibility differs
authors on the same proteins (Seu& Schmid, 1988b;  significantly. Thermal denaturation of BSF is highly revers-
Murray at al., 1969; Takegawa et al., 1988). ible. At pH 7.0, if the first scan does not exceed by much
Although carbohydrate depletion has little effect on the ine temperature at which the unfolding is completed,
protein secondary structure at low temperature, this does noteyersipility can reach nearly 100%. The high reversibility
mean that it has no effect in any condition. The higher ¢ this glycoprotein might be due to the high content of
values for native glycosylated proteins in the DSC scans ;g ifide honds (six per molecule) present in the protein
_suggest that carbohydrate moieties stabilize protein structure, siecule (Spiro 1963). YEI and GA have relatively poorer
In Some way. At first we compared the CD spectra of the reversibility than BSF. However, their reversibility depends
native and carbohydrate-depleted glycoproteins at'@s on buffer conditions and can be substantially improved by

under different pH conditions. A variation in the range of . ; :
4.5-8.0 did not affect significantly the protein structure either Increasing PH. AVD and OTF undergo aggregation after
denaturation, and no rescan was therefore performed.

in the native or in the deglycosylated form (data not shown).
Further studies were performed with the two forms of Reversibility is crucial in analyzing the thermal unfolding
proteins preincubated at higher temperatures for 15 min. In process of proteins. We are interested in studying the
50 mM acetate buffer, pH 5.5, heating to 4C did not reversibility because we found it closely related to the
change the structure of either form of YEI. As the glycosylation state of glycoproteins. In the present study,
temperature was increased, the CD spectra changed. At 5&rotein solutions, both in glycosylated and deglycosylated
°C, the negative band at 218 nm was decreased by half offorms, were prepared at the same concentration and were
its original intensity for the deglycosylated form while it scanned twice through the transition region. As BSF is
remained nearly unchanged for the native one. Further highly reversible even if it is exposed to high temperature
heating to 64C, which corresponds to thk, of native YEI for a long time, the first scan was stopped at 80 and®p0

in the DSC scan, resulted in the complete unfolding of the respectively, at pH 8.0 and 6.0. These temperature values
deglycosylated protein while the native form retained most are practically 30°C higher thanT,, values and are

of its original structural features (Figure 5A,B). GA was particularly useful in determining the heat capacity of the
studied in 50 mM acetate buffer at pH 5.0. Below 500) protein in the denatured state.

neither the glycosylated nor the deglycosylated GA showed
conformational changes. Heating Tg (67.0 °C) resulted
in partial denaturation of both forms as indicated by the time
dependent decrease of the two negative bands. Inspectio
of the data confirms that GA becomes less stable after! i :
carbohydrate depletion (Figure 5C,D). Figure 5 also shows in the first scan, but the recovered area was substantially
the CD spectra of BSF at transitional temperature (4Z)0 larger for the native t_hg_n for the carbohydrate-depleted form.
because no difference was noticed in the spectra run at lowert PH 8.0, the reversibility was more than 90% for the former
temperatures, and at the post-transitional temperature (70.G2d only 50% for the latter. At pH 6.0, the former recovered
°C) (Figure 5E,F). A small effect was observed upon 95% area of its first scan while the latter less than 20%.
carbohydrate removal in the-helix region of the spectrum ~ Considering the fact that the comparative scans were
while the predomineryﬁ structure of this protein appears to performed under the same conditions, e.g., protein concentra-
be nearly unaffected in both forms. This indicates that the tion, scan rate, pH, etc., the difference in reversibility is
calorimetric transition represents an incomplete unfolding apparently due to the difference in the glycosylation state
of this protein, in accordance with its lowH value. of the proteins. A difference in reversibility was also
Reversibility and Renaturation of the Unfolded Glycopro- observed with the two forms of YEI and GA. At acidic pH,
tein by Rapid Cooling For a reliable thermodynamic renaturation occurred for the two native species after cooling
description of protein unfolding, it is necessary that the but not for the carbohydrate-depleted ones (Table 3).

