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|- Abstr act

The activities of hundreds of proteins in the extracellular space are regulated by binding to
the glycosaminoglycan heparan sulfate (HS). These interactions are driven by ionic bonds
between sulfate and carboxylate groups on the polysaccharide and the side chains of basic
residues in the protein. Here we develop a method to selectively label the guanidino side
chains of arginine residues in proteins that engage the anionic groups in the sugar. The
protein is bound to heparin (a common experimental proxy for HS) on an affinity column.
Arginine side chains that are exposed to solvent, and thus involved in binding, are protected
by reaction with the dicarbonyl phenylgyoxal (PGO). Elution of the bound proteins then
exposes arginine side chains that had directly engaged with anionic groups on the
polysaccharide. These are reacted with hydroxyl-phenylglyoxal (HPG). PGO was found to
generate three products: a 1:1 product, the 1:1 water condensed product and a 2:1
PGO:arginine product. These three reaction products and that of HPG had distinct masses.
Scripts were written to analyse the mass spectra and so identify HPG labelled arginine
residues. Proof of principle was acquired on model peptides. The method was then applied to
the identification of heparin binding arginine residues in fibroblast growth factors (FGF) 1
and 2. The data demonstrate that four out of eleven arginine residues on FGF2 and five out of
six arginine residues of FGF1 engage heparin. Our approach provides a rapid and reliable
means to identify arginines involved in functional complexes such as those of proteins with

heparin.
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I1- Introduction

In the extracellular space, interactions between proteins and the glycosaminoglycan heparan
sulfate (HS) regulate activities of hundreds of the proteins [1]. These proteins include growth
factors, cytokines, chemokines, morphogens, enzymes, enzyme inhibitors, receptors, and
extracellular matrix proteins, forming the network of HS-binding proteins, termed the
heparan sulfate interactome [2]. Binding to the polysaccharide may, for example, regulate
ligand diffusion [3,4], formation of signalling ligand-receptor complexes [5,6] and enzyme
activity [7].

The engagement of HS to protein often occurs on the surface or in shallow grooves of
proteins with a major contribution from ionic interactions, due to the highly anionic nature of
HS. These ionic interactions occur between the negatively charged sulfate and carboxyl
groups on the polysaccharide chain with the positively charged residues, lysine, and arginine
in proteins [8,9]. Proteins may have more than one HS binding site, and the amino acids
contributing to binding though adjacent on protein surface are usually not continuous in the
amino acid sequences [10-15].

The structural basis of the interaction of a protein with HS is often probed using the
related polysaccharide, heparin, as an experimental proxy. Many approaches such as NMR
spectroscopy [16], site-directed mutagenesis [17-19] and X-ray crystallography [6,20], are
low throughput. In the absence of a robust bioinformatics method to predict heparin binding
sites in proteins, higher throughput experimental methods have been developed. These latter
include a method to selectively label lysine residues involved in heparin binding, called
“protect and label”, which was coupled with mass spectrometric identification of labelled
peptides [11]. This was based on the reaction of N-hydroxysuccinimide (NHS) with the
amino side chain of lysine residues and it has been applied successfully to a number of

protein-heparin interactions [12,13,21] and also to an electrostatically driven protein-protein
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interaction [22]. An interesting feature of this method is that it identifies canonical, high-
affinity heparin binding sites in proteins, as well as lower affinity secondary binding sites
[12,13,21].

NHS cannot react with the guanidino side chains of arginine residues, yet these are at
least as important as lysine side chains in mediating the interactions of proteins with anionic
partners such as sulphated GAGs [8]. Moreover, the heparin binding sites of some proteins
have arginines, but no lysine residues, e.g., fibroblast growth factor FGF22 (Uniprot ID:
Q9HCTO0-1). Since the heparin binding sites (HBS) on proteins consist of residues not
necessarily adjacent in sequence, the identification of arginines, as well as lysines engaged

with heparin would provide a comprehensive picture of the ionic interactions.

The modification of arginine residues in proteins is a challenge,because the guanidino
functional group of arginine has a pKa between 11.5 ~ 12.5, which makes it the most basic
side chain in a protein and a poor nucleophile. There are limited studies on the chemical
modification of arginine residues in proteins and the majority of them rely on the reaction of
vicinal dicarbonyl compounds with the guanidino group to form cyclic adducts [23]. The
ability of phenylglyoxal (PGO) to selectively modify the guanidino group of arginine was
first discovered by Takahashi [24], and has been utilized since, especially in studies of
enzyme activity [25-27]. In addition, it has been confirmed that PGO does not react with the
a- NHxgroup of lysine, indicating that this reagent selectively modifies the guanidino side
chain rather than primary amines [28]. The reaction of PGO with the guanidino side chain of
arginine is a quantitativereaction but produces several products which may have contributed
to the lack of popularity of this approach. However, modern mass spectrometry combined
with automated analysis of spectra should allow the deconvolution of multiple reaction

