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ABSTRACT: This study significantly expands both the scope and method
of identification for construction of a previously reported tandem mass
spectral library of 74 human milk oligosaccharides (HMOs) derived from
results of combined LC-MS/MS experiments and comprehensive structural
analysis of HMOs. In the present work, a hybrid search “bootstrap”
identification method was employed that substantially broadens the coverage
of milk oligosaccharides and thereby increases utility use of a spectrum
library-based method for the rapid tentative identification of all distinguish-
able glycans in milk. This involved hybrid searching of the previous library,
which was itself constructed using the hybrid search of oligosaccharide
spectra in the NIST 17 Tandem MS Library. The general approach appears applicable to library construction of other classes of
compounds. The coverage of oligosaccharides was significantly extended using milks from a variety of mammals, including bovine,
Asian buffalo, African lion, and goat. This new method led to the identification of another 145 oligosaccharides, including an
additional 80 HMOs from reanalysis of human milk. The newly identified compounds were added to a freely available mass spectral
reference database of 219 milk oligosaccharides. We also provide suggestions to overcome several limitations and pitfalls in the
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interpretation of spectra of unknown oligosaccharides.

M ammalian milk oligosaccharides (MMOs) from humans
and animals have been of great interest to researchers
because of their functional role in food nutrition. Milk contains
nutrients, immunoglobulins, and other bioactive factors that
help neonates grow and protect them against infection and
inflammation." To date, chemical structures of 162 different
human milk oligosaccharides (HMOs) have been reported by
mass spectrometry.” Mass spectrometry coupled to liquid
chromatography has become a routine technique for the
identification of oligosaccharides in biological mixtures. In
particular, hydrophilic interactions liquid chromatography
(HILIC) has been shown by Albrecht et al.” to be well suited
to the characterization of individual glycans. This method
enables the reliable use of retention time as a means of
confirming the identity of glycans. Using these ideas, in a
previous report,” we developed a high-mass-accuracy, high-
resolution tandem mass spectral library of annotated
oligosaccharides in human milk. This was derived from a
Standard Reference Material (SRM) using chromatography-
retention time-based experiments, MS fragmentation analysis,
and library matching of spectra against a reference library with
the newly developed “hybrid search”.’ Once interpreted,
spectra were assigned and merged to form consensus spectra,
and a reference library was created to enable the efficient
tentative identification of milk glycans from their spectra or
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assist in their interpretation.6 The chemical structure of milk
oligosaccharides is distinct from other glycans and their
conjugates. Lactose or N-acetyl-lactosamine are the typical
building blocks attached at the reducing end of milk
oligosaccharides.7 Known neutral oligosaccharides are com-
posed of 3 to 12 monosaccharides such as glucose (Glc),
fucose (Fuc), galactose (Gal), and N-acetyl-glucosamine
(GleNAc) including N-acetyl-galactosamine (GalNAc) linked
by alpha or beta glycosidic bonds. Milks of lactating animals
such as cattle, goat, and water buffalo contain oligosaccharides
not found in human milk that have been shown to benefit
human health. Previous studies have reported that some animal
milks contain acidic oligosaccharides with N-acetylneuraminic
acid (NeuSAc), resulting in an oligosaccharide profile similar
to human milk>® Additionally, N-glycolylneuraminic acid
(NeuSGc) is present in nonhuman milks,’ adding to the
complexity of analysis.
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Mature goat milk contains 0.3 g/L oligosaccharides,
approximately 10 times more than the concentration in the
milks of cow, water buffalo, or sheep.3 Interestingly, while the
colostrum and mature milk of African lion contain significant
amounts of oligosaccharides,9 prior to this work, other
mammals were reported to have oligosaccharides amounts
lower by a factor of 20 compared with humans (~12 g/L),"
necessitating additional analytical steps prior to character-
ization.

The present study characterizes and compares chemical
structures derived from tandem mass spectra of oligosacchar-
ides in bovine milk (SRMs 1549a and 1849a) and human milk
(SRM 1954) to expand the current NIST reference database of
milk oligosaccharides. These studies were extended using
samples from water buffalo, Saanen goat, and African lion.
Analysis involved the use of HILIC-MS/MS and mass spectral
library search methods. The library searching includes both
direct and hybrid search functions of the NIST MS search
program against reference MS databases of the NIST 17
Tandem MS Full Library and the Milk Oligosaccharide
libraries along with other data analysis tools. We also describe
a new method of the newly developed “hybrid” search. This, in
effect, uses results of prior hybrid identifications to make new
hybrid identifications, amounting to a “bootstrapping” means
of identification that may prove to be of general utility for the
tentative identification of various classes of yet unidentified
compounds.

B MATERIALS AND METHODS

Human Milk Standard Reference Material (SRM) 1954'" was
purchased from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD). Two commercial
bovine milk SRMs, 1549a and 1849a, were also obtained at
NIST. The SRM 1549a'* is a commercial bovine whole milk
powder while SRM 1849a"” is a hybrid mixture of commercial
bovine milk infant and adult formula. Freeze-dried mature milk
of Saanen goat and Asian water buffalo were kindly donated by
the Philippine Carabao Center, (Nueva Ecija, Philippines). A
sample of mature milk from wild African lionesses was kindly
provided by the Animal Nutrition Science, Smithsonian’s
National Zoo (Washington, DC, USA). Milk samples were
stored in a sterile container and kept frozen (—80 °C) until
use. A list of all commercially available milk oligosaccharides of
high purity (>90%) used in the study is presented in the
Supporting Information, Table S1. Water used in the sample
preparation was LC-MS grade. All other chemicals used were
of analytical grade.

