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Fic. 3. RP-HPLC analysis of pyridylaminated N-glycans of Penicillium nordicum. The fractions in the chromatogram are annotated with
structures proposed on the basis of elution, MS/MS and digestion data; in the case of multiple structures in a single fraction, the most abundant
is shown uppermost. Depictions are according to the nomenclature of the Consortium for Functional Glycomics (circles, hexose; squares,
N-acetylhexosamine; PC, phosphorylcholine; PE, phosphoethanolamine). The C18 column was calibrated in terms of glucose units (g.u.). A
typical Man,;GIcNAc, structure is annotated also with linkages as well as the positions of the A, B, C and outer chain branches; this basic
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depiction is followed in all other figures.

can be made on the basis of loss of three or four residues with
a specific a1,2-mannosidase (down to m/z 1313) or of seven
or eight residues when using jack bean a-mannosidase (prod-
uct of m/z 665; supplemental Fig. S2). Longer fully-mannosi-
dase sensitive structures with larger Y33 fragments (e.g. m/z
1475) were concluded to be products of the Och1p «1,6-
mannosyltransferase known to initiate lower arm “outer chain”
formation in many fungal species (28). On the other hand, a
number of partly mannosidase-resistant glycans displayed
hydrofluoric acid sensitivity compatible with the presence
of phosphoethanolamine and/or galactofuranose residues,
which have been previously reported as components of fun-
gal cell walls (29).

The N-glycome of P. nordicum—The simplest chromato-
gram of the three glycomes was probably that of P. nordicum,
which also displayed the least glycan heterogeneity in indi-
vidual fractions (Fig. 3). Considering the individual fractions,
the major structure had the composition HexgHexNAc, co-
eluting with standard MangGIcNAc,, which is also the major
glycan detected by MALDI-TOF MS of the overall glycome

(Fig. 1B); furthermore, as particularly visible in negative mode,
a portion of the Hexg_;;HexNAc, glycans was decorated with
one or two moieties of 123 Da (Fig. 1E).

The identification of typical Mans_oGIcNAc, isoforms was
verified by the MS/MS fragmentation before and after diges-
tion with a-mannosidases. As introduced above, MS/MS of a
“Golgi-processed” MangGIcNAc, (6.7 g.u.) and the form of
MangGIcNAc, (7.2 g.u.) still possessing the ‘middle’ a1,2-
mannose residue (B mannose) showed m/z 827 Y-fragments
which are interpreted as resulting from the loss of the entire
al,6-antenna (Fig. 2 J and 2K); the two MangGIcNAc, isomers
(A and C; 5.3 and 6.2 g.u.) as well as the Man,GIcNAc, (6.4
g.u.) and MangGIcNAc, (5.0 g.u.) displayed upon MS/MS
either m/z 989 or 1151 typical Y-fragments reflecting different
lengths of the a1,3-antenna (“A” branch; see Fig. 2 A, 2C, 2D,
and 2G). Furthermore, based on its elution position and frag-
mentation (Fig. 2L), a HexgHexNAc, structure, which only lost
maximally four residues upon jack bean a-mannosidase di-
gestion, was concluded to be a glucosylated variant of
Man8C.

Fic. 2. MS/MS analysis of oligomannosidic N-glycans from three Penicillium species. Positive mode MALDI-TOF MS/MS of selected
Hexs_gHexNAc, isomers from the indicated species: (A) Man9, (B-D) three Man8 isomers, (E-G) three isomers of Man7, (H-J) three isomers
of Man6, (K) Man5, and (L) Glc1Man8 (Man6 and Man7 isomers are numbered according to the elution time). The overall postulated structures
as well as selected key fragments are annotated according to the pictorial nomenclature of the Consortium for Functional Glycomics (circles,
mannose or glucose; squares, N-acetylglucosamine), with abbreviated compositions where H is hexose, N N-acetylhexosamine and PA
pyridylamine, and with the B/Y-fragment nomenclature of Domon and Costello; losses from the A, B and C branches are defined as Y, Yf3
and Yy fragment ions respectively (see inset in panel M with example MangGIcNAc, structure). The asterisked fragment in panel E is of
unknown origin. The MS/MS spectra in panels A, B, G, and K are similar to those observed in other Penicillium species: Man9 and Man5 (all
three species), Man8B (also in P. verrucosum) and Man7 (also in P. nordicum). (M) Schematic RP-HPLC separation (Hypersil C18) in terms of
glucose units for the gradient used in this study (red values in square brackets) as compared with that of Tomiya et al. (black values on the
scale); see also supplemental Fig. S1 for example chromatograms and MS/MS of standards.
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Fic. 4. Analysis of a major Hex,;HexNAc, glycan and a minor HexoHexNAc, isomer from P. nordicum. MALDI-TOF MS of
Hex,;HexNAc, (4.6 g.u.) and Hexg gHexNAc, isomers (5.3 g.u.) either before treatment (A, D) or after incubation with a1,2-mannosidase (B, E)
or subsequently with «1,6-mannosidase (C, F). The glycans are annotated in their protonated forms, but sodium and potassium adducts are
also present; key fragments in MS/MS are given in parentheses (putatively Y3p) below the proposed structures and the numbers of hexoses
removed are indicated (see also insets in panels A-C showing MS/MS of Hex,;HexNAc, and its digestion products). A scheme indicating the
a1,6-mannosidase sensitivity of the Och1p-modified form of the HexgHexNAc, and its digestion products is shown below the spectra; note
that the a1,6-mannosidase only removes mannose residues «1,6-linked to an unsubstituted mannose.

For the Hex,;HexNAc, glycan (the second most abundant
glycan; 4.6 g.u.), sequential digestion with «1,2- and «1,6-
mannosidase in conjunction with MS/MS, indicated that this
glycan corresponded to a standard MangGIcNAc, glycan
modified with two extra mannose residues on the «1,3-an-
tenna (Fig. 4). Specifically, the initial MS/MS of the m/z 2285
species showed a dominant m/z 1475 fragment (Fig. 4A);
removal of five mannose residues by «1,2-mannosidase re-
sulted in an m/z 1475 product with a major m/z 989 fragment
(Fig. 4B). Subsequent «1,6-mannosidase treatment resulted
in the loss of one mannose and in a major m/z 827 fragment

when analyzed by MS/MS (Fig. 4C); these data are consistent
with the presence of an outer chain Mana1,6 residue directly
attached to the core «1,3-mannose.

