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Although bulk CE mixtures are good models for interpreting 
the equilibrium thermodynamic properties of cellular CE-rich 
inclusions, the present study has shown that heterogeneous 
nucleation of undercooled, fluid lipid occurs with bulk mix- 
tures; hence, these mixtures are poor models for studying the 
kinetic properties of the phase behavior of cellular inclusions. 
CE dispersions consisting of microdroplets with approximately 
the same average diameter as that of the cellular inclusions 
constitute a more appropriate model for predicting the time 
dependence of the cellular lipid phase changes because ho- 
mogeneous nucleation occurs. The present study suggests that 
in cells at 37 OC CP within inclusions containing up to 50% 
C P  should be liquid crystalline (or liquid) under steady-state 
conditions. 
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ABSTRACT: Neutral and phosphorylated N-linked oligosaccharides were isolated from Saccharomyces 
cerevisiae mnn9 and mnn9 glsl mutant mannoproteins and separated into homologues that differed in the 
number of terminal a1-3-linked mannoses. In each type of oligosaccharide, the addition of such mannose 
was shown to occur in an ordered rather than a random fashion. The results confirm and extend an earlier 
report that dealt with the N-linked oligosaccharides from yeast invertase [Trimble, R. B., & Atkinson, P. 
H.  (1986) J. Biol. Chem. 261,9815-98241, and they suggest that the postulated processing pathway can 
be generalized to include phosphorylated and glucose-containing N-linked oligomannosides. We  conclude 
that this processing pathway is identical for the analogous oligosaccharides from the mnn9 and wild-type 
strains of S. cerevisiae. Analysis of the mnn2 mnnlO mannoprotein revealed that a similar modification 
occurred a t  the branched terminus of the outer chain as well as in the core in this mutant. 

x e  mnn9’ mutant of Saccharomyces cerevisiae is a glyco- 
sylation-defective strain that makes mannoproteins that lack 
most of the outer chain portion of N-linked oligosaccharides 
(Ballou et al., 1980; Tsai et al., 1984a,b). A second glyco- 

sylation-defective mutant, called mnnl, lacks terminal a l -  
3-linked mannoses on both 0- and N-linked oligosaccharides 
and on both the core and outer chain of the latter (Antalis et 
al., 1973; Raschke et al., 1973). The double mutant, mnnl 
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mnn9, makes asparagine-linked oligosaccharides with structure 
I (Hernandez et al., 1989a), whereas in the absence of the 
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mnnl defect several a1-3-linked mannose are added to the 
terminal mannose units of this structure. The objective of this 
study was to determine the locations of such mannose units. 

Because the Aspergillus satoi exo-al-2-mannosidase 
(Ichishima et a]., 198 1) is able to remove all of the terminal 
a 1 -2-linked mannose of the mnnl mnn9 core oligosaccharide 
(Tsai et al., 1984a,b) and because the removal of these 
mannoses leads to characteristic shifts in the anomeric proton 
NMR resonances of the remaining mannose units (Cohen & 
Ballou, 1980), a method is available to identify those a1-2- 
linked mannoses that are capped with al-3-linked mannose 
(Trimble & Atkinson, 1986). Here we show that, in homo- 
logues of the neutral mnn2 mnn9 oligosaccharides with 11-14 
mannoses, the a 1 -3-linked mannoses are distributed in an 
ordered fashion between the terminal a1-2-linked mannoses. 
The same result was observed with the phosphorylated oli- 
gosaccharides and with the glucose-containing oligosaccharides 
that accumulate on mannoproteins in the mnn2 mnn9 glsl 
mutant (Tsai et al., 1984a,b) that is defective in glucosidase 
I (Saunier et a]., 1982). These results confirm and extend the 
observations by Trimble and Atkinson (1986) for a series of 
oligosaccharides isolated from S. cerevisiae wild-type invertase, 
and they generalize the concept of an ordered pathway for the 
addition of al-3-linked mannoses to the small N-linked 
oligosaccharides. A similar modification was observed on the 
terminus of the outer chain in the mnn2 mnnlO mutant (Bal!ou 
et al., 1989). 

EXPERIMENTAL PROCEDURES 
Materials and Methods. Oligosaccharides were obtained 

from the mnn2 mnn9 (Ballou et al., 1980), mnn2 mnn9 glsl 
(Tsai et al., 1984a,b), and mnn2 mnnlO (Ballou et al., 1989) 
mutants of S.  cerevisiae X2180. The mnn2 defect affects 
branching of the outer chain and has no recognized phenotype 
in the mnn9 background whereas it is expressed in the wnnl0 
background. The isolated mannoproteins were treated with 
endoglucosaminidase H and the released oligosaccharides were 
fractionated into homologues by gel filtration on a Bio-Gel 
P-4 column, while the phosphorylated oligosaccharide was 
purified by ion exchange on QAE-Sephadex (Hernandez et 
al., 1989b). The individual fractions were checked for ho- 
mogeneity by HPLC on the Dionex BioLC carbohydrate 
system using the HPIC-AS6 (CarboPac PAI) column, which 
was eluted with a sodium acetate gradient in 100 mM NaOH. 
Methylation was done according to Ciucanu and Kerek (1984), 
and the reaction was processed according to Lindberg (1972). 
The sources of exo-al-2-mannosidase (Ichishima et al., 
1981), endo-a1+6-mannanase (Nakajima et al., 1976), gel 
filtration and ion exchange matrices, DzO, and other reagents 
have been reported, as well as the methods for determination 
of carbohydrate and protein (Hernandez et al., 1989a). 