Tandem MS Library Building of Oligosaccharides.
Extraction of Oligosaccharides. Isolation and purification of
oligosaccharides were performed by solid phase extraction
(SPE) as described previously for human milk.” Powdered milk
samples (1.0 g) were first dissolved and homogenized in S mL
water, and then, 0.5 mL aliquots were centrifuged at 14000 X
g 4 °C for 30 min. The liquid layer was transferred by pipet to
an Eppendorf tube and mixed with four volumes of Foch
solution (2:1 volume fraction of chloroform—methanol) and
centrifuged at 14000 X g, 4 °C for 30 min. The upper layer was
transferred by pipet and deproteinated overnight at —20 °C by
adding two volumes of ethanol into the mixture, then
centrifuged at 14000 X g, 4 °C for 30 min. The decanted
liquid was evaporated to dryness under the stream of nitrogen
gas under a fume hood prior HILIC-MS analyses.

Analysis of Oligosaccharides by HILIC-MS/MS. The
chromatographic separations were performed on an ACQ-
UITY Glycoprotein BEH Amide column, 300 A (1.7 ym, 2.1
mm X 150 mm, Waters Corporation, Milford, MA, USA) using
the Ultimate 3000 UHPLC system (Thermo Scientific)
coupled to an Orbitrap mass spectrometer (Thermo Scientific
Orbitrap Fusion Lumos) as previously described.* The
composition of the two mobile phases was 10 mmol/L
ammonium formate with 0.1% (volume fraction) formic acid
(A) and 99.9% (volume fraction) ACN with 0.1% (volume
fraction) formic acid (B). The acquisition time was 65 min,
and the mobile phase had a flow rate of 400 xL/min, pH 4.5
with a column oven temperature of 35 °C. The injection
volume was 10 uL. Mass spectra were acquired over a range of
collisional energies in an HCD cell at NCE (normalized
collision energies) values of 10, 15, 20, 40, and 50, and in an
ion trap (FT-IT) at 35% NCE. Each sample was analyzed in
triplicate. Commercial milk oligosaccharides standards, includ-
ing nonfucosylated, fucosylated, and sialylated isomers were
analyzed and used as standards.

Experimental Flowchart. The previous database search
method* used only the NIST 17 Tandem MS Library'* for
oligosaccharide identification. The workflow is illustrated in
Figure 1. The current method employed Milk Oligosaccharide

Extraction of milk oligosaccharides

2 2
Analysis of oligosaccharides by HILIC-MS
Acquisition of MS? spectra: HCD & IT-FT

3 4

Processing of acquired MS? spectra
: 1

Identification of unknown MS? spectra
Library MS Search: Direct & Hybrid Search
Manual Analysis: HILIC Retention & MS/MS

NIST 17 &
5 Milk Oligosaccharide (MO)

Libraries

1

Annotation of unknown MS? spectra
MS Fragmentation pattern evaluation

NIST Glycan annotation
& SimGlycan programs

6

Quality control of annotated MS? spectra
7 1 3

Tandem MS library of annotated spectra
of milk oligosaccharides

Figure 1. Schematic diagram of the steps employed for building a
comprehensive tandem mass spectral library of milk oligosaccharides.

(MO) libraries (blue text), both the HMO library from that
earlier work and an intermediate library derived from
nonhuman milks. The first stage in this analysis is illustrated
by steps 1—7, with step 5 using the previously published HMO
library in addition to the NIST 17 Tandem MS Library,
leading to an intermediate library (180 HILIC-MS runs) in the
last step. All samples including human milk were reanalyzed to
ensure consistent retention times and the highest quality
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Table 1. List of Proposed Structures Identified in Milks from Humans and Bovine Reference Materials, Water Buffalo, Saanen
Goat, and African Lion®

