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Abstract

Motivation: A better understanding of oligosaccharides and their wide-ranging functions in almost
every aspect of biology and medicine promises to uncover hidden layers of biology and will support
the development of better therapies. Elucidating the chemical structure of an unknown oligosacchar-
ide remains a challenge. Efficient tools are required for non-targeted glycomics. Chemical shifts are a
rich source of information about the topology and configuration of biomolecules, whose potential is
however not fully explored for oligosaccharides. We hypothesize that the chemical shifts of each
monosaccharide are unique for each saccharide type with a certain linkage pattern, so that correlated
data measured by NMR spectroscopy can be used to identify the chemical nature of a carbohydrate.
Results: We present here an efficient search algorithm, GlycoNMRSearch, which matches either a
subset or the entire set of chemical shifts of an unidentified monosaccharide spin system to all
spin systems in an NMR database. The search output is much more precise than earlier search
functions and highly similar matches suggest the chemical structure of the spin system within the
oligosaccharide. Thus, searching for connected chemical shift correlations within all electronically
available NMR data of oligosaccharides is a very efficient way of identifying the chemical structure
of unknown oligosaccharides. With an improved database in the future, GlycoNMRSearch will be
even more efficient deducing chemical structures of oligosaccharides and there is a high chance
that it becomes an indispensable technique for glycomics.

Availability and implementation: The search algorithm presented here, together with a graphical
user interface, is available at http://glyconmrsearch.nmrhub.eu.

Contact: piotr.klukowski@pwr.edu.pl or mario.schubert@sbg.ac.at

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Carbohydrates are essential for life. Beside their function as energy
storage molecules and their nutritional value, glycans—well-defined
oligosaccharides attached to proteins—represent the most abundant
posttranslational modification of proteins (Khoury ef al., 2011)

with crucial functions ranging from protein folding to cell—cell rec-
ognition and the distinction between self and non-self (Varki and
Gagneux, 2017). Smaller oligosaccharides attached to lipids—glycoli-
pids—also play a crucial part in cell-cell interactions and immune
responses (Cummings, 2009). In contrast to nucleic acids and
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proteins, which are linear chains consisting of four or 20 building
blocks, respectively, glycans can be linked in different ways. This
variation is caused by different linkage positions, the two possible
configuration at the anomeric carbon and a large amount of known
building blocks (Seeberger, 2017). Glycans can also be branched.
The different ways of linking monosaccharides result in an enor-
mous variety of glycans. This is exploited by nature, which uses a
large amount of different glycomolecules to decorate proteins and
cell surfaces, of which we just start to understand their function. For
example, glycans are crucial for distinguishing species from one an-
other and also play an important role in fertilization (Pang et al.,
2011). There seems to be a code—the glycocode (Pilobello and
Mahal, 2007) or sugar code (Solis et al., 2015).

Essential for understanding the glycocode is the ability to deter-
mine the exact composition of certain glycans, or parts of glycans—
glycoepitopes, before their function can be studied on a molecular
level. Due to the abundance of protein glycosylation, glycoproteo-
mics developed as a branch of proteomics, which is mainly driven
by mass spectrometry (MS) techniques. Traditionally a very tedious
protocol is followed in which glycans are cleaved from proteins and
analyzed by a battery of techniques including digestion of glycans
into monosaccharides, analysis of monosaccharide composition,
MS, MS-MS, NMR spectroscopy, methylation and other chemical
modifications, the application of specific glycosidases, glycosynthe-
tases and lectins (Banazadeh et al., 2017; Frost and Li, 2014).
Advanced MS and chromatography techniques made an enormous
step forward in recent years making this combination the method of
choice for glycomics. However, these approaches suffer from limita-
tions. It is only indirectly possible to elucidate the stereochemistry
and linkages using glycosidases or highly sophisticated MS techni-
ques. For example, distinguishing different kinds of hexoses or the
anomeric state of a monosaccharide is a challenge. Although specific
glycosidases or chemical modifications can in principle reveal such
information, such an approach will fail for non-targeted glycomics.
Despite very promising MS techniques currently in developement
that can in principle distinguish some linkage variants (Hofmann
and Pagel, 2017; Hofmann et al., 2017; Hsu et al., 2018a, b; Mucha
et al., 2017), these techniques are still far away from a general iden-
tification of each monosaccharide type and linkage type within an
oligosaccharide. This development would be strengthened if cross-
validated by a second independent method.