The extent of reversibility, seen on the second scan for
the native and the carbohydrate-depleted BSF at pH 8.0 and
rgs.o, is compared in Table 3. Both forms showed a reduced
peak at the same temperature where the transition occurred
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DISCUSSION may expect that stabilization of protein conformation and
h . f thi q lucid he rol fthermal stability are common general properties conferred
The main scope of this study was to elucidate the roles o by the covalent attachment of carbohydrate to the polypeptide

carbohydr_ate moieties in the therr_nal St"’.lb“ity and in t_he backbone and are closely related to the extent of glycosy-
denaturation process of glycoproteins. Five glycoproteins, lation

with carbohydrate content ranging from 2.2% of OTF 10 50%  \yhjje distinct differences in heat stability were found,

of YEI were comparatively studied with DSC and CD. these results do not explai . .
. . . plain the molecular basis by which
Previously Chu et al. (1978), in studying the Endo H-treated carbohydrate affects the glycoprotein properties. One pos-

YEI, have shown that glthough the carbphydrate did not giple way for the attached carbohydrate moieties to stabilize
influence the conformation of the polypeptide backbone, its grotein conformation is to form hydrogen bonds with the

presence considerably enhanced protein stability toward heat olypeptide backbone. Hecht et al. (1993), in studying the

and re_sistance to proteolysis. On the contrar_y_,'_'ﬁqmand crystal structure of glucose oxidase, have shown that the
Schmid (1988a) found that t_he thermal stabilities of yeast \(linked mannose residues form strong hydrogen bonds with
extermnal (glycosylategi) ar_1d mfternal (not glycosylgted) 'N" the backbone nitrogen and the carbonyl oxygen of glutamic
vertases were essentially identical. The controversial resultsacid Computer simulation of molecular dynamics of RNase

of these authors could be explained by the different B also revealed the : ; ;
) possible hydrogen bonding of the nitrogen
methodologies adopted. In the study of Chu et al. (1978), atom of lysine side chain with the ring oxygen and the

the stability was evaluated by measuring the residual by qqyvmethyl group of glucosamine (Woods et al. 1994).
enzymatic actlwty_ afte[ the proteins were treated with heat In addition, carbohydrate moieties may stabilize protein
or denaturant, while Sctke and Schmid (1988a) measured conformation simply by steric interactions of the carbohy-

the recovered enzyme activity after the treated samples wergy a6 yith the adjacent peptide residues (Gerken et al., 1989:
diluted and cooled. In the present work, native and degly- Rudd et al, 1994).

Eosyl?tsd YErI]_vvere comparatri]ve:cy St'“('jdiEd by DSC. To our ¢ In view of the apparent stabilizing effect of carbohydrate
nowledge, this represents the first direct measurement of ., o\vcqnroteins in the native folded state, it was of interest
yeast invertase stability toward heat. Taple 2 clearly shows to determine if carbohydrate affects the protein in the
that removal of carbohydrate decreasedTiy 2.8+ 0.5 unfolded state and if it participates in the process of protein