A similar approach was used to examine a minor later-
eluting HexgHexNAc, present in the same fraction as Man8A
(5.3 g.u.; Fig. 4D). The fragmentation pattern of this Hexg-
HexNAc, isomer was similar to the standard MangGIcNAc,;
however, only three mannose residues were released by a1,2-
mannosidase resulting in m/z 1475 with a m/z 989 fragment
(Fig. 4E), in contrast to removal of four in the case of standard
MangGIcNAc, (supplemental Fig. S2). Thereafter, a1,6-man-
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nosidase could also release one mannose from the «1,3-
antenna, whereas the nonreducing a1,6-mannose on the “up-
per” antenna was resistant to this treatment (Fig. 4F; also as
judged by the MS/MS data showing a dominant m/z 827
fragment). Therefore we conclude that the minor Hexq-
HexNAc, isomer is an Man8A-type glycan modified by Och1,
the «1,6-mannosyltransferase which initiates fungal/yeast-
type outer chain formation (28). Indeed, the requirement to
first treat Och1-modified oligosaccharides with «1,2-manno-
sidase before the a1,6-mannose can be removed was previ-
ously shown for a bona fide product of recombinant Och1
mannosyltransferase (30). However, in accordance to the lit-
erature, (19) the «1,6-mannosidase does not remove the
nonreducing C-branch «1,6-mannose from “Golgi-type”
MangsGIcNAc, because of it being attached to a disubstituted
mannose (see also Scheme in Fig. 4). Thus both exoglycosi-
dase sensitivity and elution time can distinguish the standard
and Och1-product isomers of MangGIcNAC,.

We then examined the set of glycans with the modification
of 123 Da; MS/MS analysis showed the presence of key B-
and Y-fragments such as m/z 448 (Hex,PE,), 934 (HexsPE,),
1112 (HexzHexNAc,PE -PA), 1274 (Hex,HexNAc,PE,-PA),
and 1598 (HexgHexNAc,PE,-PA) in positive mode or m/z
1055 (HexsPE,) in negative mode (see Fig. 5 for example
MS/MS data). As the mass difference and the strong signal in
negative mode MS was reminiscent of properties of phosphoe-
thanolamine-modified glycans from Trichomonas vaginalis
(11), we treated such glycans with hydrofluoric acid, which is
known to cleave phosphodiester bonds (21). Indeed, both the
123 Da modification and the strong ionizability in negative
mode were lost when such treatment was performed on these
glycans (see below).

The next question was to localize the residue modified by
phosphoethanolamine (PE); by examining the MS and MS/MS
data upon mannosidase digestions before and after hydroflu-
oric acid treatment we show that the sub-terminal C-branch
mannose on the «1,6-antenna was the major location for
modification by phosphoethanolamine, regardless of whether
the basic structure was MangGIcNAc, (Man8A), MangGlcNAc,, or
Man,,GIcNAc, (Fig. 5A-5C; Y-fragments of m/z 989, 1151,
and 1475 being indicative of an unmodified A-branch,
whereas the m/z 934 ion, HexsPE,, was consistent with a
phosphoethanolamine modification on the C branch). For the
putative MangGIcNAC,PE, glycan (m/z 2084; 4.0 g.u.), initially,
hydrofluoric acid treatment resulted in the loss of 123 Da
(compare Fig. 6A and 6B) and co-elution by RP-HPLC with
the nonmodified form of MangGIcNAc, (5.0 g.u.; supplemental
Fig. S3). For the sequential digestion, the glycan was first
treated with a1,2-mannosidase, which resulted in the loss of
four mannose residues (Fig. 6C); subsequent treatment with
the “nonspecific” jack bean a-mannosidase yielded a product
of m/z 1112 (putatively Man;GIcNAc,PE;; Fig. 6D). Only after
hydrofluoric acid treatment could «1,6-mannosidase release
the final two a-mannose residues (Fig. 6E and 6F), which is

consistent with the subterminal phosphoethanolamine modi-
fication “blocking” the second «1,6-linked mannose on the
al1,6-antenna. A similar approach was performed on Man, ;-
GIcNAC,PE, (3.3 g.u.; Fig. 5C) and the results allowed us to
conclude the same location of the phosphoethanolamine
modification; analogous to the aforementioned experiments
with Mang ;,GIcNAc,, the Och1 modification could also be
proven by the a1,6-mannosidase sensitivity.

In the case of three glycans carrying two phosphoethano-
lamine residues (Mang,4GIcNAC,PE, and Man,;GIcNAC,PE,),
MS/MS before (Fig. 5D, 5F, and 5H) and after a1,2-mannosi-
dase digestion (Fig. 5E, 5G, and 5/) indicated that the subter-
minal mannose on the a1,3-antenna (A-branch) was a further
location for this modification; specifically, this was shown by
the shift of the key fragments from m/z 1112, 1274, and 1598
respectively to m/z 950, 1112, and 1274. Additionally, a minor
Man,,GIcNAc,PE, isomer had two phosphoethanolamine
residues on the a1,6-antenna as indicated by the m/z 1055
fragment (HexgPE, in negative mode; see Fig. 5J). Further-
more, minor amounts of glycans with phosphorylcholine were
present in fractions >8 g.u.; diagnostic for this modification
are dominant B-fragments of m/z 328 and 490 (Hex,_,PC;;
see Fig. 5K for MS/MS of HexgHexNAc,PC,). Because of the
low amounts, the phosphorylcholine-modified glycans were
not further analyzed, whereas only compositions can be pre-
dicted for glycans carrying both zwitterionic moieties (Hex,,
sHexNACc,PE,PC,; see Table I).

The N-glycome of P. dierckxii—As mentioned above, the
major N-glycans observed for P. dierckxii were more variable
in terms of size than for the other two glycomes and a higher
proportion of the N-glycans had the composition Hexs_
sHexNAC,PE,_, (Fig. 1A). In general, the number of RP-HPLC
fractions is higher and the retention time tangentially shifted to
lower glucose unit values than for the other two species
studied (Fig. 7). MS of the individual fractions revealed that the
early fractions (<4 g.u.) contain only glycans modified with
phosphoethanolamine; the glycans with multiple such modi-
fications were particularly poorly retained on the column. The
standard oligomannosidic glycans eluted in the range 4.8-6.8
g.u.; however, this region also contained some phosphoe-
thanolamine-modified glycans, whereby such glycans eluted
~1-2 g.u. earlier than the corresponding “parent” neutral
form.