NMR spectroscopy is used since decades to analyze oligosac-
charides, especially by 2D NMR spectroscopy (Duus et al., 2000),
which is very powerful for the determination of the exact chemical
structure. In addition to NMR and MS a monosaccharide analysis
consisting of a digestion and HPLC separations and chemical modi-
fications of certain functional groups were traditionally used.
Combinations of these techniques, especially combining NMR and
MS are very powerful, e.g. for the characterization of glycoconju-
gate vaccines (Yu er al., 2018). Pioneering efforts extracted typical
chemical shifts, called structural reporter groups, from extensive col-
lections of 1D NMR spectra and chemical shift tables, which helped
to identify the chemical structure of a carbohydrate (Vliegenthart
and Kamerling, 2007; Vliegenthart et al., 1980). However, consider-
ing the enormous amount of NMR data the use of tables became ra-
ther impractical. Early databases and computer algorithms were
developed, e.g. SugaBase (van Kuik ez al., 1992) with simple search
functions, which was later implemented in SWEET-DB (Loss et al.,
2002) and Glycosciences.de (Liitteke et al., 2006). First combina-
tions of chemical shifts included the elegant analysis of cross-peak
patterns in 2D "H-"H TOCSY spectra to distinguish hexapyranose
spin systems (Gheysen ef al., 2008). However, despite todays strong

contribution of NMR spectroscopy to many aspects of glycobiology
(Kato and Peters, 2017; Marchetti ez al., 2016), the methodology to
identify unknown saccharides is cumbersome and did not change
much in the last decades.

We hypothesize that there is a short-cut to obtain the chemical
structure of an oligosaccharide just from experimental chemical
shifts. Completely assigned chemical shifts of a spin-system (e.g. 13
values in the case of hexose consisting of 6 carbon and 7 proton
chemical shifts) contain an enormous amount of information. Since
these shifts reflect the local environment of each nucleus, they are
influenced by the saccharide type, the configuration (e.g. pyranose
versus furanose, « and f), the conformation/pucker, the substitution
patterns, effects of neighboring saccharides and the electronic con-
figuration. The combination of all "H and "*C chemical shifts is typ-
ically so distinct that each monosaccharide with a certain linkage
within an oligosaccharide gives a unique set of chemical shifts. For a
hexose the chemical shifts of all carbons C1 to C6 and protons H1
to Hé' could be considered as point in a 13-dimensional space that
is distinct for the different hexoses with a certain type of substitution
and certain neighbors. A complete match of all chemical shifts be-
tween two datasets strongly indicates identical saccharide types and
similar substitutions.

This uniqueness of a completely chemical shift-assigned spin sys-
tem could be exploited for explorative glycomics, to match meas-
ured NMR data of an unknown oligosaccharide against data of
known glycans. However, several roadblocks prevented such a strat-
egy: none of the existing NMR databases combine chemical shift
values to spin systems and even more important a search function to
match chemical shift correlations of spin systems did not exist. Not
even pairs of 'H-"3C chemical shifts could be searched. The only
search functions with chemical shifts as input available so far, are
based on providing a list of either 'H or '3C chemical shifts that are
matched to any of the chemical shifts of an oligosaccharide entry
(Kapaev and Toukach, 2018; Loss and Liitteke, 2015), no matter
whether they are from the same spin-system or not. This makes
searches within the current NMR databases of oligosaccharides very
inefficient because they produce large output lists, which mainly
consist of false-positive hits. Predictions of chemical shifts for a
given oligosaccharide structure have been developed, for example
CASPER (Kapaev and Toukach, 2015; Lundborg and Widmalm,
2011). There is even a tool to simulate 2D NMR spectra (Kapaev
and Toukach, 2016). However for using these tools, one or several
oligosaccharide structures are required as input, which makes it not
suitable to study unknown oligosaccharides.