The one-dimensional 'H NMR spectra were done at 40 OC 
in D 2 0  on an AM-400 or AM-500 Bruker spectrometer in the 
Department of Chemistry on this campus (Cohen & Ballou, 

1980; Vliegenthart et al., 1983; Derome, 1987). Acetone [ 6  
2.2 17 referenced to sodium 2-(trimethylsilyl)propanesulfonate] 
was the internal standard. The two-dimensional 'H  NMR 
spectra were recorded at room temperature in D 2 0  on the 
400-MHz Bruker spectrometer equipped with a "reverse- 
mode" probe. The spectra were acquired in the phase-sensitive 
mode according to the time proportional phase incrementation 
method (Marion & Wuthrich, 1983). Data matrices of 1K 
X 512 points were accumulated with spectral widths of 950 
Hz and relaxation delays of 1.5 s; 24 scans per FID were 
collected. Normal mode detection was employed, with the 
low-power output of the amplifier for the generation of all 
pulses and presaturation of the solvent with the decoupler. The 
homonuclear Hartmann-Hahn (HOHAHA) spectra were 
recorded with a mixing time of 125 ms, which allows the 
observation of only those crosspeaks due to short-range co- 
herence transfer (Bax & Davis, 1985). The rf field strength 
for the spin lock was 6.5 KHz. After being zero-filled to IK 
X 1K points, the data were multiplied in both dimensions by 
a sine-bell window function shifted by 7/2. The rotating-frame 
Overhauser enhancement spectroscopy (ROESY) was adapted 
from Kessler et al. (1987). These experiments were recorded 
at a mixing time of 400 ms with an average rf field strength 
for spin locking of 650 Hz. The matrices were zero-filled to 
4K X 4K points and multiplied in both dimensions by sine-bell 
window functions shifted by 7r/8 before the Fourier trans- 
formation. ROESY spectra were measured, instead of con- 
ventional NOESY spectra, because they provide stronger 
crosspeaks with the high molecular weight compounds under 
study. 

Convention for  Identifying Mannose Units in N-Linked 
Yeast Oligosaccharides. For convenience in specifying indi- 
vidual mannose units in yeast oligosaccharides, we have 
adopted the following convention (Hernandez et al., 1989b): 

I 

a 5  

The letters stand for mannose units in which the horizontal 
bonds, with the exception of the linkage to GlcNAc, represent 
1-6 linkages and the vertical ones are 1-2 and 1-3 linkages. 
Mannose units derived from the lipid-linked oligosaccharide 
precursor are shown in upper-case and those added during 
processing are shown in lower-case. The dotted line attached 
to d, indicates an extension of the 1-6-linked outer chain 
which is of variable length, and when the outer chain is 
elongated, d2 is not present but an equivalent mannose (z2) 
is added at the end (Ballou et al., 1989). Phosphorylation in 
the mnnl mnn9 mutant occurs on position 6 of mannoses C, 
and A,, and in the mnnl mnn2 mnnlO mutant it occurs pre- 
dominantly on z, and C,  (Hernandez et al., 1989a,b; Ballou 
et al., 1989). 

RESULTS 
Isolation of N-Linked Oligosaccharides from the mnn2 

mnn9 Mutant. Mannoprotein was isolated from cells, grown 
to stationary phase on YEPD (1% yeast extract, 2% Bacto- 
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peptone, and 2% D-glucose), by autoclaving them in citrate 
buffer, pH 7.0, and the solubilized mannoprotein was pre- 
cipitated with methanol, purified as the borate-Cetavlon 
complex, and fractionated on a DEAE-Sephacel column 
(Ballou et al., 1989). The major carbohydrate-containing 
fraction, eluted at 0.2 M NaCI, was digested with endo- 
glucosaminidase H, and the released oligosaccharides were 
separated on a Bio-Gel P-4 column (2 X 190 cm) by elution 
with water in I-mL fractions. The phosphorylated oligo- 
saccharides were eluted first (peak A, fractions 120-1 50), 
followed by the neutral oligosaccharides (peak B, fractions 
200-250). Peak B was divided in the middle into two parts 
and each was rerun on the Bio-Gel P-4 column in water. After 
several such steps, in which related fractions were recombined, 
four neutral oligosaccharides were obtained that appeared to 
differ from each other by one mannose and to consist of 
Man, ,-,,GlcNAc on a column calibrated with Man,,GlcNAc. 
The peak tube of ManllGlcNAc was eluted at fraction 225, 
that of Man12GlcNAc at fraction 218, that of Man13GlcNAc 
at fraction 21 1, and that of ManI4GlcNAc at fraction 204. 
The individual fractions were analyzed by HPLC on the 
Dionex BioLC system and gave the results in Figure 1. As 
shown, each contained small amounts of other homologues, 
and the chromatogram of a synthetic mixture of the four 
showed small peaks for isomeric products that were separated 
from the major peaks. Insufficient material was obtained to 
allow characterization of these minor components, but they 
could have biological importance. 

Characterization of the Neutral Oligosaccharides. Al- 
though the use of anomeric proton (H- l )  chemical shifts to 
make linkage assignments is empirical and has limitations, the 
approach is singularly applicable for structural determinations 
of the relatively simple high-mannose oligosaccharides and is 
based on a solid experimental foundation (Cohen & Ballou, 
1980; Vliegenthart et al., 1983). The success of this application 
derives from the facts that the structural types are limited to 
a1-2-, a1-3-, and al-+6-linked mannose, which have very 
different chemical shifts of 6 5.03 f 0.02, 6 5.13 f 0.01, and 
6 4.91 f 0.01, respectively, and that substitution of such 
mannoses at position 2 deshields about 0.25 ppm while sub- 
stitution at  position 3 or 6 shields about 0.01 ppm, thereby 
leading to reproducible and characteristic changes. Some 
ambiguity arises in distinguishing between substitution of an 
al-6-linked mannose at position 2 (6 5.12 f 0.005) and 
addition of an al-+3-linked mannose (6 5.13 f 0.01), but these 
changes can be differentiated because the first is accompanied 
by the loss of an H-l signal at higher field whereas the second 
has minimal effect on the H-l  signal of the substituted 
mannose. The fact that mannose has an equatorial H-2 leads 
to sharper spectra and facilitates resolution of the H-1 signals. 
Finally, we have not relied solely on chemical shifts but have 
also employed two-dimensional homonuclear shift correlation 
spectroscopy when chemical shifts alone were insufficient for 
the purpose. 