Among the neutral oligomannosidic glycans, the major
structure was concluded to be Man8B; this is supported by
the retention time (4.7 g.u.; Fig. 7) and MS/MS data (key
Y-fragment of m/z 1151; Fig. 2B). Of the other neutral glycans,
retention times and fragmentation patterns indicate that the
dominant forms of Mang,;,GIcNAc, lack the middle “B” man-
nose (see Fig. 2E, 2F, 2H, and 2/). This is unlike the case in P.
nordicum in which the MangGIcNAG, is the late-eluting form
retaining the B-mannose (see above). The last eluting HPLC
fraction contains solely the standard Golgi-processed form of
MangGIcNAc,; its abundance in this species is also obvious

80

Molecular & Cellular Proteomics 15.1


http://www.mcponline.org/cgi/content/full/M115.055061/DC1
http://www.mcponline.org/cgi/content/full/M115.055061/DC1

SBMB

A

P
—~—
—~

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Penicillium N-glycomics

iA - 0038548 " . HBN2PE
£ A :
- E 309'1 0 B-l-rA
20004 i ._l: 503.24 176078 PA
] H ©-B--PA 1598 70
k| 448!
10007 @[ 86530 gp7.41 1151.53
' P P s W P NP P m/z1922,42 g
x104 P HON2PE
67 B 1151.56 " .
] 503.1 g ]
“1 30005 - 1922.86 "
21 I I 93433 131365 1508.73 1760817 5004 06
ol ol 0 1, Pars: Futil TV W m/22084,40 gu.
3000] € %*"‘A pe  HIIN2PE
E 503.16 pE 147551
20007 30005 :} 2l oA
T e-e 2246.87
10007 4423:.1;‘ 66523 Bi%e 115144 131540 2084.88 <<= 2409.09
o aslisy ol NI P TR TR e N A m/z2409,3.3 g.u.
4000§ D PE H8N2PE2
30009
] 188333 :;> A
20007 299.65 1721 26 2045.51 ¢
10009
01 i il A h.m ” m/z2045,3.0 g.u.
iE +a1,2-mannosidase PE H5N2PE2
] % -3H
20009 1495.07 :
q PA i PA
1 299.90 o
10007 502.98 PE 95020 126027 g
TeinddohrkbAosy RV v, Whishiorbo s ik i m/z1559
60001 PA g HON2PE2
4000 T o e
] 50308 o oo™ :}wfm PA
| 30001 448 04 = 4 1598.54 .
20001 = 4‘ i 81318 97521 445133 1436.49 2207.94 *
" s 1 ] lJ H Gk hdond i l i ad & m/z2207,2.2 g.u.
] 3 i H6N2PE2
20004 G 3H +al1,2-mannosidase o
1500
3 PA
10007 3 .:_> Ll
] 20004 5% 111227 : 2
5009 " ; 5
En A .\..M‘ oot asle bt ._.L poshihodrthde M L m/z1721
X104 H pg  HIIN2PE2
0.8 159847
er- - PE O-E-E-PA PA
4 o 503 14
1 2000958 1 665- = 220784 25 236986 PE
0.2 —‘ 77200 9349 127419 253204
00' 11 i SIS | D i | A L A Lfan i m/z2532,<2.0g.u
1500 | 2H +a1,2-mannosidase . H7N2PE2
1000 127447
b e O-W-WPA 1721.45 A
so0] 29986 S0296 oo g 4 i . it ke
A Alnll. danadabloha niloadho m/Z1883
1 . H11N2PE2
s000J (negative mode) 240834 pE
9 Pl
20007 b %ﬂm
] 2082.80
10007 282.94 1055.86 1597.09 -1 2529.53
Y it i " e Al oo Gtk 1‘“ o m/z2529,3.0 g.u.
1K o0 H6N2PC
15009 490.15 pC
1000 r
1 32809 pc{— ? 0—>.)—Hm
500 I 814.35
bl it | meie0>806u
250 500 750 1000 1250 1500 1750 2000 2250 2500 m/z

Fic. 5. Analysis of the major phosphoethanolamine-modified glycans from P. nordicum. MALDI-TOF MS/MS spectra of (A,

D)

MangGIcNAC,PE 5, (B, F) MangGIcNAC,PE,_,, (C) Man,,GlcNAc,PE, two forms of (H, J) Man,;GIcNAc,PE, and (K) one phosphorylcholine-
modified glycan HexgHexNAc,PC,. The MS/MS were recorded in positive mode except for MS/MS of m/z 2529 in negative mode (J); the positions of
the phosphoethanolamine (PE) modifications are inferred from mannosidase digestion data (see Fig. 6). Mang g 141GIcNAC,PE, were subject to
al1,2-mannosidase treatment in order to prove the sub-terminal location of the phosphoethanolamine residues (E, G, /). The dominant fragments are of
the Y-series which contain the GIcNAc-PA, whereas the detected B-fragments contain the zwitterionic phosphoethanolamine or phosphorylcholine

residues.
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Fic. 6. Enzymatic and chemical treatment of the ManyGIlcNAc,PE, glycan from P. nordicum. MALDI-TOF MS analysis of the glycan
before (A) or after (B) hydrofluoric acid treatment as well as of the glycan treated sequentially with (C) a1,2-mannosidase, (D) “nonspecific” jack
bean a-mannosidase, (E) hydrofluoric acid, and finally (F) a1,6-mannosidase. Key fragments (putatively Y3B) in MS/MS are given in
parentheses. For MS/MS of the untreated glycan, see Fig. 5B; the effect of hydrofluoric acid on the RP-HPLC retention time (shift from 4 to
5 g.u.) is shown in supplemental Fig. S3. The m/z 665 in panel D originates from jack bean mannosidase digestion of a series of co-eluting low
abundance unmodified oligomannosidic glycans in the original fraction (not annotated), but because of efficient ionization this species is

overrepresented in terms of signal height.

from the MALDI-TOF MS profile. Och1-modified glycans
(Mang,,,GIcNACc,) were also found; unlike the Och1-modified
MangGIcNAc, from P. nordicum with a short A-branch, the
isoform from P. dierckxii lacks a B-branch mannose (for
MS/MS see supplemental Fig. S4). Further corroborative ev-
idence for the proposed oligomannosidic structures as well as
the Och1-modification is derived from a-mannosidase digests
(supplemental Figs. S2 and S4).