Here, we present an efficient search algorithm that matches cor-
relations of any chemical shifts within an unknown spin-system
against all spin systems in an NMR database. From given peak coor-
dinates (in ppm units), the search procedure finds the best fitting
monosaccharide entries, as presented in Figure 1. The algorithm
is made publicly available as a web application. Extensive tests
revealed that it can be used to predict the monosaccharide type, link-
age type and often the local chemical environment beyond the next
neighbor based on the chemical shifts of an experimental, initially
unknown spin system.

2 Results

2.1 Algorithm and web interface

To search for any given chemical shifts and correlations thereof
within a chemical shift database, we developed a search algorithm
based on combinatorial optimization. It is implemented in Java EE
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Fig. 1. Schematic illustration of assigning carbohydrate spin systems by 2D NMR spectra and their use to search an NMR database for similar structures. (a)
Typically applied 2D NMR spectra and expected correlations indicated as arrows in a hexose spin system. For reasons of clarity some correlations are omitted. At
the bottom typical correlations are further illustrated by the pyranose form of -p-glucose. (b) Rationale of the approach that is described in the paper. The goal is
to match unassigned or assigned spin systems by the search algorithm to data of an NMR database to obtain a list of best matching entries, for which links to the

chemical composition of the oligosaccharides are provided

(standard libraries only) and available as a web site. The internal
database was based on the NMR data within the glycosciences.de
database (Liitteke et al., 2006), which was converted to standar-
dized datasets.

In the publicly available web interface any number of '*C and
"H chemical shifts of a spin system can be used as input, either with-
out a specific assignment to atoms or with specific assignments
(Fig. 2). An offset for '3C referencing can be specified. A real ex-
ample search is shown in Supplementary Figure S1 that used a *C
offset of —1.8ppm. Part of the results is illustrated in
Supplementary Figure S2 showing the difference between the experi-
mental chemical shift values and the matching entry together with a
score value.

The algorithm was tested using chemical shift data of several tri-
and tetrasaccharides that were assigned by us previously and whose
chemical shifts are not contained in the glycosciences.de database
(Litteke et al., 2006), namely a-1,3-fucosylated LacdiNAc (LDNE),
lactosamine and the amphibian trisaccharide Bv9 (Aeschbacher
et al., 2017; Zierke et al., 2013). A thorough spin system analysis
with NMR spectroscopy associated each observed chemical shift
exactly with a certain proton or carbon within the spin system. Due
to the distinct '*C chemical shifts of anomeric carbons, the anomeric
C1 and the corresponding H1 can be easily assigned. 'H-'"H COSY
spectra reveal H2 and the corresponding C2 using a 'H-'3C HSQC
spectrum.

The first search variant applied the complete set of 'H and *C
chemical shifts of a spin system with assignments to individual pro-
ton and carbon positions within the spin system (Supplementary Fig.
S3a). A second search used the same 'H and '*C chemical shifts as
'H-13C pairs unassigned to a position (Supplementary Fig. S3b).
The third and fourth search strategy uses a smaller set of resonances,
because the complete chemical shift assignment of an entire spin sys-
tem might sometimes not be available or might not be required.
Typically the anomeric chemical shifts C1 and H1 are well visible in

(b)

Unknown Known
chemical shift chemical shift
cicacs ci1c2C3
Unknown Known
position position

Carbon at unknown position
has chemical shift 104 ppm

occupy neighboring positions,
but their exact position
is unknown

cs
(TD)
I :> 77 ppm and 74 ppm carbons

@)

Hydrogen attached to C,
has 4 ppm chemical shift

cs(@18)— (28 (29)

Second attached hydrogen
is not present in a monosaccharide
or has unknown chemical shift

Fig. 2. Types of chemical shift constraints supported by the search algorithm.
(a) Exemplary query specified in the query form, (b) individual elements of
the query form with explanations

a natural abundance "*C-HSQC. By using in addition a 2D COSY, a
2D HMQC-COSY or other similar experiments the neighboring res-
onances of C2-H2 and C3-H3 can often be assigned. Therefore, we
tested the search algorithm with the three 3C resonances of C1, C2,
C3 and their associated proton resonances H1, H2 and H3
(Supplementary Fig. S3c). The fourth strategy consisted of a search
of a C1-H1 chemical shift pair together with all 'H chemical shifts
that are extractable from Hl-correlations in a 2D TOCSY—data
that are easy to collect (Supplementary Fig. S3d).