D NAME CGF FORMAT DETECTION NEUTRAL MILK
MODE MASS
“Bovine Buffalo Goat Lion "Human
Neutral milk oligosaccharides
1 2’-Fucosyllactose (2’-FL) f—'vz p/n 488.174 s S + + +
2 3’-Fucosyllactose (3’-FL) (? » p/n 488.174 - + + + +
3 Blood Group B-Trisaccharide T—O p 488.174 + + 5 + :
14
4 Isoglobotriose YO0 = p/n 504.169 + + + + -
5 3’-Galactosyllactose O/O_. - p/n 504.169 + + + + +
6 6’-Galactosyllactose 1o ) p/n 504.169 + + + + +
7 Blood Group H-Trisaccharide T—. p/n 529.201 = = s + +
14
8 Le-x Trisaccharide Of » P 529.201 - - - + +
9 Asialo-GM2 (N2010-a.3GalNAc) —O-@ p 545.196 S + + + o
10 Lacto-N-triose ./O—. » p/n 545.196 + + + + +
11 iso-Lacto-N-triose B a p/n 545.196 - - + - -
12 Difucosyllatcose (LDFT) 9:’ b p/n 634.232 - - - + +
13 | N3100a f—O—O n 650.227 - s = + s
14 | N3100b O—?—O n 650.227 - - - + -
15 Tetragalactosyllactose a (N4000a) O/CYO_. . p/n 666.222 i + + + o
16 Tetragalactosyllactose b (N4000b) O\rH p/n 666.222 + + + + -
17 | N2110a 81?—0 p/n 691.253 - - - + -
18
18 N2110b p/n 691.253 - - - + -
+w®
19 Lacto-N-tetraose (LNT) (f/o‘. N p/n 707.248 = - + + +
20 Lacto-N-neotetraose (LNnT) O—I’O_. » p/n 707.248 + + + + +
21 Iso-Lacto-N-neotetraose (Iso-LNnT) oMo el p 707.248 + + + + o
22 Asialo-GM1 oo-e p/n 707.248 + + + + -
23 | N3010 (l)})_. p 707.248 + - + - .
3
24 Pentagalactosyllactose (N5000) /),-A/C_. P 828275 - + + - -
o 7
25 Lacto-N-fucopentaose (LNFP III) (?./O‘. » p/n 853.306 = - - + +
26 LNFP V /n 853.306 - - - + +
M P
27 N4010a _owoe p/n 869.301 - + - - -
28 | N4010b oa® p/n 869.301 + - + + +
29 Lacto-N-novopentasyllactose I (7_'));4 N p/n 869.301 + + + + +
(Novo-LNP I) -
30 N3020a oo p/n 910.328 + + + + -
o
31 N3020b oy o p/n 910.328 il + + + o
2
32 Lacto-N-novofucopentasyllactose e p/n 1015.359 - - + + -
(novo-LNFP) o
33 N3120a e ) p/n 1056.386 = s s + +
34 N3120b oMy g p 1056.386 - - - + +
2
35 N3120c =, p 1056.386 + - - - +
AW
36 | p-LNnH g U p/n 1072.381 + + + + +
37 | Lacto-N-hexaose (LNH) ;:; 5 p 1072.381 . ; + ; +
16, 2
38 Lacto-N-neohexaose (LNnH) 'i e p/n 1072.381 + + + + +
39 | N3030a =t I p/n 1113.407 . + + + -
40 N3030b e ::r. p/n 1113.407 - + + + -
41 Heptagalactosyllactose p/n 1152.380 - - + + +
0000 0Ce
42 N2040 o ? ] p 1154.434 - + - - -
43 Lacto-N-neofucohexaose N 3 e p 1218.439 - - - + -
(MFLNnH) O
44 | N4120a Cmog O P 1218.439 - - - + -
10318 https://dx.doi.org/10.1021/acs.analchem.0c00342
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Table 1. continued
D NAME CGF FORMAT DETECTION NEUTRAL
MODE MASS
“Bovine Buffalo Lion "Human
Neutral milk oligosaccharides
45 N4120b 3:_;;,. P 1218.439 s - + -
46 N5020a 0l o p/n 1234.433 - - + -
T low”
47 N5020b C p/n 1234.433 - - + -
oo
48 Octagalactosyllactose p/n 1314.433 - - + -
oC0-000C00e
49 | N4220a 9 n 1364.496 - s + >
50 | DFpLNnH \;.x?-ﬁ-' » p 1364.496 - + + +
51 | DFLNnHI Lomow>® p/n 1364.496 = + 2 &
52 | N5120a/b O p/n 1380.491 - + + +
_.
o-om”
53 N6020 %:;)_. pn 1396.486 - - + -
54 | N4130 (;4/3‘_1;:* p/n 1421.518 - + + -
55 | Galactosyl-DFLNH R e p 1526.549 - - 5 L5
Q ©
56 Galactosyl-DFpLNnH ‘Q'/O;'> o p/n 1526.549 - - - +
57 | F-lacto-N-dodecaose III o ‘;:;}.» o p 2313.835 - - - +
58 DF-lacto-N-dodecaose 111 P .\‘~ p 2459.893 - - - +
x;.’ o ]
&, 5.3
A
59 TF-lacto-N-dodecaose IT ‘,I’}q\, . p 2605.951 = - 5 ¥
Eal
60 | TF-lacto-N-dodecaose I ooy, L p 2605.951 - - - +
ol
61 TetraF-lacto-N-dodecaose ;/'\ .y p 2752.009 o o - +
<_;X g
o
(:
A
62 TetraF-lacto-N-dodecaose I1I ":,l/' e LN p 2752.009 - - - +
‘1 o4
) A
63 Lacto-N-tetradodecaose owOm g p 2532.908 = - . +
64 DF-Lacto-N-tetradodecaose p 2825.025 - - - +
65 TF-Lacto-N-tetradodecaose oS S mpet W . p 2651.185 o o E +
v
L
i
66 TetraF-Lacto-N-tetradodecaose N p 3117.141 - - - +
R,
o
A
i
Acidic milk oligosaccharides
67 3’-Sialyllactose (3°-SL) ./O—.z2 p/n 633.212 + + + +
68 6’-Sialyllactose (6°-SL) ‘\O—QU p/n 633.212 + + + +
69 3’-Glycolylneuramicsialylatose 0/O—. " p 649.207 + + + -
(3’-GL)
70 6’-Glycolylneuramicsialylatose @ 2 p 649.207 T & St -
(6’-GL)
71 3’-Sialyl-N-acetylactosamine ‘/O—.l . p 674.238 - + - -
(3’-SLN)
72 6’-Sialyl-acetylactosamine (6’-SLN) ‘\O—I - p/n 674.238 - & - -
73 3’-Glycolylneuraminiclactoseamine 0/;)!z p 690.233 - - - -
(3’-GLN) ’
74 6’-Glycolylneuraminiclactosamine 0‘0—.‘ p 690.233 - - - -
(6’-GLN) ]
75 | A300la ./(,vO—O p 795.264 + + + -
25
76 A3001b p 795.264 + + + =
77 | A3001-Neu5Gc 0/(\/0—0 p 811.264 - + - -
10319 https://dx.doi.org/10.1021/acs.analchem.0c00342
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Table 1. continued