The negative mode complete spectrum (Fig. 1D) indicated
that the dominant glycans with the 123 Da modification were
of the predicted form Hexg_gHexNAc,PE,; overall, when con-
sidering the MS and MS/MS data on individual RP-HPLC
fractions, the putatively phosphoethanolamine-modified N-
glycans ranged from Hexs_;oHexNAc,PE,_5 (for example
MS/MS data, see Fig. 8). Based on the MS data and the
intensity of fluorescence, we also conclude that such glycans
constitute perhaps half of the entire glycome. The locations of
the phosphoethanolamine modifications were determined,
similarly as for P. nordicum, by a combination of mannosidase

and hydrofluoric acid treatments and interpretation of MS/MS
data. In general, in the case of a single phosphoethanolamine
moiety, neutral Y-fragments of m/z 989, 1151, 1313, and 1475
and zwitterionic B-fragments of m/z 448 and 772 were com-
patible with modification of the C-antenna and with absence
of a mannose from the B-arm (Fig. 8C-8G). Exceptions to this
were Hexs sHexNAC,PE, isomers with fragments of m/z 950
and 1112 indicative of modification of the A-branch (Fig. 8A
and 8B); further lower “A-branch” Y3B-fragments (m/z 1112,
1274, and 1436) were also observed for the doubly-modified
glycans (Fig. 8/-8K). Because of the higher amount, the triply-
modified glycan (Hex,,HexNAc,PE,) was analyzable in posi-
tive mode and an m/z 1057 fragment (HexsPE,) provided
evidence for substitution of both the B and C branches
(Fig. 8L).

In this species, the structure of these glycans differed as
compared with those of the same composition in P. nordicum;
this is because of the retention of the A and C mannoses and
frequent loss of the B-mannose, which pertains for the neutral
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Fic. 8. MS/MS analysis of phosphoethanolamine-modified N-glycans from P. dierckxii. MALDI-TOF MS/MS spectra of (A)
HexsHexNAc,PE,, (B, C) two forms of HexgHexNAc,PE,, (D-F) Hex,_gHexNAc,PE,, (G-H) two forms of Hex;oHexNAc,PE;, (I-K) Hex,_
9HexNAC,PE,, and (L) Hex,,HexNAc,PE, are annotated with key fragments. The B-fragments of m/z 772 (Hex,PE; D-G) correlate with the lack
of one mannose from the B-branch, whereas the m/z 934 ions (HexsPE,) are akin to those found in the other two species. The presence of
dominant putative Y3« fragments of m/z 1436 and 1721 (J, L) in which the A branch is lost, in contrast to the generally-observed loss of the
B/C branches, is probably because of the higher ionization potential associated with the phosphoethanolamine.
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Fic. 9. Enzymatic and chemical treatment of the Hex;HexNAc,PE, glycan from P. dierckxii. MALDI-TOF MS analysis of the (A) untreated
glycan or after sequential treatment with (B) a1,2-mannosidase, (C) jack bean a-mannosidase, (D) hydrofluoric acid, (E) a1,2/3-mannosidase,
and (F) a1,6-mannosidase. The glycans are annotated in their protonated forms, but sodium and potassium adducts are also present; key
fragments in MS/MS are given in parentheses below the proposed structures with the cleavage position indicated by the bar (the MS/MS of
the untreated glycan is shown in Fig. 8/ and of two digestion products in the insets).

and the zwitterionic glycans and also results in differences
in elution time (.e. MangGlcNAc,PE,_, glycans from P.
dierckxii are less retained than the corresponding P. nordi-
cum isomers, which correlates with the different degree of
retention of the respective dominant parent Man8B and
Man8A backbone structures; compare Figs. 3 and 7). Further-
more, the lack of the B-mannose affects the position and
number of phosphoethanolamine residues on the mannosi-
dase-processed glycans; also modifications of both the A and
C-branches were observed in the case of Hexg,gHexNAc,PE,
with the C-isomers eluting earlier than the A-isomers (see
annotations on Fig. 7). Most frequent were subterminal posi-
tions for the zwitterionic modification, but terminal positions
on some Mang_gGIcNAC,PE, isomers were also found. Outer
chain modifications were also present in this species with
forms of Hexg_,oHexNAc,PE,_ 5 concluded to possess a
Mana1,6- modification of the «1,3-antenna (Fig. 8F—8H, 8K,
and 8L).

An example for our further analyses is shown for
Hex,HexNAc,PE, (m/z 1883; major Y-fragment of 1112; Fig.
8/). Sequential treatment (Fig. 9) with a1,2-mannosidase and
jack bean a-mannosidase resulted in products of m/z 1559
(HexsHexNAc,PE,) and 1397 (Hex,HexNAc,PE,; both with
major fragments of m/z 950). Subsequently, the serial treat-
ments with hydrofluoric acid, a1,2/3-mannosidase and a1,6-
mannosidase yielded respectively m/z 1151 (Hex,HexNAc,),
989 (Hexz;HexNAc,) and 665 (Hex,HexNAc,). The conclusion
is, as for the dimodified Man8A from P. nordicum, that phos-
phoethanolamine modifies the second a1,6-mannose on the
a1,6-antenna and the subterminal core a1,3-mannose. A sim-
plified form of this procedure was also performed with
HexgHexNAc,PE,, which allowed us to verify the modification
of the a1,6-antenna of a Man8B isomer (supplemental Fig.
S5).