The H-1 NMR spectra of the four mnn2 mnn9 oligo- 
saccharides are shown in Figure 2 along with that of the 
ManloGlcNAc from the mnnl mnn9 mutant (Tsai et al., 
1984a,b). All oligosaccharides show the 10 anomeric proton 
signals characteristic of the ManIoGlcNAc structure (I), which 
suggests they have the same fundamental structure previously 
reported (Hernandez et al., 1989a), but in addition they have 
signals for 1-4 al-3-linked mannoses that resonate at 6 

To locate the additional al+3-linked mannoses, each oli- 
gosaccharide was digested with exo-a1-2-mannosidase, and 

5.12-5.14. 
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FIGURE 1 : Comparison and separation of neutral oligosaccharides 
by HPLC. (A) Man,,GlcNAc (20% of total); (B) Man12GlcNAc 
(35% of total); (C) Man13GlcNAc (35% of total); (D) Man14GlcNAc 
(10% of total). (E) Separation of a synthetic mixture of the four 
oligosaccharides plus ManloGlcNAc, which was eluted at about 8 
min. The Dionex BioLC system, fitted with a pulsed amperometric 
detector, was operated with a 30-min gradient of 50-200 mM sodium 
acetate in 100 mM NaOH. 

the H- 1 NMR spectrum of the recovered oligosaccharide was 
determined. The smallest homologue, Man, ,GlcNAc (Figure 
2B), contained a single extra al-.3-linked mannose and 
yielded a product with two fewer mannoses on enzymic di- 
gestion. A reduction in the signal a t  6 5.04 confirmed that 
two al-+2-linked mannoses (C ,  and d,) were removed, and 
the spectrum (Figure 2C) revealed the appearance of two 
unsubstituted a1-.6-linked mannoses at 6 4.90 (C,) and 4.92 
(dl). The result is consistent only with structure I1 and in- 
dicates that the starting oligosaccharide had structure 111, in 
which a single al-+3-linked mannose is attached to mannose 
A4. 

A single mannose was removed from the ManlzGlcNAc 
(Figure 2D) by the exo-a1-2-mannosidase, and the product 
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(Figure 2E) showed a major new signal at 6 4.92 and a minor 
signal at 6 4.90. Since these chemical shifts correspond to 
unsubstituted a 1-6-linked mannoses, the possible structures 
are I V  and V. The assignment of structure IV to the major 
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compound is supported by the strong signal at 6 4.92 (mannose 
d,)  and by the loss of the signal for mannose d, on the lower 
field side of the multiplet at 6 5.02-5.05. These results indicate 
that the original oligosaccharide was a 3:l mixture of isomers 
with structures VI and VII. 
aM 
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EXO-a 1-Zmannosidase digestion of the two larger oligo- 
saccharides, Man,,GlcNAc (Figure 2F) and Man,,GlcNAc 
(Figure 2G), released only traces of mannose and left the 
compounds largely unchanged. Thus, Man,,GlcNAc must 
have structure VIII, wheras Man,,GlcNAc has structure VI11 
with a fourth al-3-linked mannose in an unassigned position. 
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FIGURE 2: H-1 NMR spectra of the mnn9 oligosaccharides. (A) 
ManloGlcNAc from the mnnl mnn9 mutant; (B-H) oligosaccharides 
from the mnn2 mnn9 mutant; (B) ManllGlcNAc; (C) Man9GlcNAc 
obtained by exo-al+2-mannosidase digestion of (B); (D) 
Man12GlcNAc; (E) Man, ,GlcNAc obtained by exo-a1-.2- 
mannosidase digestion of (D); (F) Man,,GlcNAc; (G)  Man14GlcNAc; 
(H) Man,P-Man12GlcNAc. M is mannose; GNAc is N-acetyl- 
glucosamine. 

Structural Assignment by Two-Dimensional H NMR 
Spectroscopy. A problem in making positional assignments 
for the al-3-linked mannose units is that they do not induce 
as significant a chemical shift on the anomeric (H-1) protons 
of the mannoses to which they are linked as is observed for 
al-2 substitution (Cohen & Ballou, 1989). It was expected, 
however, that the H-3 protons of the substituted mannoses 
would experience a downfield shift relative to those of the 
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FIGURE 3: Partial HOHAHA spectra of the mnn2 mnn9 oligo- 
saccharides. H-2 signals appear a t  6 4.0-4.1 and H-3 signals a t  6 
3.8-3.9, for unsubstituted al-24inked mannoses, and these are 
identified with single symbols. H-2 signals appear a t  6 4.20-4.23 and 
H-3 signals a t  6 3.92-3.97, after deshielding by 3-subsitution, and 
these are identified with double symbols. The H-2 and H-3 protons 
of mannoses A,, C2. and d, are indicated by (*), those of mannose 
B2 by (+), and those of mannoses as, c3, d3, and d4 by (#). The left 
spectra are for the anomeric protons, and the top spectrum is for the 
outer ring protons of the Man,,GlcNAc and does not show the changes 
associated with addition of al-3-linked mannoses. M is mannose; 
GNAc is N-acetylglucosamine. 

unsubstituted mannoses in compound 1. Because the one- 
dimensional spectra of these oligosaccharides are very crowded 
in the region corresponding to the ring protons, however, such 
spectra cannot provide unambiguous assignments of the H-3 
protons of each terminal al-+2-linked mannose unit. These 
assignments were obtained with HOHAHA experiments (Bax 
& Davis, 1985) that provide direct correlations between the 
H-I,  the chemical shifts of which are known with high con- 
fidence, and t h e  H-2 a n d  H-3 protons. To simplify the two- 
dimensional spectra, a mixing time in the pulse sequence was 
chosen so that only the H-1 to H-2 a n d  the H-1 to H-3 cor- 
relations would be observed. As a complement, the ROESY 
spectra (Kessler et al., 1987) allow the sequencing of the 
mannose units in the side chains that have a1-2 and al-3 
linkages (Hernandez et al., (1989a). 

Analyses of HOHAHA and ROESY spectra of the com- 
pounds confirm and extend the assignments made in the 

1 5 . 3  

1 PPM 
iL,l . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , , , , , ,  t 

4 . 2  4 . 1  4 . 0  3.9 PPM 

FIGURE 4: Partial ROESY spectrum of ManllGlcNAc. This spectrum 
shows the connectivities between mannoses A4, A3, and A2. The 
interresidue peak B* results from an N O E  between H-1 of A4 and 
H-2 of A3, the intraresidue HI and H2 peaks being A and C; the 
interresidue peak D* results from an N O E  between H-1 of A3 and 
H-2 of A2, the intraresidue H-1 and H-2 peaks being C and E. This 
identifies H-2 of A4 as the signal that is shifted downfield to 6 4.21 
by substitution at  position 3. 

d4 

FIGURE 5: Diagram summarizing the NOES measured to relate H-1 
of d3 to H-1 of d2. The overall relation is indicated by the dashed 
arrow while the solid arrows show the stepwise relationships. H-1 
of d3 is identified by its intraresidue NOE with H-2, which is deshielded 
owing to substitution by dq. H-1 of d3 gives an interresidue N O E  
with H-3 of d2, which shows an intraresidue NOE to H-2, whereas 
H-2 gives an intraresidue N O E  with H-1. The letters A, B, C, and 
E refer to the panels of Figure 6 in which the actual two-dimensional 
contours are displayed. 