D NAME CGF FORMAT DETECTION NEUTRAL MILK
MODE MASS
“Bovine Buffalo Goat Lion "Human
Neutral milk oligosaccharides
78 Disialyllactose (3’-DSL) ‘_’/O-OM p/n 924307 - + - + o
79 3’-Glycolylneuraminic-N- p/n 940.309 - - - + -
acetylneuraminicsyllactose (3’-GSL) ‘_W.B
80 6’-Glycolylneuraminic-N- < p/n 940.309 - = o + =
acetylneuraminicsyllactose (6’-GSL) }
81 Disialyllactose (3/6’-DGL) ou X p/n 956.297 - - - + -
82 Sialylacto-N-tetraose (LST-Neu) O/O_./I\—Q p 956.333 - - - + -
83 A4001b OOy o p/n 957.317 + + + - -
84 | A4001-Neu5Ge 04&@3)_. p/n 973317 - - + - -
85 A4002 OOy @ p 1248.413 + + - - -
86 Sialylacto-N-tetraose ¢ (LSTc) o g p/n 998.344 1> Gt Gt S it
87 GMI1b-NeuSAc ‘/«y*—o—. p 998.344 - - + + -
88 GMla-Neu5Ac O/T?D—. n 998.344 - - + - -
89 GM1b-Neu5Ge O/Dé)_. p/n 1014.339 - - + - -
90 | A3002a Q/O;O—O P 1086.359 + + + + =
91 | A3002b ’_O;O_. p/n 1086.359 + + + + -
92 A5001 @%9‘334 p/n 1119.370 = = + = =
93 3°-Sialyl-novo-LNP I O-b_. P 1160.370 + + - - -
&
94 3/6’-Sialyl-novo-LNP II ‘/0_.;3“ p 1160.370 4 + o . =
95 Disialylacto-N-tetraose (DSLNT) e pn 1289.439 - - - + +
22
96 Sialyl-lacto-N-neohexaose I ‘\(%.M p/n 1363.476 - + + - e
(S-LNnH I) o~ o2
97 | Sialy-novo-LNFP O‘—(l;)_. p 1306.454 - + - - -
98 Sialyl-paralacto-N-neohexaose om® p/n 1363.476 + + + o o
(S-para-LNnH) -o-m= ’
99 Sialyl-lacto-N-neohexaose I O . p/n 1363.476 + + + - +
(S-LNnH I1) *om
100 | A4021 o, o p/n 1363.476 - + . - -
101 | A3031 c—u/ifﬂ’p. p 1404.503 + + - - -

“Bovine Milk Standard Reference Material (SRM) 1549a. *Human Milk SRM 1954. °N4120: N = neutral; 4 = no. of Glc/Gal; 1 = no. of Fuc; 2 =
no. of GlcNAc/GalNAc; 0 = no. of NeuSAc/NeuSGe. Blue circle = glucose (Glc); yellow circle = galactose (Gal); blue square = N-
acetylglucosamine (GIcNAc), white square = HexNAc; yellow square = N-acetylgalactosamine (GalNAc); red triangle = fucose (Fuc); pink
diamond = N-acetylneuraminic acid (NeuSAc); aqua blue diamond = N-glycolylneuraminic acid (NeuSGc), s = sialic acid; A = acidic; p = positive;

n = negative; + detected; - not detected.

spectra. This involved analysis of 216 HILIC-MS runs using
both the original HMO library and intermediate library cited
above. This final stage proceeded again through steps 1—7 with
the addition of the intermediate oligosaccharide library in step
5.

Library Search and Data Analysis. In an earlier study, a
database search was applied to a set of unknown spectra using
NIST MS Search 2.3'° with both direct and hybrid search
functions against the NIST 17 Tandem MS Library as
diagrammed in Figure 1. Library searching finds the spectra
that most closely match to the experimentally acquired
unknown spectra and assigns each a “goodness of fit” score
that serves to create a ranked “hit list”.° The search parameters
for precursor m/z (400 to 2000) values and product ion
masses allow an error tolerance of 10 ppm (10 X 10~° mg/kg).
The search program uses a modified vector dot product to
generate a match factor (MF) score that ranges from 0 (no
peaks in common) to 999 (identical spectra).'® In terms of
spectral matching, searches with MF scores greater than 900

10320

were considered near perfect, while MF scores greater than 850
and greater than 800 were very good and good, respectively, as
reported.” The spectra with lower scores (400— 799) were
examined manually and processed by SimGlycan and an
automated in-house glycan annotation program as previously
reported”'” (Supporting Information). Because of possible
changes in peak intensities with structural details, the hybrid
search, which could not compensate for such changes, requires
manual examination for confirmation.