The N-glycome of P. verrucosum—In terms of the overall
spectra, MALDI-TOF MS suggested that the N-glycome of P.
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Fic. 10. RP-HPLC analysis of pyridylaminated N-glycans of Penicillium verrucosum. The major fractions in the chromatogram are
annotated with structures proposed on the basis of elution, MS/MS and digestion data; the lower panels display the HIAX chromatograms of
the two indicated RP-HPLC sub-pools. The analysis of the Hex,,HexNAc, structures labeled A and B are shown in Fig. 11, whereas the HIAX
fractions annotated with roman | and Il correspond to the two isobaric HexgHexNAc,PE, structures whose digestion patterns are shown in

supplemental Fig. S8.

verrucosum (Fig. 1C and 1F) is rather similar to that of P.
nordicum. Surprisingly the HPLC chromatogram is quite dif-
ferent. The major bulk of the glycans of P. verrucosum eluted
in the range of 5-6 g.u. (Fig. 10) and these fractions contained
a complex mixture of glycans; the multiplicity of glycans in
two regions of the RP-HPLC chromatogram led us to perform
HIAX on two sub-pools (3.9-4.3 g.u. and 5.2-6.0 g.u.). Par-
ticularly striking were the multiple forms of Hexg_, HexNAc,
and the relatively late RP-HPLC retention times of many N-
glycans. We wondered whether this was because of the pres-
ence of an unusual hexose residue and, as galactofuranose is
known in Aspergillus and previously shown to be sensitive to
hydrofluoric acid (20), treatment with this reagent was per-

formed on a number of fractions as well as on the entire pool.
The resulting shift in the N-glycome was shown by loss of one
hexose from some glycans and loss of the late-eluting RP-
HPLC fractions (supplemental Fig. S6). On the other hand,
some earlier-eluting glycans were also sensitive to hydroflu-
oric acid as shown by losses of 123 (one phosphoethano-
lamine) and 285 (one phosphoethanolamine and one hexose;
see below).

The glycans insensitive to hydrofluoric acid were primarily
eluting around 5 g.u. (Hexgs_s;HexNAc,) and 7 g.u. (Hexs_
7HexNAc,). Based on the retention time (also in comparison
to the other species), MS/MS fragmentation and «1,2-man-
nosidase sensitivity, the fractions around 5 g.u. were con-
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Fic. 11. Enzymatic and chemical treatment of isobaric forms of Hex,,HexNAc, from P. verrucosum. MALDI-TOF MS analysis of the
glycan of Hex,oHexNAc, eluting at 5.5 g.u. (isomer A) and subsequently further purified by HIAX before (A) or after treatment with hydrofluoric
acid (B) or a sequential treatment with «1,2-mannosidase (C), jack bean mannosidase (D), hydrofluoric acid (E), and finally a1,2/3-mannosidase
(F). Similarly, the results of MALDI-TOF MS of a second form of Hex,,HexNAc, (6.0 g.u.; isomer B) before (G) or after sequential digestion with
hydrofluoric acid (H), a1,2-mannosidase (/) and finally «1,6-mannosidase (J). The HexgHexNAc, and Hex;HexNAc, digestion products shown
in panels B and E were verified by RP-HPLC to co-elute with authentic MangGIcNAc, and Man;GIcNAc, standards (see supplemental Fig. S3).
The MS/MS before and after hydrofluoric acid treatment of isomer A is shown in Fig. 12B.

cluded to contain Man8B (4.7 g.u.), a standard MangGIcNAc,
(5.0 g.u.) and a Man,,GIcNAc, with a Mana1,2Mana1,6-mod-
ification; there were also putative Mang_,,GIcNAc, isomers
with a single “outer chain” a1,6-mannose. The Man;GIcNAc,
was a standard “Golgi” isomer (6.7 g.u.; major Y-fragment m/z
827) and the Man,GIcNAc, apparently contained the B man-
nose (6.4 g.u.; major fragment m/z 989) as in the case with P.
nordicum (Fig. 2G).

Because of their nonstandard nature, a particular focus was
on the later-eluting isomers of the Hex;_,,HexNAc, glycans;
GC-MS of the untreated 5.5-6.5 g.u. region indicated a 1.4:
9.3:1 ratio of galactose/mannose/GlcNAc as opposed to 0.3:
9.0:1 in the RP-HPLC pool after hydrofluoric acid treatment
(supplemental Fig. S6). As the reducing-terminal GIcNAc-PA
cannot be detected as an HFB derivative, the monosaccha-
ride ratio for the glycans sensitive to hydrofluoric acid sup-

ports the presence of maximally one galactofuranose per
glycan.

In terms of individual glycans, an example is the analysis of
the Hex,oHexNAc, ( m/z 2123; Fig. 11A) eluting at 5.5 g.u.,
which is in the region subsequently subject to HIAX fraction-
ation in order to isolate single glycans; MS/MS data shows a
key m/z 1313 Y-fragment suggestive of loss of the upper
al,6-antenna (Fig. 12B). Treatment with hydrofluoric acid re-
sulted in loss of one hexose (concluded to be galactofura-
nose; Fig. 11B and 12B) which was accompanied by a change
in the main fragment to m/z 1151, whereas digestion with
a1,2-mannosidase resulted in loss of four hexose residues
(Fig. 11C) and subsequently jack bean mannosidase resulted
in loss of another two hexose residues resulting in a
Hex,HexNAc, structure (Fig. 11D and 12H); hydrofluoric acid
treatment resulted in loss of a further hexose (Fig. 11E) and
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Fic. 12. MS/MS analysis of glycans from P. verrucosum containing either galactofuranose or phosphoethanolamine. MALDI-TOF
MS/MS analysis before and after hydrofluoric acid treatment (positive mode) of (A-C) Gal;;Mang_;,GIcNAc,, (D and E) two forms of
HexgHexNAc,PE,, and (F and G) the single forms of Gal;Mang_,oGIcNAC,PE,. The untreated glycans (left hand panels) display key
Y-fragments such as m/z 1151, 1313, and 1475 resulting from loss of the a1,6-antenna and phosphoethanolamine-containing B-fragments
such as m/z 934 and 1598 are shown; upon hydrofluoric acid treatment (right hand panels) the glycans lose one hexose and/or one
phosphoethanolamine, thereby resulting in shifts in the dominant Y-fragments (one hexose smaller for galactofuranose-modified isomers; m/z
989, 1151 or 1313) and, if relevant, loss of the phosphoethanolamine-containing B-fragments. (H) LC-MS/MS of Hex,HexNAc,-PA (m/z 1149),
the jack bean a-mannosidase digestion product of Hex,oHexNAc, (isomer A), with fragment ions supporting a bisecting position for the
galactofuranose residue. The full MS of the digests of Hexg_;oHexNAc,PE, (D-F) are shown in supplemental Fig. S8.