previous section. Substitution at  position 3 of a mannose unit 
causes a downfield shift of its H-2 proton as well as its H-3 
proton and leads to an NOE between H-1 of the substituent 
mannose and H-3 of the substituted mannose. By comparing 
the HOHAHA spectrum of ManloGlcNAc, which lacks ter- 
minal al-3-linked mannose (Figure 3A), with that of the 
Man, ,GlcNAc, which has a single terminal al-.3-linked 
mannose (Figure 3B), we observe the downfield shift of a single 
H-2 proton from 6 4.065 to 6 4.220 that is correlated with an 
H-1 proton at 6 5.03. Although this is in a region where the 
H- 1 signals for mannose A4 and C2 overlap, the shifted H-2 
signal is clearly identified with mannose A4 by the ROESY 
spectrum (Figure 4) in which interresidue crosspeaks can be 
traced from H- I of mannose A4 to H- 1 of mannose A3 (A+- 
B*+C) and from H-1 of the latter to H-1 of mannose A, 
(C-+D*-+E). H-3 of mannose A4 is also shifted downfield 
from d 3.83 to 6 3.94. These results confirm structure I11 for 
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FIGURE 6: Composite partial ROESY spectrum of Man14GlcNAc. The figure was constructed by juxtaposing enlarged sections of the ROESY 
spectrum that displayed intra- and interresidue crosspeaks for H-1, H-2, and H-3 of mannoses A4, C,, and d2 with mannoses as, c,, and d,. 
Figure 5 illustrates the origin of the crosspeaks and how H-1 of d3 can be indirectly correlated with H-l of d, (dashed arrows). (A) H-1/H-2 
crosspeak for the mannose (as, c,, or d,) that is shifted downfield to 6 4.22 owing to substitution at position 3. (B) Interresidue NOE crosspeaks 
between H-l of mannoses a5, cg, and d3 and H-3 of mannoses Ad, Cz, and d,. The patterns suggest four doublets of doublets, two of which 
are correlated with the split d, signals. (C) Intraresidue H-2/H-3 NOE crosspeaks for mannoses A4, C,, and d,; (D) diagonal for the H-2 
signals of the same mannoses. (E) Intraresidue H-I/H-2 crosspeaks for mannoses A,, C, ,  and d,. In (B), the contour peaks are marked with 
symbols that emphasize the patterns, while in (C) the pattterns of (B) are repeated to give the best fit of the contours. 

the ManllGlcNAc. Note that H-1 of mannose A4 shifts up- 
field about 0.01 ppm upon 3-substitution (compare spectra A 
and B of Figure 3), as expected (Cohen & Ballou, 1980). 

Similar inspection of the HOHAHA spectrum of the 
Man,,GlcNAc (Figure 3C) reveals that a second pair of H-2 
and H-3 signals is shifted downfield, and these signals are 
correlated with an H-1 signal at 6 5.035 in Figure 3B that 
moves to 6 5.020 in Figure 3C. This H-1 is assigned to 
mannose C, by its chemical shift, which is different from that 
of d,, the H-1 signal of which is distinguished by a charac- 
teristic splitting due t o  a long-range interaction with the 
N-acetylglucosamine anomers (Vliegenthart et al., 1983). The 
results are consistent with structure VI for this homologue. 

Finally, the HOHAHA spectrum of the Man,,GlcNAc 
(Figure 3D) shows that all three H-2 signals for the terminal 
al-2-linked mannoses (A4, C,, and d2) are deshielded and 
appear at 6 4.22-4.24, while all three H-3 signals are shifted 
from the region 6 3.82-3.86 to 6 3.93-3.97. These results 
confirm that in this homologue all terminal a 1-2-linked 
mannoses are substituted at position 3 as shown in structure 
VIII. There is, however, evidence for some heterogeneity 
because a portion of the H-2 signal associated with mannose 
d2 is not deshielded, while a portion of the H-2 signal of a 
terminal al-3-linked mannose is shifted downfield as ex- 
pected if it were substituted at position 3 (Cohen & Ballou, 
1980). From this, we conclude that the sample of 
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Man,,GlcNAc contains a significant amount of an isomer that 
has the parent structure VI with an additional al-3-linked 
mannose attached to mannoses a5 and/or c3. 

The fourth a 1 -3-linked mannose in the Man14GlcNAc 
proved more difficult to locate because it is attached to another 
al-3-linked mannose with a similar chemical shift. It was 
expected, however, that the a1-3-mannose that is substituted 
at position 3 would experience a deshielding of its H-2 and 
H-3 protons, thereby making it identifiable. The HOHAHA 
spectrum of this oligosaccharide (Figure 3E) shows that es- 
sentially all of the three H-2 signals for mannoses A4, C2, and 
d2 are shifted downfield to 6 4.20-4.22, while a fourth H-2 
signal that is correlated with an H-1 signal at 6 5.1 1 is similarly 
affected. This latter H-1 signal has the chemical shift expected 
for a 3-substituted al-3-linked mannose, owing to the 
shielding effect of such substitution (Cohen & Ballou, 1980). 
The identity of the substituted mannose as d, was made by 
tracing the interresidue NOE from H-l  of this mannose to 
H-l  of mannose d2 as illustrated in Figure 5, which summa- 
rizes the path documented in Figure 6. Consult the legend 
for an explanation of Figure 5. 