The key to the tentative identification of compounds not in
the library was the DeltaMass (DM) value generated by the
hybrid search, which is the difference in mass between the
query and library compounds. When scores were sufficiently
high (>800), and DM values corresponded to multiples of
common glycan components, spectra were manually examined
and assigned putative structures. The glycan components
considered are galactose or glucose (m/z 162.053), N-
acetylglucosamine (m/z 203.079), fucose (m/z 146.058), N-
acetylneuraminic acid (m/z 291.095), and N-glycolyneur-
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Figure 2. Base peak chromatogram of abundant oligosaccharides derived from the HILIC-MS analysis of African lion milk. Degree of
polymerization (DP) varies from 2 to 8. Refer to Table 1 for the description and annotation of peaks. Annotation number N5120 means S hexose, 1
fucose, 2 GIcNAc/GalNAc, 0 NeuSAc/NeuSGe. A (acidic) and N (neutral) oligosaccharides.

aminic acid (m/z 307.090) or a combination of two or more
monosaccharides. As in the previous study,® theoretical m/z
and experimental m/z values must match within 10 ppm.
When more than one structure was possible, MS fragmentation
patterns, negative and positive mode spectra, MF scores,
collision energy, and retention times of candidate compounds
were examined as described in the Supporting Information.

B RESULTS AND DISCUSSION

Analysis of Human and Other Mammalian Milks. The
initial HILIC-MS analysis of oligosaccharides was adapted
from previous work for human milk* utilizing MS/MS analysis
of commercial oligosaccharide nonfucosylated, fucosylated,
and sialylated oligosaccharide isomers (Figures S11.1—-S11.4),
as well as HILIC chromatograms (Figures S13.1—S13.5) and
NIST 17 MS library. This method was similarly performed for
the milks of African lion, Asian buffalo, bovine, and goat. The
HILIC-MS analysis of mature milk of the African lion resulted
to several sugar units in an oligomer, denoted as the degree of
polymerization (DP), which in this work varies between 2 and
8. In some cases, the relative elution on the HILIC column
between acidic and neutral oligosaccharides was controlled by
polarity rather than size as previously observed.* For example,
the fucosylated oligosaccharide difucosyllactose (LDFT) (DP
4, m/z 657.22) eluted earlier than an acidic oligosaccharide, 3'-
sialyllactose (SL) (DP 3, m/z 656.19). Among the
oligosaccharides identified for the African lion, 19 are
fucosylated, 27 nonfucosylated, and 16 are sialylated
oligosaccharides (Table 1). A previous study of African lion
milk'® reported four oligosaccharides—all of which were
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identified in the present analysis. Base peak chromatograms of
other mammalian milks in this study are presented in Figure
S2.

Identification of Unknown Spectra. As described above,
spectral libraries of milk oligosaccharides were searched along
with spectra from the NIST 17 Tandem MS Library for the
chemical identification of other mammalian milks. Using the
final oligosaccharide library described above, both direct and
hybrid database searchings were performed for each MS?
spectra, and the following information was recorded: hybrid
and direct scores, retention times, spectra, DM, precursor
types, charge states, and collision energy. All spectra were
clustered according the precursor m/z (<10 ppm), energy, and
retention time (+0.3 min) to generate consensus spectra.

Direct Search Identification. As an illustration of a direct
search, sialylated oligomers, 3'-sialyllactose and 6'-sialyllactose
eluting at 16 and 18 min (Figure 2), generated scores of 987
and 841, respectively. In addition, 2’- and 3’-FL (Table 1, 1
and 2), LNT (Table 1, 19), and LNnT (Table 1, 20) were also
directly identified with scores of 907, 882, 854, and 885,
respectively. These oligosaccharides are well-known primary
components of human milk.

Hybrid Search Identification. Hybrid search identifications
were considered when the direct search scores were less than
800, and DM values were consistent with the gain or loss of
monosaccharide components, as described in the method
section. Hybrid match factors (hMF) are generally high (>800)
for two spectra that differ by a single moiety that did not
significantly affect the fragmentation mechanism.”"
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Figure 3. Mass spectral matching of a query spectrum (A) m/z 892.2927 of an unknown oligosaccharide against NIST 17 and the intermediate
Milk Oligosaccharide MS Library using the direct and hybrid search functions using the NIST MS Search v2.3 software.'> The query spectrum,
novo-LNP I (C), matched the library spectrum of (B) Blood Group A-Tetrasaccharide by direct search with a match factor of 359 and (D) lacto-

N-hexaose, LNH by the hybrid search with a match factor of 807.

For example, a MS* spectrum with precursor m/z 892.2927
in the FT-IT data of African lion milk was searched against the
NIST 17 Tandem MS library and the intermediate Milk
Oligosaccharide Library described earlier (Figure 3). The
highest score from a direct search of this spectrum was 359 for
a match with Blood Group A-Tetrasaccharide (Figure 3A and
B) in the NIST library, indicating the overlap of several peaks
with spectra in the NIST 17 library. In contrast, a hybrid
search of the same spectrum generated hMF of 807 with a DM
of —203.079 Da against a library spectrum of lacto-N-hexaose
(LNH, m/z 1095.3709). For illustration, the MS? peaks (gray
line) are shifted by —203.078 Da (pink line) in Figure 3C and
D. This mass difference is equal to GIcNAc suggesting a
structure for novo-LNP I (Table 1, 29). This compound is a
new g-IMO oligosaccharide” known to predominate in bovine
milk.