finally a1,2/3-mannosidase removed another residue to result
in Hex,HexNAc, (Fig. 11F). Hydrofluoric acid treatment of the
original Hex,;oHexNAc, and of the jack bean mannosidase
digested glycan resulted in respective co-elutions with stand-
ard MangGIcNAc, (5.0. g.u.; major fragment m/z 1151) and

Man,GIcNAc, (supplemental Fig. S3); also, forms of
HexgHexNAc, and Hex,HexNAc, (for MS/MS, see Fig. 12A
and 12C) were also sensitive to hydrofluoric acid with a cor-
responding alteration in the m/z of the major fragment (sup-
plemental Fig. S7).
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The sum of these data suggested that the galactofuranose
residue is rather “deep” within the structure, particularly as
the galactofuranose does not block removal of peripheral
residues during mannosidase digestion. There are a number
of models for potential “residual” Gal;;Man;GIcNAc, struc-
tures; based also on ruling out some theoretical MS/MS and
digestion outcomes as well as showing that the hydrofluoric
acid Man;GIcNAc, product co-elutes with authentic Man,-
GIcNAc,, we postulate a bisecting position for this residue.
This position sterically hinders removal of the «1,3- and «1,6-
mannose residues of Man;GIcNAc,, as observed for the jack
bean mannosidase digest. An overall composition of Gal-
MangGIcNAc, is thereby proposed for the Hex,,HexNAc,
structure eluting at 5.5 g.u. Similarly, a combination of hydro-
fluoric acid, «1,2-mannosidase and «1,6-mannosidase was
used to reveal that a second form of Hex,,HexNAc, (6.0 g.u.)
had a different structure with a single “outer chain” a1,6-
mannose, but also carried galactofuranose (Fig. 11G-11J).

Another indication for a bisected glycan comes from a
negative ion mode LC-MS" experiment on a jack bean man-
nosidase digest, yielding Hex,HexNAc,-PA (m/z 1149), which
resulted in observation of cross-ring cleavages indicative for
tri-substitution of the B-mannose. Specifically, the lack of ions
at m/z 323 (mass of two hexoses in series) and at m/z 413
(°SA fragment of B-Man) suggests that the B-Man is sub-
stituted with three hexose residues, whereas the ion at m/z
443 is because of cross-ring cleavage of the p-Man (°-2A-
Hex; Fig. 12H). Although a °2A ion ( m/z 605) was not
observed (which is specific for a C4-substitution), the man-
nosidase resistance of the galactofuranose-modified core
region is comparable with that of bisected N-glycans (3,4,6-
substitution of the B-mannose) as opposed to the ability of
mannosidases to remove a-mannose residues attached to a
2,3,6-substituted p-mannose as found in B2-xylosylated
plant oligosaccharides.

The set of glycans putatively carrying phosphoethano-
lamine and galactofuranose eluted in the region 3.3-4.5 g.u.
(Hexg_4,HexNAc,PE,); the fractions in the region 3.9-4.3 g.u.
were also, as a form of 2D-HPLC, refractionated by HIAX in
order to resolve the glycans further according to size. The two
forms of HexgHexNAc,PE, eluting in two different HIAX frac-
tions (supplemental Fig. S8A and 8D) showed MS/MS Y-frag-
ments of m/z 1151 (Fig. 12D and 12E); because of the different
elution, we assumed that these were isobaric structures and,
therefore, subjected both to hydrofluoric acid treatment (sup-
plemental Fig. S8B and S8E). The slightly-later eluting struc-
ture (isobar I) lost a single phosphoethanolamine, whereas the
earlier one (isobar Il) additionally lost a hexose (putatively
galactofuranose); subsequent a1,2-mannosidase treatment
resulted in both yielding products of m/z 1313 (supplemental
Fig. S8C and S8F). The conclusion was that isobar | was
based on a standard ManyGIcNAc,, as found to elute at 4 g.u.
in the case of the other two Penicillium species (see MS/MS in
Fig. 5B), and isobar Il on Gal,;MangGIcNAc,. Hydrofluoric acid

treatment of another 2D-fractionated glycan (Hex,,HexNAc,-
PE,) also resulted in loss of one hexose and one phosphoe-
thanolamine (supplemental Fig. S8G-S8J). Furthermore,
MS/MS of Hex,q_;1HexNAc,PE, (Fig. 12F and 12G) resulted
in dominant m/z 1313 or 1476 Y-fragments (Hexs -
HexNAc,PA) as well as B-fragments of m/z 448, 610, 772, and
934 (Hex,_sPE,); these data are again compatible with the
presence of the phosphoethanolamine on the «1,6-antenna
and a bisecting galactofuranose. Neither glycans with two
phosphoethanolamine modifications nor fragments indicating
phosphoethanolamine on the A branch were observed in this
species.

DISCUSSION

More Than Just Mannose: The N-glycomes of Eurotiomy-
cetes—As for many fungi, the Penicillium genus is relatively
poorly studied in terms of exact glycan structures. Previous
reports on the N-glycans of Penicillium or other members of
the Eurotiomycetes such as Aspergillus species have been
generally centered on secreted enzymes, especially various
hydrolases, with either mass spectrometric or electropho-
retic methods being employed. Examples of the data on
single glycoproteins include Aspergillus oryzae amylase
(Mans_gGIcNAc,) (31), A. niger a-galactosidase (Hex;_og-
HexNAc,) (32), P. minioluteum dextranase (Hexs_gHexNAc,)
(83), Penicillium sp. B-galactosidase (Hexs_,HexNAc,) (34), P.
canescens a-arabinofuranosidase (up to Hex,HexNAc,) (35),
and P. notatum (P. chrysogenum) phospholipase (Mang-
GIcNAc,) (36). Only in a few cases were the types and link-
ages of the hexose residues defined.