Panel A of Figure 6 shows the crosspeak corresponding to 
the H-I/H-2 intraresidue NOE for the al-3-linked mannose 
(d,) that is substituted at position 3. The corresponding NOES 
for the unsubstituted al-3-linked mannoses (a5, c,, d4) appear 
at 6 4.06-4.07 (not shown). Panel B shows the interresidue 
NOES between H-1 of mannoses as, c,, and d, and H-3 of the 
al-2-linked mannoses Ad, Cz, and d2 to which they are at- 
tached. Each anomeric proton correlates with four peaks 
corresponding to the doublet of doublets of the H-3 protons. 
Note that the broad H-I /H-2 contour in panel A correlates 
with the upper cluster of signals in panel B, indicating that 
the anomeric proton of this mannose is split into two signals 
at 6 5.1 12 and 5.1 16 by a long-range interaction with the 
N-acetylglucosamine (Vliegenthart et al., 1983). In panel C, 
the H-3/H-2 intraresidue NOES for mannoses Ad, C,, and d2 
are shown. These NOES are possible because, for mannose 
units, the distance between the equatorial H-2 proton and the 
axial H-3 proton is small. All signals from panel B are ac- 
commodated in the contours of panel C, with the complication 
that the H-2 signal of mannose C, is also split in this com- 
pound. The overlap of crosspeaks in panel C produces some 
deformations of the contours, but nevertheless, each doublet 
of doublets in panel B can be unambiguously correlated with 
a similar doublet of doublets in panel C as indicated with the 
symbols connected by vertical lines. Panel D shows the H-2 
diagonal contours and panel E the intraresidue H-1 /H-2 
NOES for mannoses A4, C2, and d,. The interconnectivities 
between H-1 of the mannose with the deshielded H-2 in panel 
A and the anomeric proton signals along the left of panel E 
were traced as shown on the figure, which indicates that this 
mannose is linked to d,. Note that the large characteristic 
splitting of the H-1 signal of d2 is also observed in its H-2 and 
H-3 protons as evidenced in panel C. From this analysis, it 
appears that a region of the molecule that includes H-1 of d, 
and H-3, H-2, and H-1 of d, is located in space close to the 
reducing-end N-acetylglucosamine. Although mannose B2 is 
also a1 -3-linked and, therefore, a potential acceptor for the 
14th mannose in the Man,,GlcNAc, the HOHAHA spectra 
in Figure 3 demonstrate that the chemical shifts of the H-2 
and H-3 signals of this mannose are not affected in any of the 
homologues. 

Structure of the Phosphorylated Oligosaccharide. Ion 
exchange on QAE-Sephadex of peak A from the endo- 
glucosaminidase H digest of the mannoprotein yielded a major 
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FIGURE 7: Characterization by HPLC of the products of mild acid 
hydrolysis of the phosphorylated oligosaccharide. (A) (Left to right) 
Standard mixture of mannose, al-6-mannobiose, and unresolved 
al+2- plus a1-3-mannobiose; (B) products from acid hydrolysis 
of oligosaccharide phosphate; (C) (left to right), standard mixture 
of mannitol, a1--6-mannobiitol, al+2-mannobiitol, and al-3- 
mannobiitol; (D) borohydride-reduced acid hydrolysis product which 
shows al--3-mannobiitol plus small amounts of mannitol and other 
products. The Dionex column was eluted with 75 mM NaOH for 
(A) and (B) and with 20 mM NaOH for (C) and (D). In both (B) 
and (D), the disaccharide product is eluted coincidently with the CUI--3 
isomer. The peak preceding mannitol in (D) has the retention time 
of glucitol and probably resulted from isomerization of mannitol during 
the reduction. 
fraction that was eluted at 25 mM NaCl in the position of a 
diesterified monophosphate (Varki & Kornfeld, 1980; Her- 
nandez et al., 1989b), and only a small amount of carbohydrate 
was eluted later at the position characteristic of an oligo- 
saccharide with two charges, that is, a monoesterified mono- 
phosphate or diesterified diphosphate. 

The NMR spectrum of peak A, Figure 2H, gave a split H-1 
signal at 6 5.41-5.43 that confirmed the presence of the 
mannosyl phosphate linkage, but it was shifted upfield by an 
amount to suggest that the mannose attached to the phosphate 
was substituted at position 3 by another mannose (Cohen & 
Ballou, 1980). This was established by mild acid hydrolysis 
of the glycosyl phosphate bond and characterization of the 
released sugar by HPLC on the Dionex BioLC carbohydrate 
system (Figure 7). Mannose and mannobiose were observed 
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in a molar ratio of 1:4 (Figure 7B). When the borohydride- 
reduced product was analyzed, it was eluted coincidently with 
mannitol and the reduced al-.3-mannobiose, the latter being 
separated from the reduced a 1-2- and a1 -6-mannobioses 
(Figure 7D). The N M R  spectrum (Figure 2H) also shows 
a small signal a t  6 5.43-5.45, about 20% of the total, for a 
mannosyl phosphate group, which suggests that this amount 
of the oligosaccharide had a single mannose linked to the 
phosphate group and accounts for the presence of mannose 
in the hydrolysate. Integration of the other H-1 signals in the 
spectrum indicated that the oligosaccharide had about 12 
mannoses exclusive of those on the phosphate group. The 
spectrum was comparable to that of the ManI2GlcNAc (Figure 
2D), and exo-al+2-mannosidase digestion removed a single 
mannose and gave a product with a spectrum that was similar 
to that of structure 111. The slight shoulders on the signals 
a t  6 4.87 and 5.32 and the small signal at 6 4.80 (Figure 2H) 
are characteristic of phosphorylation on mannose A,; but this 
analogue appears to represent less than 5% of the preparation, 
with the major site of phosphorylation being mannose C,  
(Hernandez et al., 1989b). 

The second component eluted from the QAE-Sephadex 
column gave a poorly resolved H-1 N M R  spectrum (not 
shown) that was similar to that of the major peak, except that 
it lacked signals for the mannosyl phosphate group. This 
material, therefore, corresponds to the monoester form of the 
oligosaccharide and probably results from chemical hydrolysis 
of the diester during isolation of the mannoprotein (Hernandez 
et al., 1989b). 

A portion of the phosphorylated oligosaccharide was de- 
phosphorylated, and the neutral product was analyzed on the 
Dionex BioLC system. The pattern revealed four oligo- 
saccharides with the same retention times as those shown in 
Figure 1, but with a preponderance of the Man,,GlcNAc 
homologue. Thus, although it is clearly heterogeneous, the 
phosphorylated oligosaccharide fraction appears to be mainly 
the isomer with structure IX. 
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Structure of the N-Linked Oligosaccharides from the mnn9 
glsl Mutant. This strain lacks the glucosidase I activity in- 
volved in removal of the three glucose units from the oligo- 
saccharide precursor after its transfer to protein (Saunier et 
al., 1982). Consequently, one of the sites (mannose A4) in the 
mnn9 strain is unavailable for addition of an al-+3-linked 
mannose in the mnn9 glsl mutant (Tsai et al., 1984a,b). The 
oligosaccharide fraction obtained from the latter strain by 
endoglucosaminidase H digestion of the mannoprotein gave 
the H-1 N M R  spectrum in Figure 8A, which suggested an 
average composition of Glc3Man, ,GlcNAc. Rather than 
fractionate this mixture, it was treated directly with exo- 
a1-2-mannosidase and then fractionated on a Bio-Gel P-4 
column into three components. The one of smallest size was 
eluted at fraction 285, and the H-1 N M R  spectrum (Figure 