Reanalysis of Human Milk Oligosaccharides (HMO).
In the previous work," a library of 74 HMO spectra was
derived from a comprehensive chemical structure analysis of
oligosaccharides in NIST human milk reference material.
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Adding the Human Milk Oligosaccharide MS Library to the
search, as described above, led to the identification of an
additional 80 HMOs. Many of the newly identified HMO
structures contain core structures of lacto-N-decaose (LND),
para-lacto-N-decaose (para-LND), and lacto-N-octaose
(LNO) with a single, double, or combination of both fucose
and sialic acid units as previously reported.” As an illustration,
the Trifuco lacto-N-decaose (TriF-LND) isomers have
retentions from 38 to 43 min (Figure S1) and were identified
by the hybrid search in this study (Figure S1a). The TriF-LND
oligosaccharides have six different structures based on the
acquired MS* spectra and MS/MS annotation (Figures S1.1—
S1.5). Although complete linkage information such as position
and stereochemistry of the glycosidic bonds may not be fully
established by tandem MS/MS, the assumption made for the
chemical structures of TriF-LND isomers was based in the
previously reported papers for human milk.”"? In addition,
galactosyl-lacto-N-hexaoses (NS5020), lacto-N-dodecaose
(N7050), and lacto-N-tetradodecaose (N8060) carrying fucose
residues (Table 1, $5—66) were also identified by the hybrid

https://dx.doi.org/10.1021/acs.analchem.0c00342
Anal. Chem. 2020, 92, 10316—10326


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00342/suppl_file/ac0c00342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00342/suppl_file/ac0c00342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00342/suppl_file/ac0c00342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.0c00342/suppl_file/ac0c00342_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00342?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00342?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00342?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00342?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c00342?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

search DeltaMass, corresponding to three or more HMO sugar
residues. Fucosylated-lacto-N-dodecaoses (Table 1, 59 and 60)
were proposed according to the core structures of HMOs.”
The latter proposed oligosaccharides contain 15 monosacchar-
ide units and have not been reported to be present in human
milk (Figures S1.6—S1.9). Newlzf identified HMOs including
their annotated MS? spectra™’ are given in the Milk
Oligosaccharide MS Library (https://chemdata.nist.gov/
dokuwiki/doku.php?id=peptidew:lib:nonhumanmilk) and
Table S4.

Analysis of Nonhuman Milk Oligosaccharides (Non-
HMO). Table 1 summarizes a total of 90 oligosaccharides
found in nonhuman milks, of which 25 were also found in
human milk. Furthermore, the remaining 65 oligosaccharides
were found unique to nonhuman milks. The identified
oligosaccharides have three classifications discussed below:
neutral nonfucosylated, neutral fucosylated, and acidic
sialylated oligosaccharides. HILIC chromatograms (Figures
§13.1-S13.3) and tandem MS spectra (Figures S11.1-S11.5)
of various commercial oligosaccharide and nonfucosylated,
fucosylated, and sialylated isomeric compounds were also
analyzed to confirm identification.

Nonfucosylated Oligosaccharides. The following neutral
oligosaccharides (Table 1), not represented in the existing
library, were identified in milks of bovine, buffalo, goat, and
lion: isoglobotriose, tetragalactosyllactose, N5020, and N6020.
Moreover, chemical structures with varying numbers of sugar
units were observed among neutral oligosaccharides.

Tetrasaccharide isomers, N4000a (Table 1, 15) was
reported to be present in wallaby milk,” while N4000b
(Table 1, 16) is an epitope of glycolipids. Furthermore, linear
(RT 21.0 min) and branched (RT 22.1 min, 23.2 min)
structures for three galactosyl pentasaccharide isomers were
observed eluting at different retention times. The assignment
of putative isomeric structures for galactosyl pentasaccharides
was confirmed based on their chromatographic separation and
MS/MS annotation. The pentasaccharides such as N4010a
(Table 1, 27) was observed in buffalo milk, while N4010b
(Table 1, 28) was found in the milks of bovine, goat, and lion.
Moreover, the oligosaccharide, novo-LNP I (Table 1, 29) was
identified in all mammalian milks and was previously reported
detected in the milks of herbivores.”’

Fucosylated Oligosaccharides. Twenty-three fucosylated
oligosaccharides were added to the library. Oligosaccharides
with 3—8 sugar units (Table 1), such as 2’/3’-FL, LDFT, and
fucosylated LNnH oligosaccharides (Table 1, 49—S1) were
detected.

For nonhuman fucosylated tetrasaccharides, fucosylated
lacto-N-triose and a branched sequence (N2100b) were
observed (Table 1, 17 and 18). The latter oligosaccharide
was reported in African lion milk.'® Furthermore, fucosylated
LNnH was also identified in lion milk, while the difucosyl-
oligomer, DFpLNnH I (Table 1, 51) was found in buffalo milk.
Multiple adducts, protonated (NCE 10%) and sodiated (NCE
40%), of fucosylated oligosaccharides were re-examined for
possible rearrangement of ions involving the migration of
fucose residues. Protonated ion By (m/z 658.255) and sodiated
ion Y, (m/z 730.237) are diagnostic ions for two fucose
residues present at the terminal GIcNAc-Gal linkage (Figure
S4). As a result, HCD [M+Na]" MS® spectra of fucosylated
oligosaccharides appeared to be stable and consistent with the
product ions of HCD [M+H]* MS? spectra which are in
contrast to previously reported CID experiments.”' Note that

2'-FL was found in goat and lion milks but not in the milk of
buffalo as previously reported.'® Interestingly, most of the
identified fucosylated compounds were found in the milk of
the African lion.