The results of all search strategies using the three oligosacchar-
ides are summarized in Figure 3. In all cases the top hits presented
the correct monosaccharide type and surprisingly the linkage and
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Investigated Chemical shifts Search strategies (with top result and score)
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(a) LinucsID 13039 shows up 6th matching GIcNAc with a score of 99.2
(b) LinucsID 26636 shows up 2nd matching GIcNAc with a score of 99.6

(c) LinucsID 1223 shows up 2nd matching Fuc with a score of 99.9; TOCSY showed only two resonances

Fig. 3. Performance of the search algorithm: chemical shift searches of three carbohydrates are summarized. The oligosaccharide with experimental chemical
shifts is shown on the left, the spin systems of which the chemical shifts were used for a search are highlighted in the second column and the top structure found
by the algorithm using different inputs with the associated score is displayed on the right. A 13C offset of —1.8 ppm was applied. Large extensions of oligosacchar-
ides are cliped, some carbohydrates contained a spacer originating from chemical synthesis indicated with sp

the chemical environment of the hits was in most cases either identi-
cal or similar to the query. The results for searching six unassigned
C-H correlations and for searching the completely assigned spin sys-
tem consisting of six *C (C1-C6) and six 'H (H1-H61, except
H62) resonances were identical for the given examples. However,
the duration of the search differed by several orders of magnitude
(Supplementary Fig. S4): it was typically in the milliseconds range
for the assigned spin system while the search took several seconds
when using unassigned pairs. The third search using three '*C (C1-
C3) and three '"H (H1-H3) resonances gave similar good results.
Only the fourth search strategy using C1, H1 and two to four add-
itional 'H resonances extracted from a 2D TOCSY made the limita-
tions visible: in many cases it also resulted in matches of identical or
similar glycoepitopes but in rare cases the few chemical shifts are
similar to other saccharides and the top hits might contain quite dif-
ferent saccharides, for example Gal instead of GIcNAc as in the case
of Bv9 (terminal Gal instead of branched GlcNAc shown in Fig. 3).

2.2 Influence of the "3C offset

We noticed in initial searches a discrepancy in '3C referencing be-
tween our experimental data referenced to DSS and the data of gly-
cosciences.de. For '3C referencing we used an external Bruker
standard sample containing 2 mM sucrose and 0.5 mM DSS in H,O/
D,O (9:1, v/v) and applied a "*C/'H factor of 0.251449530 for cali-
brating '3C following the recommendations of IUPAC, ITUBMB and

TUPAB for proteins and nucleic acids (Markley et al., 1998; Wishart
et al., 1995). Because the data in glycosciences.de should be refer-
enced to TMS, a difference of 2.7 ppm is expected (Aeschbacher
et al., 2012). To systematically analyze the offset between the data-
base and values referenced to DSS, we repeated one of the searches
for fucose of Bv9 and plotted the score value of the top hit as a func-
tion of the 13C offset (Supplementary Fig. S5). Interestingly, the opti-
mum was not around the expected value of —2.7 ppm but between
—1.8 and —2.0ppm. Therefore we used —1.8 ppm in all our
searches. An offset of —1.7 ppm was reported to be caused by di-
oxane as internal reference and indirect referencing to TMS leading
to 3C chemical shift discrepancies in protein data (Wang and
Wishart, 2005). Considering the widespread use of dioxane for
referencing carbohydrate spectra, this is likely the cause for the
—1.8 ppm offset. Especially for studies of glycoproteins and protein—
carbohydrate interactions we recommend to use DSS as a common
standard.