\ '  I 
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5.10 4.90 PPM 5.50 5.30 
FIGURE 8: H-1 NMR spectra of the glucose-containing oligo- 
saccharides. (A) Mixture of homologues before mannosidase digestion 
and separation by gel filtration; (B-D) Separated homologues produced 
by exo-al-+2-mannosidase digestion of (A); (B) Glc3Man8GlcNAc; 
(C) Glc3Man,,GlcNAc; (D) G1c3Man12GlcNAc. (B) is derived from 
the homologue with no extra al-.3-linked mannose, while the pre- 
cursor of (C) has one and the precursor of (D) has two such sub- 
stituents. The H-1 signals of the three glucoses are recognizable at 
d 5.17, 5.27, and 5.52 by their large splitting (Tsai et al., 1984a,b), 
similar to N-acetylglucosamine at  6 5.23. 

8B) indicated a composition of Glc3Man,GlcNAc. Removal 
of two al-2-linked mannoses reduced the signal a t  6 5.04 and 
exposed two a1-6-linked mannoses with H-1 signals at 6 4.90 
(C,) and 4.92 (d,). Only a small fraction of a signal for an 
al-+3-linked mannose is seen at 6 5.14 and a single proton 
for a terminal al-2-linked mannose a t  6 5.04 (A4). The 
results support structure X for this fragment. 
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A second oligosaccharide from the Bio-Gel P-4 column 
separation of the mannosidase digest gave the H-1 N M R  
spectrum in Figure 1 IC, which revealed a composition of 
Glc3Man,,GlcNAc. A single signal for an al-3-linked 
mannose is observed a t  6 5.14, and two signals for terminal 
al-2-linked mannoses are observed a t  6 5.03 and 5.04. 
Removal of a single a1-Zlinked mannose exposed the al-- 
6-linked mannose d,  with an H-1 signal a t  6 4.92. This result 
supports structure XI for the fragment. 
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The largest oligosaccharide from the Bio-Gel P-4 column, 
eluted at fraction 258, gave a spectrum (Figure 8D) that 
supported the composition Glc3Man12GlcNAc and indicated 
the presence of two a1+3-linked mannoses by integration of 
the signal at 6 5.14. The exo-al+2-mannosidase had no 
apparent effect on this oligosaccharide, from which we con- 
clude that all terminal al-2-linked mannose is protected by 
substitution. Thus, the three oligosaccharides from the mnn9 
glsl mutant must have structures XII-XIV. 

aM 
43 

aM aM aM aM 
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Structure ofthe N-Linked Oligosaccharide from the mnn2 
mnn10 Mutant Mannoprotein. The endoglucosaminidase H 
released oligosaccharide fraction was eluted from a Bio-Gel 
P-4 column in a position similar to that obtained from the 
mnnl mnn2 mnnlO mutant (Ballou et al., 1989). The H-1 
NMR spectrum of a fraction from the center of the peak 
(Figure 9A) was very similar to that of the mnnl mnn2 mnnlO 
oligosaccharide, except for the signal a t  6 5.14 that is char- 
acteristic of an al+3-linked mannose unit. The integration 
suggested the presence of 1.5 such mannose units. 

To determine the location of this al-3-linked mannose, 
the oligosaccharide was digested with a bacterial endo-al- 
6-mannanase (Nakajima & Ballou, 1974), which degrades the 
unbranched a1-6-linked outer chain and yields a glucos- 
amine-containing core fragment along with small fragments 
from the outer chain (Ballou et al., 1989). The digest was 
fractionated on a Bio-Gel P-4 column (Figure lOB), and the 
peaks were characterized by their H-1 NMR spectra (Figures 
9 and 11). Peaks A and B (Figure 10B) were mannose and 
crl+6-mannobiose, and peak C was identified by its NMR 
spectrum as a1+6-mannotriose (Figure 11A). These come 
from the internal portion of the unbranched outer chain. A 
tetrasaccharide fragment (Figure 10B, peak D) and a penta- 
saccharide fragment (Figure 10B, peak E) were obtained that 
correspond in structure to the capped terminus of the outer 
chain (structures XV and XVI) (panels B and C of Figure 11). 
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The ratios of these two fragments suggest that 70% of the 
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FIGURE 9: H-1 NMR spectra of mnnlO oligosaccharides. (A) Intact 
mnn2 mnnlO oligosaccharide, which has a signal a t  b 5.14 for about 
one crl+3-linked mannose that is absent in the mnnl mnn2 mnn10 
oligosaccharide spectrum (Ballou et al., 1989); (B) peak G from Figure 
10, whose spectrum agrees with a Man9GlcNAc consisting of the 
Man,GlcNAc precursor with attached a1+6-linked mannose d!; (C) 
peak H from Figure 10, whose spectrum is consistent with a 
Man,,GlcNAc structure in which half of the molecules have two 
al-6-linked mannoses (signals a t  6 4.90 and 4.92) and half have 
one al-+6-linked (signal a t  b 4.92) and one al-3-linked mannose 
(signal at 6 5.14); (D) peak I from Figure 10, whose spectrum is 
consistent with a Man,,GlcNAc with two a1-6-linked and one 
a1-3-linked mannoses. 

capped outer chain termini are modified by the addition of 
an al-+3-linked mannose unit. The structure assigned to XVI 
on the basis of its H-1 N M R  spectrum was confirmed by 
methylation analysis, which yielded alditol acetates for 
2,3,4,6-tetramethylmannose (1.3 mol), 2,4,6-trimethylmannose 
(1.2 mol), 3,4,6-trimethylmannose (1 .O mol), and 2,3,4-tri- 
methylmannose (1.9 mol). The expected ratios were 1 : 1: 1 :2. 