°Ca This differencoe is alslc;lobSEr\;]edeﬁr BSF (34'_-3).1°C,;|) .. renaturation. The most dramatic effect was observed when
and GA (1_.8i 0.4°C). Although the di erenceis small, it pge geans were performed with the two forms of YEI at
was consistently observed for all the heavily glycosylated o jgic hH. while the native form still showed some area
plrotelnsl thr((j)ughout thg whole g? reglonhtested. The Itt)alss recovery in the second scan, the carbohydrate-depleted form
glycosylated OTF an A(\j/D : no; ShOW m?asuéa € precipitated irreversibly. As the two forms of proteins differ
variations inTm, at pH 8 and were not further analyzed. oy i, their carbohydrate content, it is reasonable to assume
Table 2 also gives the denaturation enthalpy of the five that the carbohydrate moiety is responsible for the observed
glycoproteins. At any given pH, deglycosylated protein jifference.
denatured with a loweAH than their native form. Sucha gy studies on the native and deglycosylated BSF and GA
decrease ihH is in part due to its lowefr, (Privalov, 1979),  gave similar results. As shown in Table 3, the native forms
andin part due to the deple'tlon of oligosaccharides. In fact, gpow a greater recovery of peak area in a second heating
the plots in Figure 4 permit to calculate and compare the cycle than their carbohydrate-depleted counterparts. Previ-
AH values of the native and the deglycosylated proteins at ously, experiments on thie vitro refolding of carbohydrate-
the same temperature. It revealed tgwat thf denaguratlonfree and carbohydrate-containing proteins were performed
enthalp:)es wer;e decreased by 9.392.0%, 3.6%+ 1.6%, by a number of authors. They concluded that the carbohy-
and 6.9%+ 1.5%, respectively, for YEI, BSF, and GA after  jrae moiety is not involved in the refolding process nor does
degly_cosylatlon. The cooperativity of the system was _mstead it affect the refolding kinetics (Grafl et al., 1987; Stk
practically unchanged in all cases by deglycosylation. It schmid, 1988b). If this holds true, then the poorer revers-
should also be noted that thie.—AH plots of the native  pjjity in the absence of carbohydrate would simply indicate
and deglycosylated proteins in Figure 4 give the same slope,ihat aggregation occurs and competes with efficient rena-
i.e., the sameAC,, showing that the number of contacts ,ration of the denatured protein.
between nonpola_\r groups at pre-transitional temperatures has | other words, the presence of carbohydrate moieties
not changed (Privalov & (_3'”' 1988)-_ improves the solubility of proteins in the denatured or
The results of CD studies on native and deglycosylated partially denatured states, renders the random polypeptides
proteins closely parallel the finding of the DSC studies and |ess likely to form aggregates, and leads to a higher yield of
offer additional evidence that glycosylation enhances the renaturation after cooling.
protein conformational stability against heat. _ ~ Animproved solubility of the denatured protein molecules
Recently, Olsen et al. (1991) examined the relationship may also be important during thie vivo folding of the
between stability and glycosylation with the two heavily nascent glycoproteins. As the newly synthesized polypep-
glycosylated 3-1,3/1,4-glucanases. They found that the tides may be transiently concentrated in the endoplasmic

glycosylated enzymes expressedmccharomyces cefisia reticulum, glycosylation may help to maintain the solubility
were con5|derab!y more heat stable than t_hel_r ungl_ycosylatedand prevent nonspecific aggregation until the polypeptide
counterparts which are expresseddscherichia coli chains are correctly folded and transported to the secretory

It is important to note that all the heavily glycosylated pathway.
proteins, whether N-glycosylated or O-glycosylated or both,  While there is much evidence to show that glycosylation
are thermally destabilized by carbohydrate removal. If the helps in protein renaturation in a nonspecific way, recent
results from the present study can be generalized, then westudies have revealed that N-glycosylation is involved
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directly in the folding of nascent glycopolypeptides (Fiedler

& Simons, 1995). When a newly synthesized peptide chain )
dKornfeId, S., & Mellman, I. (1989Annu. Re. Cell Biol. 5 483—

enters the lumen of the endoplasmic reticulum, it is attache
with the 14-saccharide core unit (@anGIcNAC,), trimmed
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Kojima, N., Shiota, M., Sadahira, Y., Handa, K., & Hakomori, S.
(1992)J. Biol. Chem. 26717264-17270.

525.
Laemmli, U. K. (1970)Nature 227 680-685.

by glucosidases, bound to the membrane chaperone calnexin.in, L.-N., Mason, A. B., Woodworth, R. C., & Brandts, J. F. (1994)

folded, and secreted (Ou et al., 1993; Hammond et al., 1994).

Biochemistry 331881—-1888.

In this process, N-glycosylation occurs in the early stage andLis, H., & Sharon, N., (1993fur. J. Biochem. 2181—27.

plays a central role in protein folding. Our question is,
however, why do proteins undergo further modifications or

additions of sugar residues to reach the final glycosylation
state? One of the answers would be that early co-
translational glycosylation serves to prevent aggregation of

partially structured protein chains and to allow proper folding.
Once the protein is correctly folded, glycosylation may have
a general nonspecific effect of stabilization toward proteolytic
and denaturing agents.
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