2.3 Application example: sialic acids in glycoproteins

GlycoNMRSearch can be applied to carbohydrates of unknown
composition. An example is provided in Figure 4. We recently
detected two signal sets of sialic acid spin systems of N-glycans in a
commercial sample of human serum albumin (Schubert ez al.,
2015). This finding was unexpected, since the amino acid sequence
of albumin lacks N-glycosylation sequons. As was later revealed by
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Fig. 4. Identifying the chemical nature of sialic acid signals using the search
algorithm. (a) Region of a '"H-">C HSQC experiment of commercial human
serum albumin dissolved in 7 M urea-dd in D,0, pH* 5.5. Shown are signals
of two CH, groups of sialic acids with the extracted chemical shift values. (b)
2D TOCSY spectrum showing correlations of the two sialic acid spin systems
with extracted chemical shifts. (¢) GlycoNMRSearch interface (detailed ex-
planation in Fig. 2) presenting input for the first spin system using a '>C offset
of —1.8ppm. In case two protons are attached to the same carbon (CH,
group) a second proton chemical shift can be entered next to the first one. In
most cases CH groups are present and the second field (in gray) is empty.
The assignment to positions within the spin system is unknown and can thus
be entered anywhere in the input window (position numbers are gray and not
used). (d) Summary of the top results of the GlycoNMRSearch for the first
spin system. (e) GlycoNMRSearch interface presenting input for the second
spin system using a '>C offset of —1.8 ppm. (f) Summary of the top results of
the GlycoNMRSearch for the second spin system

mass spectrometry, the commercial protein sample contained small
amounts of at least four other proteins, namely haptoglobin, homo-
pexin, serototransferin and o-1B glycoprotein (Grunwald-Gruber
et al., 2017). Each of these proteins contains two to five N-glycans,
contributing to the carbohydrate signals visible by NMR spectros-
copy. Although their amount is estimated to contribute only 4-7%
of total protein content, their high glycosylation density could lead
to quite intense signals especially for terminal non-reducing sacchar-
ide ends.

Whereas the assignment was achieved at the time by the hypoth-
esis that the two sets could originate from Neu5SAco2, 3Gal and

NeuSAca2, 6Gal and their typical chemical shifts reported in the lit-
erature were compared to the experimental ones, GlycoNMRSearch
provides directly a clear answer: one spin system matches
NeuSAca2, 3Gal, the other to NeuSAca2, 6Gal (Fig. 4c—f).

The current search strategy may be limited by several factors: the
database might lack certain sialic acid containing glycans, and
neighboring antenna in multiantenna N-glycans could potentially in-
fluence the shifts as well.

2.4 Additional feature: chemical shift correlations

As a supplementary feature we provide statistical 2D plots of
'H-"3C chemical shift pairs, corresponding to cross-peak correla-
tions in a *C-HSQC spectrum for each monosaccharide, e.g. for
o-L-Fuc pyranose as shown in Supplementary Figure S6. This will
also help to improve the database in the future by pinning down
incorrect data. It may also reveal various clusters of chemical shifts
reflecting interesting structure-chemical shift relationships similar
to the recently found secondary structure element (Aeschbacher
et al., 2017). In this particular case a non-conventional hydrogen
bond lead to a characteristic down-field 'H chemical shift that
appears as a separate cluster in a chemical shift statistics. After the
origin of this separate cluster is determined, the characteristic
chemical shift range can then be used as an indicator for a particu-
lar structure.

3 Materials and methods
3.1 The database

The core of the proposed search routine is a standardized dataset,
developed on the basis of the entire NMR part of the glycoscien-
ces.de database (Loss and Liitteke, 20135; Liitteke et al., 2006). The
dataset is composed of 16 465 monosaccharides, characterized by a
27-element chemical shift vector, a unique LinucsID identifier (the
entry number of glycosciences.de), linkage and monosaccharide
name. To enable glycan searches, we performed a data cleaning
step, which involved disambiguation of glycosciences.de chemical
shift names, standardization of monosaccharide names and filtering
out information that is not relevant for the proposed routine.

In total 271 types of monosaccharides are covered
(Supplementary Fig. S7). Unfortunately, they are not distributed uni-
formly. The three most common monosaccharides (S-pD-GlcpNAc,
B-p-Galp, a-D-Manp) constitute 7345 out of 19 093 records. Eighty-
five types of glycans appear in the database more than 5 times and
97 are represented by just one record.

A crucial factor for performance of the search engine is the qual-
ity of the data, measured in completeness of chemical shifts. As
shown in Section 2, typically six chemical shifts are sufficient to reli-
ably identify a monosaccharide spin system. Fortunately, glycoscien-
ces.de contains thousands of such records. After the data cleaning
step, we were able to identify 4200 records having at least 3 carbon
shifts, 7232 monosaccharides with at least 3 hydrogen shifts, 2956
with at least 6 chemical shifts (3x C + 3x H) and 2746 complete
entries (at least 5 carbon and 5 hydrogen shifts).