The core fragment was heterogeneous, but the spectrum of 
the peak tube of the major component H showed that it was 
a mixture of the two ManloGlcNAc isomers XVII and XVIII 
because the signal at 6 5.14, for a terminal al-3-linked 
mannose, and at 6 4.90, for an extra al+6-linked mannose, 
each integrated for about half of a mannose unit (Figure 9C). 
All other H-1 signals are also present in the Man9GlcNAc 



2480 Biochemistry, Vol. 29, No. 10, 1990 Alvarado et al. 

a M  a M  

a M + 6 a M + 6  BM+4af3GlcNAc 
42 4 3  

4 3  

4 2  

4 2  - 
4 3  

a M +  a M  

aM 

a M  

a M  
XVII 

a M  a M  
$ 2  $3 

a M + 6  BM+4a B G l c N A c  
t 3  

c ~ M + ~ B M + ~ ~ M  
4 2  

4 2  
a M  

a M  

XVI I I 

fragment G (Figure 9B), which was previously obtained by 
endomannanase digestion of the mnnl mnn2 mnnlO oligo- 
saccharide (Ballou et al., 1989). The H-1 spectrum of peak 
I in Figure 10B showed that it combined both features of 
structures XVII and XVIII and had signals for one full proton 
at 6 4.90, 4.92, and 5.14 (Figure 9D). This indicates a com- 
position of Man,,GlcNAc with a single al-3-linked mannose 
and two al-.6-linked mannoses. The broadened signal a t  6 
5.04 for al-2-linked mannose and the splitting of the signal 
a t  6 5.14 for al-+3-linked mannose suggest that this one 
mannose is distributed between mannoses A4 and C2. 

Although the molar ratio between the oligosaccharides 
derived from the core and that from the capped terminus of 
the outer chain is a little greater than 1, the fragments support 
structure XIX, in which about two extra al-3-linked man- 
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43 

a M *  a M  
4 2  
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XIX 

nose units are distributed equally between the starred positions 
in the core and the outer chain (XIX).  Note that because 
mannose d, is not substituted a t  position 2 in the mnn2 mnnlO 
strain (Ballou et al., 1989), addition of an al+3-linked 
mannose a t  this position is precluded. 

DISCUSSION 

In earlier studies from this laboratory on the asparagine- 
linked oligosaccharide fraction isolated from S. cerevisiae 
mnn2 mutant mannoprotein by a combined digestion with 
endoglucosaminidase H and endo-a1-+6-mannanase, it was 
observed that this “core” preparation was heterogeneous owing 
to variable amounts of terminal al-3-linked mannose (Na- 
kajima & Ballou, 1974; Cohen et al., 1982). Later it was 
found that this heterogeneity was absent in the core oligo- 
saccharide from the mnnl mnn2 mutant (Cohen et al., 1982) 
owing to a defective a 1 -3-mannosyltransferase activity in the 
mnnl strain. Recently, Trimble and Atkinson (1986) have 
studied the localization of the terminal al-3-linked mannose 
in the smallest N-linked oligosaccharides from bakers’ yeast 
invertase with 11-14 mannoses, and their results suggested 
that these mannose units were added in a specific rather than 
a random order with increasing size of the homologues. We 
have applied a similar analysis of the neutral and phospho- 
rylated N-linked oligosaccharides on mannoproteins from the 
mnn2 mnn9 mutant and the neutral oligosaccharides from 
mnn2 mnn9 glsl and mnn2 mnnlO mutants to obtain results 
that are consistent with those of Trimble and Atkinson ( 1  986). 

1 4  

1 2  

Fraction 

FIGURE 10: Gel filtration fractionation of the endo-01+6-mannanase 
digest of mnn2 mnnlO oligosaccharides. (A) mnnl mnn2 mnnlO 
oligosaccharide digest, taken from Ballou et al. (1989); (B) mnn2 
mnnlO oligosaccharide digest. Peaks A-F are mannose to manno- 
hexaose, while peaks G-I are Man9-l,GlcNAc homologues. In the 
absence of the mnnl mutation, peak E is increased at the expense 
of peak D, while peaks H and 1 are increased at the expense of peak 
G. These shifts are attributed to the addition of 01+3-linked 
mannoses. 

The addition of terminal al+3-linked mannose units to the 
mnn2 mnn9 oligosaccharide Man,,GlcNAc follows the pre- 
ferred order Ad, C2, d,, according to the convention we have 
adopted, although there is some heterogeneity in the process. 
As expected, mannose A4 is not affected in the glucosylated 
oligosaccharide in which it is already substituted, whereas the 
mannosyl phosphate group of the phosphorylated oligo- 
saccharides is converted to an al+3-mannobiosyl phosphate 
unit. 

The phosphorylated mnn2 mnn9 oligosaccharide fraction 
consisted almost exclusively of the monophosphate, whereas 
the diphosphate derivative is a major component in the mnnl 
mnn9 mannoprotein (Hernandez et al., 1989b). Because the 
mannosyl phosphate transferase that catalyzes addition of these 
units to the outer chain utilizes cy1 -+2-mannooligosaccharides 
as acceptors, but not those terminated with an cyl-3-linked 
mannose unit (Karson & Ballou, 1978), it is possible that 
similar modification of the core side chains also regulates 
phosphorylation. Since the first cy 1-3-linked mannose added 
to the core oligosaccharide is a5, its addition could occur a t  
an early processing stage and thereby preclude subsequent 
phosphorylation a t  mannose A3. Such a mechanism would 
provide a regulatory function for the 3-substitution of terminal 
al+2-linked mannose in the mannoprotein. 

A fourth al+3-linked mannose is added to a small fraction 
of the mnn2 mnn9 oligosaccharide, and since the acceptor for 
this addition has only terminal cy 1-3-linked mannose, we 
expect that this reaction is catalyzed by a unique transferase. 
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mannose in the absence of the mnnl mutation. Some of the 
al-3-linked mannose is also added to the core portion, and 
the splitting of the H-1 NMR signal for this mannose suggests 
that it may be distributed between the two available sites, 
mannoses A4 and Cz. 

The oligosaccharide structures we present here differ from 
those proposed by Trimble and Atkinson (1986) with regard 
to the position of attachment of the first al-6-linked mannose 
during processing of the precursor Man8GlcNAc, oligo- 
saccharide. We have determined this to be position 6 of 
mannose A, in the mnn2, mnn9, and mnnlO mutants (Her- 
nandez et al., 1989a) whereas they have concluded the linkage 
is to position 6 of mannose C, in bakers’ yeast invertase. 
Regardless, in both studies the addition of the al-3-linked 
mannoses follows an ordered sequence at equivalent positions 
in both structures. Thus, the results are consistent even though 
the structures may be slightly different. 