In contrast we define not only the type of hexose, but also
often the linkage within the N-glycan as well as demonstrate
for the first time the presence of zwitterionic modifications of
N-glycans of fungal species. We have examined cellular gly-
coproteins, whose side chains are not cross-linked to the cell
wall of these species, and have employed the approach of
‘off-line’ LC-MALDI-TOF-MS analysis, in conjunction with
chemical and enzymatic treatments, of fluorescently-labeled
N-glycans in their native state. The range of basic structures
(Hexs_11HexNAc,) may be within that of many previous stud-
ies; however, as shown by our comparison of P. nordicum and
P. verrucosum, which have rather similar overall MALDI-TOF
mass spectral profiles, the use of mass spectrometry to de-
termine composition alone is misleading. A necessary require-
ment for glycomic analyses, even of fungi, is the in-depth
examination of the individual fractions, which shows that gly-
cans of the same mass have quite different structures. Thus,
separation by RP-HPLC reveals a more complex picture than
the use of mass spectrometry or electrophoresis alone and
offers isomeric separation of oligomannosidic glycans; fur-
thermore, phosphoethanolamine or outer chains result in ear-
lier elution, but galactofuranose and phosphorylcholine in
higher retention.
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The use of hydrofluoric acid, a treatment known to release
galactofuranose and phosphodiesters (20, 22), as well as
employing four types of a-mannosidase enabled us to dem-
onstrate more than the overall composition of these glycans.
In addition to short och7-dependent outer chains on the A-
branch (including traces of glycans of up to Hex,gHexNAc,),
we show the presence of galactofuranose as well as of zwit-
terionic modifications (phosphoethanolamine and phosphor-
ylcholine). We assume that these three modifications of man-
nose residues are components not only of ‘releasable’ cellular
proteins, but also of secreted glycoproteins and of the cell
wall of these species. Indeed, galactofuranose as well as
phosphodiester-linked ethanolamine and choline were previ-
ously found on a glycopeptide isolated from the peptidophos-
phogalactomannan of P. charlesii (29, 37).

Although the presence of galactofuranose on N-glycans
from Eurotiomycetes has been previously shown on A. fu-
migatus secreted glycoproteins (38, 39), A. niger a-galacto-
sidase (32) and Acremonium ascorbate oxidase (40), the lo-
cations (where defined) on the glycans are different as
compared with the bisecting position on the core g1,4-man-
nose shown here; thus we consider bisecting galactofuranose
to be a novel modification. Indeed, the B-galactofuranose on
N-glycans from filamentous fungi is otherwise claimed to be
on less “buried” locations such as a “replacement” for the
B-mannose removed by endoplasmic reticulum mannosidase
| (41) or on the core a1,6-mannose (40). Bisecting modifica-
tions of N-glycans from “lower” organisms are relatively rare,
but bisecting B-GIcNAc is found in the slime mold Dictyoste-
lium discoideum (15), bisecting a-GIcNAc in the basidiomy-
cete Coprinopsis cinerea (42) and bisecting 1,4-galactose in
Caenorhabditis elegans (43). The structural proof for galacto-
furanose on N-glycans from Penicillium, also as demonstrated
by the GC-MS data, correlates with compositional analyses
even 80 years ago and the occurrence of UDP-Gal, as a
nucleotide sugar donor (44, 45).

An initially unexpected finding was the detection of phos-
phoethanolamine on N-glycans of Penicillium as well as low
levels of phosphorylcholine in P. nordicum; such modifica-
tions are known on N-glycans of trichomonads, cestodes and
nematodes (11, 46, 47) as well as on glycolipids of insects and
nematodes (12, 48) and on lipopolysaccharides of some bac-
teria (10). The structural analysis suggests that sub-terminal
positions on the A and C branches are apparently favored for
the addition of phosphoethanolamine; this may explain why
MangGIcNAC,PE; is underrepresented as compared with the
occurrence of its neutral parent structure in P. dierckxii (com-
pare Fig. 1A and 1D) or why there is no phosphoethano-
lamine-modified form of Man8C in P. nordicum (Fig. 3). Cer-
tainly, as compared with invertebrates, it is obvious that the
zwitterionic modifications of Penicillium N-glycans are on
mannose rather than on N-acetylhexosamine residues. Inter-
estingly, the Penicillium species with N-glycans carrying ga-
lactofuranose residues was the one with the least phosphoe-

thanolamine as no more than a single such modification was
found on N-glycans from P. verrucosum; thereby, phosphoe-
thanolamine was not found on the «1,3-branch at all in this
species, which may be an indication that the addition of
galactofuranose may inhibit transfer of phosphoethanolamine
or that the relevant transferase is not expressed. Indeed,
differences in expression of phosphoethanolaminyltrans-
ferases may also explain the relatively high degree of modifi-
cation of MangGIcNAc, with up to two phosphoethanolamine
residues in P. dierckxii as compared with the other two
species.

Biological Significance of Fungal Glycoepitopes—Galacto-
furanose, phosphoethanolamine and outer chain modifica-
tions are not present on mammalian N-glycans; thus, they
may present potential antigenic epitopes or be ligands recog-
nized by the innate immune system. As mentioned above, at
least one Penicillium allergen displays carbohydrate-depend-
ent IgE reactivity (4). On the other hand, an Aspergillus-reac-
tive anti-galactofuranose antibody (used as an in vitro diag-
nostic) also recognizes Penicillium species (49) and it is of
interest that galactofuranose-coated gold particles can inter-
act with dendritic cells and thereby elicit an inflammatory
response in a lectin-dependent manner (50) and that human
intelectin-1 can bind B-galactofuranose (51). Furthermore, se-
rum amyloid P protein (SAP), a mammalian pentraxin, known
to recognize phosphoethanolamine, associates with compo-
nents of the complement system (52); indeed, initial tests of
Western blotting with SAP (followed by anti-SAP) showed
binding to protein extracts of these Penicillium species. As
Penicillium species are widespread in the environment and
are also used in food production, the presence of galactofura-
nose and phosphoethanolamine on their N-glycans may well
have relevance to the human immune system, particularly as
infections with Penicillium species are an emerging problem in
immunocompromised patients (53).