3.2 Integer programming formulation of the search
routine

The proposed method calculates a ranking of monosaccharides,
sorted in ascending order by a score, which is a measure of dissimi-
larity between the observed chemical shifts and the record from the
glycosciences.de database (Liitteke ez al., 2006). Consequently, the
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top hits in the ranking suggest the saccharide type and substitutions
of the observed spin system.

To start a search procedure, the spin system observations are
provided as input. They adopt three forms: (i) chemical shift values
(e.g. one of the atoms has a chemical shift of 63 ppm), (ii) linkage
(e.g. an atom with a chemical shift of 63 ppm is next to an atom
with a chemical shift of 70 ppm) and (iii) known assignments within
a spin system (e.g. H3 has a chemical shift of 4 ppm). Those observa-
tions are automatically a converted into an instance of a discrete op-
timization problem, and solved with the Branch and Bound
algorithm (Jiinger ez al., 2009).

More formally, a query vector q € R?” stores the observed reson-
ance frequencies (ppm units) of the *C, 'H and 'H’ atoms belong-
ing to a monosaccharide spin system. In a general case, the chemical
shift assignment is unavailable, thus there is no atom label (e.g. C1
or H1) associated with the observed resonance q;. We define q =
[c1,¢2,. .. ¢o,hy, ha, .. ho Wy by WG], where ¢, hy, bl € R are
resonance frequencies of the ith carbon, hydrogen and second
hydrogen (indicated by a prime in case of a CH, group), respective-
ly. Therefore each element of q is associated with a known chemical
shift. Both vectors are related by § = Xq, where X € {0,1}*% isa
permutation matrix (Fig. 5).

The goal of the search procedure is to find a ranking of N data-
base entries e = (e(V), e, ..., eMN)) ek € R¥, such that the follow-
ing implication holds:

m < n=0(q,e") < g,e™) (1)
where ¢ is a custom loss function, and 7 and # denote positions in
the ranking.

The key problem in the search procedure is to find, for each
database entry e(®) and unassigned query vector q, the permutation

matrix X®), which minimizes the loss function under constraints.
It is formulated as the following discrete optimization problem:

min /(X® q,e®) (2)
X (*)

subject to:

‘v’zx“j) =1 (3)
J i
Vo= =1 (4)
] ]

w1 (s)
(ij)ePs
k k
Y Il 2=t @
k k
(i/')Z’HmﬂHEHxE”i)—i—xLi) =2Alm—nl=1 (7)
k k
(if)€v7’r11 WIHEC xi”)’ +x’(7=/) =2A |m - n‘ =9r (8)
‘ : neH
ref{1,2}

where P, is a set of resonance frequencies that are not permuted
(chemical shifts are assigned), Pc and Py are sets that store relative
positioning of homonuclear (C-C, H-H) pairs of atoms, Py is a set
that constraints relative positioning of heteronuclear atoms, C = {1,
2,...,9}, H=1{10,11,...,27} are indices of the vector q associ-
ated with carbon and hydrogen atoms.

T W [

C, C,C, C, H, H, H, Hy H H, H, H
= (k)
g, q; <= 061
001000 b g <« ()&
000100 = ©
«> (e
x¥=| 0 000 10 % % Oe
000001 a q, <« ()€Y
100000 _
(k)
010000 s G Ot
= (k)
s Qs <> Oes
observed shift glycosciences.de
spin system assignment glycan

Fig. 5. Scheme of the search algorithm. Chemical shifts provided as input q
are permuted to get vector q that can be directly compared with the database
entry e(X). Mapping q to q is represented by the binary matrix X'¥). For simpli-
city only six elements of vectors q, g and e(¥) are visualized