Sialylated Oligosaccharides. Library searching led to the
assignment of 36 sialylated compounds (Table 1) containing
N-acetylneuraminic acid (NeuSAc) or N-glycolyneuraminic
(NeuSGe) oligosaccharides. Oligomers containing one or two
NeuSAc/NeuSGe units such as GSL and DGL (Table 1, 79—
81) were detected in the milk of lion, while DSL (Table 1, 78)
was observed in lion and buffalo milks. Aside from NeuSAc-
lactoses, NeuSGc oligosaccharides were identified in goat milk.
Fragmentation patterns of GSL and DGL are described in
Figure SS. Oligosaccharide A4001 is a conjugate sugar of a
glycolipid, which predominates in nonhuman mammalian
milks.

When available, commercial sialylated oligosaccharides were
used to confirm their identity through their retention and their
positive and negative polarity spectra. This included the
sialylated pentasaccharide isomers LSTc, GM1b, and GMla
which eluted at 25.3, 24.9, and 22.6 min, respectively. Their
negative MS® spectra were compared with the MS* spectra of
oligosaccharides found in the milks of lion and goat. In depth
analysis of the product ions of GM1la shows C-type fragment
ions, m/z 282.13 and m/z 833.30, and a set of A-type ions, m/
z 424.15, m/z 586.19, and m/z 628.21, suggesting a terminal
Gal-GalNAc-Gal sequence. Relatively high intensity B-type
ions, m/z 290.09 and m/z 364.12, and a set of X-type ions, m/
z 877.29 and m/z 937.32, were observed, which were caused
by the cleavage of sialyl glycosidic and cross-ring linkages.
Moreover, C-type ions of precursor m/z 997.34 signals for
GMI1b. Linkages were also reinforced by the cross-ring
cleavages, m/z 406.14, m/z 859.28, and m/z 937.31. The
analysis of the negative ion MS?® spectra of coeluting
oligosaccharides, LSTd and GM1b found A-type ions, enable
the determination of Gal-GIcNAc and Gal-GalNAc sequences.
Also, differences in product ion intensities of the terminal sialic
acid cleavages were apparent between the two isomeric
compounds. These findings discriminate the isomeric sialylated
pentasaccharides (Figure S6). Overall, 24 NeuSAc-oligomers
and nine NeuSGc-oligomers have been identified. Other
sialylated oligomers are a combination of both Neu5Gc and
NeuSAc. Interestingly, sialylated isomers (Table 1, 75 and 76,
90 and 91), A3001a/b and A3002a/b were detected in all
nonhuman milk samples. The 3’-glycolylneuraminic acid (3'-
NeuSGc) is abundant in African lion milk, while the 3'-
acetylneuraminic acid (3’-NueSAc) is dominant among goat,
bovine, and buffalo milks (Figures SS and S7).

Mass Spectral Library of Mammalian Milk Oligosac-
charides. Oligosaccharide spectra led to the assignment of 90
compounds (Table 1) from the milks of bovine (35), buffalo
(49), goat (52), and lion (62). Only 2S of these identified
oligosaccharides in animal milks were found in previous work.”
Moreover, an additional of 80 oligosaccharides from the
reanalysis of human milk SRM were identified and added to
the library (Milk Oligosaccharide MS Library, https://
chemdata.nist.gov/dokuwiki/doku.php?id=
peptidew:lib:nonhumanmilk).

In this study, the milk oligosaccharides from humans were
compared with animal species. Table 2 shows the number of
unique oligosaccharides identified in each mammalian milk.
Next to humans, African lion has the greatest number of
unique oligosaccharides. These were primarily fucosylated
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Table 2. Number of Identified Oligosaccharides in Milks
from Humans, Bovine Reference Materials, Asian Buffalo,
Saanen Goat, and African Lion

Asian African
Source Unique Human Bovine buffalo Goat lion
Human 123 154 13 16 19 24
Bovine 0 13 35 32 29 25
Asian buffalo 3 16 32 49 36 31
Goat 9 19 29 36 52 34
African lion 13 24 25 31 34 62

oligosaccharides and a mixture of N-glycolylneuraminic and N-
acetylneuraminic acid-lactoses.

A library of consensus spectra of all identified milk
oligosaccharides were generated for FT-IT (615 spectra) and
HCD (1990 spectra) data sets. This represents 2605 annotated
consensus MS? spectra available online®® of different precursor
ions (Table S3) in positive or negative polarity. This newly
constructed mass spectral reference database has a total of 219
milk oligosaccharides. For nonhuman neutral oligosaccharides,
31 are nonfucosylated and 23 fucosylated, while acidic
oligosaccharides consist of 36 sialylated (NeuSAc/NeuSGe).
In contrast to human milk, the number of sialylated
oligosaccharides is higher than the number of fucosylated
oligosaccharides observed in animal milks. These findings are
consistent with previous animal milk studies.”*’