A biochemical role for these terminal al-3-linked man- 
noses in yeast mannoproteins was suggested above, but their 
absence in the mnnl mutant and in at least one wild-type 
isolate leads to no apparently deleterious phenotype (Ballou 
& Raschke, 1974). On the other hand, the terminal a1-3- 
linked mannose in yeast mannoproteins is highly immunogenic 
in mammals (Ballou, 1970), and such linkages are notably 
absent in the N-linked oligosaccharides of higher eucaryotes 
(Kornfeld & Kornfeld, 1985). Thus, this structural modifi- 
cation may be a distinguishing feature of yeast and other fungi, 
and glycoproteins made in a mnnl mutant should be less 
immunogenic. 
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et al., 1989); (C) peak E of Figure 10B. Peaks D and E of Figure 
10B come from the capped end of the outer chain, while C is from 
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mannose in the pentasaccharide fragment is based on methylation 
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from those in Cohen and Ballou (1980). 

PPM 

We have reported previously (Ballou et al., 1974) that Sac- 
charomyces chevalieri makes aMan-3aMan-+3aMan+- 
2aMan-2aMan- side chains, and we described an enzyme 
activity that catalyzes addition of al-3-mannosyl units to 
the acceptor aMan~3aMan-.2aMan-2aMan- to make 
the analogous structure (Nakajima & Ballou, 1975). In S .  
cereuisiae, this activity appears to be specific to the core be- 
cause the acetolysis fragments from the outer chain do not 
show this modification (Nakajima & Ballou, 1975). Trimble 
and Atkinson ( 1  986) did not localize this mannose unit in the 
ManI4GlcNAc from yeast invertase, but we have made a 
tentative assignment to mannose d, in the Man,,GlcNAc from 
the mnn2 mnn9 mutant mannoprotein on the basis of the 
HOHAHA and ROESY NMR spectra. In the HOHAHA 
spectra, it was possible to correlate the deshielding of H-2 and 
H-3 protons of specific al-2-linked mannose upon substi- 
tution at position 3, and the ROESY spectra allowed us to 
trace intra- and interresidue interconnectivities from H- 1 of 
one mannose to H-3 of the mannose to which it is linked, and 
thence around the ring to H-2 and H-1 of this mannose. 
Although the differences in chemical shift on which the 
analysis was based were small, the conclusion appears justified. 

Asparagine-linked oligosaccharides from the mnn2 mnnlO 
strain contain an unbranched a1-6-linked outer chain that 
is terminated by an al-+2-linked mannose (Ballou et al., 
1989), and this mannose also is substituted by an a1-3-linked 
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Effect of Oligosaccharides and Chloride on the Oligomeric Structures of External, 
Internal, and Deglycosylated Invertase? 
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ABSTRACT: External invertase exists in an oligomeric equilibrium of dimer, tetramer, hexamer, and octamer, 
the concentrations of which vary with pH, time, and concentration of enzyme [Chu, F. K.,  Watorek, W., 
& Maley, F. (1 983) Arch. Biochem. Biophys. 223, 543-555; Tammi, M., Ballou, L., Taylor, A., & Ballou, 
C. E. ( I  987) J. Biol. Chem. 262,4395-44011. To assess the influence of carbohydrate on this equilibrium, 
we investigated the self-association of external invertase (10 oligosaccharides per subunit), deglycosylated 
external invertase (2 oligosaccharides per subunit), and internal invertase (no carbohydrate) under various 
conditions. In addition, the effect of carbohydrate on the interaction of the subunits of these various invertases 
to form heterooligomers was studied. Chloride ion was found to promote subunit association in the various 
invertases irrespective of their glycosylation status. However, external invertase was less responsive to chloride 
ion relative to the internal and deglycosylated invertases. The higher oligomers of deglycosylated invertase 
were stable a t  47 " C  whereas those of external invertase dissociated rapidly into dimers, suggesting that 
the additional oligosaccharides in external invertase destabilize subunit interaction. Hybridization experiments 
with the various invertases showed that the dimers of internal invertase formed heterooligomers with either 
external or deglycosylated invertase. By contrast, the monomers of external and internal invertases formed 
their respective homodimers, but not heterodimers. These results suggest that the oligosaccharide content 
of invertase not only influences the extent of self-association but also affects heterooligomer formation. 

x e  influence of oligosaccharides on the structure and 
function of glycoproteins has long been a subject of wide 
interest. Oligosaccharides are implicated in such functions 
as protein folding, stability, sorting, bioactivity, and protein- 
protein recognition. Invertase (EC 3.2.1.26, 6-D-fructo- 
furanoside fructohydrolase) from Saccharomyces cerevisiae 
is ideally suited to study the function of oligosaccharides since 
it exists as an external invertase with 50% (w/w) carbohydrate 
and an internal invertase with no carbohydrate. Both enzyme 
forms are derived from the SUC2 gene but from different start 
codons (Perlman & Halvorson, 1981; Carlson & Botstein, 
1982). Because internal invertase does not contain a signal 
sequence, it cannot enter the endoplasmic reticulum and as 
a consequence is not glycosylated. By contrast, external in- 

vertase contains a signal sequence which directs it into the 
endoplasmic reticulum where it is glycoslyated to about 10 
oligosaccharides per subunit (Trimble & Maley, 1977; Reddy 
et al., 1988), about 80% of which can be removed by endo- 
(3-N-acetylglucosaminidase (Endo H)' (Tarentino et al., 1974). 
Eight of the oligosaccharides are from 8-14 mannoses in length 
while the remainder contain over 50 mannoses (Ziegler et al., 
1988). Although oligosaccharides are not essential for enzyme 
activity, they protect the enzyme from proteases (Chu et al., 
1978; Brown et al., 1979) and maintain external invertase in 
an oligomeric equilibrium of dimer, tetramer, hexamer, and 
octamer (Chu et al., 1983). More recently, it has been shown 
that freezing (Tammi et al., 1987) or the addition of poly- 

~~~~ ~ 

I Abbreviations: buffer A, 0.05 M KH2P04, pH 4.5; buffer B, 0.05 
M sodium acetate, pH 5.5; CHES, 2-(N-cyclohexylamino)ethanasulfonic 
acid; Endo H, endo-P-N-acetylglucosaminidase H; GuHCI, guanidine 
hydrochloride; PEG, poly(ethy1ene glycol); RM-invertase, reductively 
methylated invertase. 
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