Consider a simple instance of this minimization problem, where
the chemical shift of H1 is known (5.3 ppm). In addition, the chem-
ical shifts of a single C-H group with unknown position have been
determined (56 ppm and 4 ppm). These assumptions yield the fol-
lowing initial values: q; =5.3, q, =56, q3 =4, Py = {(10,1)},
Pru={}, Pc ={}, Pacu ={(2,3)}. Thus q stores values of
observed resonance frequencies. One element of the permutation
matrix is known, because of the available H1 chemical shift
assignment (P,). Since the pair (q,, q;) belongs to the same
C-H group, it can be mapped to (q5,qy1) V (42, 920) V (@3:d12)V
(@3:T21) V- -V (99, q27)-

It was found that the algorithm works well in practice, if ¢ is
weighted least squares error, defined as:

(@, e®) =" 1(g; # 0)(g; — &) 9)
ieC
+1oy Y 1(G; # 0)(q —el)? (10)
jeH

where wy; € R, is a weight associated with the hydrogen shifts mis-
match and I(+) is an indicator function, which ensures that zero ele-
ments of q do not contribute to the final score. In the experimental
section, we set wj = 10 to weight squared chemical shift mis-
matches of protons, in ppm, 100-fold higher than carbons.

Although a weighted least squares error is used by default, our
search engine can perform an optimization with arbitrary loss ¢.
Some examples ({1, {s) are available in the web site implementa-
tion. It is worth mentioning that results of the optimization task
(Equation 1) are presented in a normalized form:

max _ px (k) a(k)
g 2 XX Ta e ) | 00, (1)
Ye
where y®) is a normalized score for the kth database entry, yJ"™ is a
constant, which defines the maximum allowed value of the loss

max

function £. Database entries eX), where £(q, e®)) > y* are filtered
out by Branch and Bound, since they have no practical significance.
Generating a ranking e is possible by solving the above optimiza-
tion problem for each of the 16 465 records in the database.
Taking advantage of the fact that the value of the objective function
(Equation 1) rises rapidly, if either two saccharides of different
types are compared, or the permutation matrix is incorrect, it is
possible to exclude many partial solutions early in the search
procedure. Consequently, in empirical studies, the search time was
less than 15seconds in all cases, and frequently below 3seconds

(Supplementary Fig. S4).
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4 Conclusion

GlycoNMRSearch is a significant improvement over earlier search
functions for carbohydrate NMR data that allowed only searches
for lists of either "H or "*C chemical shifts (Kapaev and Toukach,
2018; Loss and Liitteke, 2015). GlycoNMRsearch predicts with
high precision the monosaccharide type and even the environment
of the monosaccharide as long as matching chemical shifts with
similar epitopes are in the database. This complements new strat-
egies to explore unknown oligosaccharides. The key of the approach
is to link observed chemical shifts to spin systems, which are subse-
quently compared to a chemical shift database. As a result, the best
matching oligosaccharides very rapidly suggest the nature of the
oligosaccharide. GlycoNMRSearch is well-suited for the analysis of
unknown carbohydrates either in glycoproteins (untargeted glyco-
mics), glycolipids or natural products. We are convinced that
GlycoNMRSearch will become an essential tool for analyzing oligo-
saccharides by NMR spectroscopy in the near future.

The power of the search algorithm depends of course on the
quality and the coverage of the chemical shift database. If the data-
base does not contain glycoepitopes that are similar to the query, the
search algorithm cannot find any appropriate match. In such a case,
the results may reveal somehow similar structures or also completely
wrong ones, however with a significantly lower score value.
Unfortunately the NMR part of glycosciences.de is not updated or
corrected anymore. There is large room for improvements, for ex-
ample implementing chemical shift data from other databases like
the BioMagRes databank (Ulrich ez al., 2008), or the Carbohydrate
structure database (CSDB) (Toukach and Egorova, 2016). In add-
ition data from publications and background data from the
CASPER chemical shift prediction platform (Lundborg and
Widmalm, 2011) could be included. The best way to expand the
database in the future, would be an upload and verification system
for users that like to contribute to the database.

In summary, GlycoNMRSearch gives excellent results for the
common saccharides that are well covered in the chemical shift data-
base. The precision of GlycoNMRSearch will further increase, the
more chemical shift data of high quality is available covering a wider
range of glycoepitopes. An important task of the near future is to ex-
tend and improve the chemical shift database taking advantage of
the vast amount of data that has already been published, but is not
included in any database and to provide a tool that allows uploading
and quality control of such data.
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