lllustration of Library Use. Using the newly created library,
oligosaccharides in lion milk having scores above 800 are
shown in Figure 4. In this analysis, 70% of the total extracted
MS? spectra in a single HILIC-MS run were assigned to
oligosaccharides. Note that abundant ions generated multiple
adduct types. The presence of multiple precursor ions and
charge states’® for a single analyte is an unavoidable
consequence of the electrospray ionization. Additionally,
there is a higher degree of potential spectrum variability due
to the energy dependence of the fragmentation process. For

example, signals at 13.3 min were derived from 3'-FL that have
positive [M+H]*, [M+NH,]*, [M+Na]* (Figure 4A) and
negative [M-H]~, [M+H,CO,H]", [M+C,HF;0,]” (Figure
4B) adduct types. Also, disialylacto-N-tetraose (Table 1, 95)
generates multiple adducts and charge states (Figures $10.1—
10.3) and often produces similar confirmatory fragmentation
patterns. Nonfucosylated oligosaccharides (N5020 and
N6020) at higher retention times were identified as both
positive and negative precursor ions. In addition, sialylated
oligosaccharides have clear signals (red) in both analyses. The
overview of positive and negative ions of lion milk
oligosaccharides discriminates the identified nonfucosylated
(pink), fucosylated (green), and sialylated (red) oligosacchar-
ides including the partially identified and unidentified
compounds. Equivalent plots for other mammals are given in
Figures S8 and S9.

Concerns Regarding Building an Oligosaccharide
Spectral Library. In the interpretation of MS” spectra of
unknown oligosaccharides, one must be aware of certain
limitations and pitfalls in searching for similar compounds in a
reference library. Accurate information on masses, the nature
and abundance of the precursor/product ions, possible
isomeric structures, low abundance, and lack of related spectra
(Supporting Information) are important factors in the
identification process.

(1) Accurate information on product masses and peak
intensities must be available from high-quality, reliable
reference spectral libraries, and all spectra should be
measured on high mass accuracy instruments. This
accuracy lessens the chance of making false identifica-
tions in the analysis of complex mixtures.

(2) Multiple fragmentation types of the same oligosacchar-
ide can provide more confident identification than from
a single method alone. Various instrument settings (FT-
IT/HCD) in negative and positive polarities and
multiple collision energies create fragment-rich and
reproducible spectra. For library searching, inclusion of
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spectra from varying individual voltages, e.g, 10, 20, 35,
40, 50 eV, is preferred because these spectra allow for
more fine-grained library matching.”” ESI-MS mobile
phase solvents and modifiers may generate different
adducts for the same compound that may be useful for
interpreting spectra.

(3) Isomers whose product ions contain insufficient
information for full structural identification must rely
on external information. For example, discrimination of
oligosaccharides with GalNAc or GIcNAc in the
sequence of N4130 and A3031 (Table 1) by mass
spectral information alone is ambiguous. The use of
commercially available oligosaccharide standards or
specific carbohydrate enzymes can lead to more
confident assignment of these structures; however,
authentic standards were often unavailable for these
compounds. Moreover, any tentative identification by
the hybrid search necessarily reduces the confidence in
precise structural features.

(4) Lastly, it is important to note that library search scores
represent the degree of matching submitted spectra with
library spectra of defined compounds. However, unlike
peptide identification in proteomics analysis, depending
on the class of compound, a spectrum may match
multiple compounds. While matching spectra generally
means the underlying compounds have considerable
structural similarity, structural features may differ in
cases where those features are not distinguishable from
their mass spectra.6 For example, electron ionization
spectra for terpenes are commonly indistinguishable, as
unfortunately are many glycans in tandem spectra.
Consequently, it is the responsibility of the analyst to
make final structural determinations, which often involve
use of prior information. Ion mobility and other
methods show promise for making such structural
distinctions.

Bl CONCLUSIONS

A previous HMO library of 74 oligosaccharides was expanded
by 145 oligosaccharides using both new data from four
nonhuman mammals and an enhanced identification strategy
involving the recently developed hybrid search spectral library
method. These four mammals were African lion, Asian water
buffalo, bovine, and goat. The new identification strategy
utilized a two-stage process that employed libraries constructed
using reference libraries derived from previous hybrid-search-
based identifications. The first stage used the previous HMO
library, and the second stage used an intermediate library that
included spectra derived from the first stage. The final library
contained 80 more HMOs than the original library. Such a
“bootstrap” approach appears to provide a general means of
expanding libraries for other classes of compounds.

We report overlaps of oligosaccharides between different
mammals and note that oligosaccharides from the African lion
differed substantially among nonhuman species. It contains a
significant number of fucosylated or Neu5SGe-linked oligosac-
charides.

We also illustrate methods for making structural assignments
including a description of some of the problem areas in this
process—especially regarding the assignment of glycan
structures, including unresolved isomers. It is known that the
current fragmentation methods are insufficient to reveal all

structural details. Various other methods, such as reduction/
permethylation combined with multistage mass spectrometry
(MSn), have been proposed to provide more structural detail.
Future extensions of spectral libraries may also assist the
alternative strategies. While spectral libraries can significantly
increase the efficiency and scope of compound identification,
as for any library identification the final decision concerning
the identity, including assignment of detailed connectivity or
stereochemistry of a given compound, must be made by a
skilled analyst. Hence, we wish to emphasize that library
“identifications” especially regarding glycans, for which isomer
distinction is an endemic problem, must always be considered
tentative. For the most definitive identifications, when
available, a reference standard should always be employed.
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