Glycogenomic Potential of the Eurotiomycetes—The basic
progression of N-glycan biosynthesis in Penicillium species is
expected to be similar to that of other fungi and yeasts,
starting with the building up and transfer of Glc;Mang-
GIcNAc,. However, there is relatively little specifically known
about glycosylation pathways in Penicillium species, particu-
larly as the Eurotiomycetes glycomutants known were all iso-
lated from Aspergillus. It can, though, be assumed that during
post-transfer processing, first glucosidases | and Il remove
the three glucose residues; deglucosylation seems to be rel-
atively complete as only low amounts of glucosylated N-
glycans were detected in the present study.

In terms of trimming by mannosidases, the so-called endo-
plasmic reticulum mannosidase | (the prototypic example be-
ing Mns1p from Saccharomyces cerevisiae (54)) removes the
B-mannose; subsequently, class | mannosidases in the Golgi
apparatus are known from many species (but not S. cerevi-
siae) which remove further mannose residues. Again the most
information on filamentous fungi comes from the Aspergillus
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genus, but a broad spectrum class | mannosidase capable of
cleaving all «1,2-mannose residues from N-glycans is known
from Penicillium citrinum (55). The action of this latter type of
enzyme would account for the variable occurrence of
Mans_gGIcNAc, in all three Penicillium species examined
here; however, in two of the three Penicillium glycomes (P.
nordicum and P. verrucosum), the B isomer of MangGIcNAc,
was underrepresented and indeed the frequent retention of
the B a1,2-mannose in Mang_gGIcNAc, (including the signif-
icant presence of Man8A and Man8C isomers especially in P.
nordicum) suggests a relative lack of processing in vivo by
endoplasmic reticulum «1,2-mannosidase |I. On the other
hand, the glycans from P. dierckxii tend to be smaller indica-
tive of a higher degree of processing by class | mannosidases
and so resulting in more Mang_gGIcNAc, (including a higher
amount of Man8B). A summary of the oligomannosidic iso-
mers and their possible biosynthetic origin is shown in sup-
plemental Fig. S9A.

As corroborated by the fragmentation patterns of manno-
sidase digestion products, all three species show the pres-
ence of short outer chains on the A branch of Man,_gGIcNAc,
base structures, whose synthesis is initiated by the Och1
al1,6-mannosyltransferase present in a wide variety of fungal
and yeast species; glycans with longer Och1 arms were prob-
ably present, but could not definitively be analyzed because
of low amounts. In terms of the Eurotiomycetes, A. fumigatus
and N. crassa och1 mutants were shown to have either altered
secreted N-glycomes or altered cell walls (39, 56). Other
potential Golgi mannosyltransferase homologues relevant to
N-glycan modifications have also been noted in Aspergillus
genomes (57, 58), whereas other mannan-synthesizing «-
mannosyltransferases corresponding to Mnn1, Mnn2, Mnn5,
and Mnn6 may be absent; the lack of such enzymes could
account for the shorter chain lengths of N-glycans in Eurotio-
mycetes as compared with S. cerevisiae.

Mannosidase processing does not appear to be a prereqg-
uisite for the addition of galactofuranose or phosphoethano-
lamine, as Man9-based structures are also modified with
these residues. There is a bias in addition of phosphoethano-
lamine addition toward the C branch, followed by a secondary
preference for the A branch whereas modification of the B arm
is rather seldom, which may correlate with the accessibility of
the 6-hydroxyl functions of the subterminal mannose residues
of the branches (for a simulated 3D-model of Man,,GIcNAc,,
refer to supplemental Fig. S9B). This is similar to the branch
preference for addition of methylphosphate moieties in Dic-
tyostelium (15). As mentioned above, outer chain mannosyla-
tion on the A branch is also found on the MangGIcNAc, base
structure as well as on Man8A and Man8B isomers; it appears
that the action of Och1p is not blocked if the endoplasmic
reticulum Mns1p mannosidase has not acted on the B branch.
This is in keeping with data on the S. cerevisiae mns1 mutant
which still features outer chain mannosylation (59).

From our data, there is no evidence for intersecting a1,4-
N-acetylglucosamine, peripheral «1,2-N-acetylglucosamine,
al1,6-fucose, a1,2-galactose, a1,3-galactose, 1,2-mannose,
pyruvylation of B3-galactose, or B1,2-xylose; these modifica-
tions have been found in other fungi and yeast (7, 8, 42,
60-64), but obvious orthologues of the relevant glycosyl-
transferase genes are seemingly absent from the Eurotiomy-
cetes, although more distant members of, e.g. glycosyltrans-
ferase families GT8, GT31 and GT34 are present. Also
phosphorylation (other than in the context of phosphoethano-
lamine) was apparently absent, which may correlate with the
absence of obvious Mnn4/Pno1/Mpo1 phosphomannosyl-
transferase orthologues.

The best characterized genomes of Eurotiomycetes are
those of some Aspergillus species, but only the glycogenome
of one Penicillium species (P. chrysogenum, i.e. a species not
included in our glycomic analysis) has been specifically cat-
alogued in the CAZy database (65) with members of some
thirty GT families being currently listed; further, members of
four GH families relevant to N-glycan biosynthesis or proc-
essing are predicted. However, none of these proteins have
been cloned as cDNAs so as to verify their actual sequence,
never mind characterized in terms of enzyme activity or the
impact of a mutation, but we can assume that many are
involved in pathways of glycan and polysaccharide synthesis
other than N-glycan modifications. Certainly, there is a wealth
of potential glycosynthetic enzymes in filamentous fungi re-
maining to be discovered and whose characterization would
aid the definition of enzyme specificities in many other
species.

CONCLUSION

In this study we show a possibly unexpected complexity of
the N-glycans of releasable cellular glycoproteins from three
Penicillium species. Not only are there various isomers of
oligomannosidic glycans, also with one or two residues indi-
cating initiation of the ‘outer chain’, but we demonstrate up to
three generally sub-terminal positions for the modification of
mannose by phosphoethanolamine. Furthermore, not all
hexose residues in these glycans are mannose, but galacto-
furanose is also present; interspecies variations also were
found. This means that caution in terms of interpretation is
required if only complete glycan profiling without fractionation
or digestion is performed on glycans from fungi and yeast. It
is to be expected that further variations will be uncovered as
more species are subject to in-depth glycomic analyses.
Thus, we conclude that fungal glycosylation will yield more
surprises which may have repercussions for how we use
these organisms as ‘factories’ for various biotechnological
products.
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