products.
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Therefore, we have used PGO and hydroxyl-phenylglyoxal (HPG) to develop a method for
selective labelling of arginines that are directly involved in binding heparin. PGO was reacted
with the arginine residues that are not involved in binding to heparin and so protect them,
then HPG was used to selectively label arginine residues in binding sites. The PGO-arginine
reaction has three products, and these were readily distinguishable by mass spectrometry. The
method was initially tested on the model of peptides and then on two FGFs that have
extremely well characterised heparin binding sites (HBSs), FGF1 and FGF2. The data
demonstrated the ability of PGO/HPG to quantitatively and selectively modify the guanidino
group of arginine residues on proteins. The arginine residues in the primary HBS of FGF1
and FGF2 were all selectively labelled by HPG. The selectively labelling by HPG of
arginines in the secondary binding sites of FGF1 and 2 provides a full structural definition of
ionic bonding of these sites to the polysaccharide. Interestingly, the data demonstrated the
potential for competition by arginine residues on the HBS3 of FGF1 for the binding to HS

and the FGF receptor (FGFR) tyrosine kinase [5].
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[11- Materialsand Methods
Heparin-binding proteins

Recombinant human FGF1 (UniProt accession P05230 — residues 1-155) and FGF2 (UniProt
accession P09038 — residues 134-288) were expressed in C41 Escherichia coli cells using the
pET-14b system (Novagen, Merck, Nottingham, UK) and purified, as described previously

[29].
SDS-PAGE and Silver stain

Samples were separated on 15% (w/v) polyacrylamide-SDS gels. Silver staining was done

according to Heukeshoven and Dernick[30].

Selective protection and labelling of arginine side chains in HBSs of proteins using PGO

and HPG (Fig 1A)

A step by step guide is availablepaotocol.io at the following link:
https://www.protocols.io/view/selective-protection-and-labelling-of-arginine-lys-qgmdvu6
Step 1: Binding

AF-heparin beads (Tosoh Biosciences GmbH, Stuttgart, Germany; binding capacity of 4 mg
antithrombin 1lI/mL) previously used in the lysine selective labelling protocol [11] were
employed. A mini affinity column was made by placing a plastic air filter as a frit at the end
of a P10 pipette tip (Star Lab Ltd., Milton Keynes, UK) and then packed witll 28F-
heparin beads. The mini-column was equilibrated with 4 xul5@®00 mMNacCl, 0.2 M
NaHCG; pH 9.5 (Na-1 buffer). The buffer was dispensed slowly into the column using a 2
mL sterile syringe. A minimum of 10g FGF protein was loaded onto the column (generally,

the loading capacity of FGFs to resin was estimated at 15 mg/mL). The loading was repeated
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3 times to ensure the binding between protein and heparin beads. After binding, the column

was washed with 200L (4 x 50uL) Na-1 buffer to remove any unbound protein.

Step 2: Protection of arginine side chains

PGO (Merck Ltd., UK, 97%) was used in the dark, as it is light sensitive. PGO was freshly
prepared in 50 % (v/v) DMSO, 50 % (v/v) HPLC grade water at 1 M, which was then diluted
to 0.5 M and then 0.2 M with 0.2 M NaHG®H 9.5. The pH was adjusted with 0.1 M
NaOH to between 9.1 and 9.5 to ensure optimal reaction. The FGF loaded heparin mini
column was rinsed with 30L 0.2 M PGO solution to exchange buffers. A further 30 pL
PGO solution was added to the column and the bound protein was allowed to react for 60 min
at room temperature in the dark. The reaction was quenched with &1 % (v/v)
trifluoroacetic acid (TFA) in water. The mini-column was then washed withp20Ba-1

buffer (4 x 50uL). Bound proteins were eluted with 2 x 2D Na-2 buffer (2 M NaCl, 0.2 M
NaHCG;, pH 9.5) containing 0.1 % (w/v) RapiGest SF Surfactant (Waters, UK). The addition
of surfactant was important to ensure protein recovery in this and subsequent steps, due to the

increased hydrophobicity of proteins following PGO conjugation to arginine side chains.

Step 3: Labelling of Arginine side chain by HPG

The preparation of HPG was performed in the dark room, as it is even more light-sensitive
than PGO, following a procedure identical to that used for PGO. The eluted protein was
diluted with 400puL 0.2 M NaHCQ pH 9.5 and concentrated on a 3.5 kDa MWCO
centrifugal filter (Merk Millipore, UK) to a final volume of 70~8@.. The reaction with

HPG was performed by incubating 80 diluted protein with 2QuL 0.5 M HPG so that the

final concentration of HPG in the reaction was 0.1 M. The pH was maintained at over 9.0.
The reaction was performed for 60 min at room temperature in the dark and then was

quenched with fiL 0.1 % (v/v) TFA in water.
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Step 4: Sample preparation for M ass Spectrometry

Protein was buffer-exchanged by four cycles of dilution on 3.5 kDa MWCO centrifugal
filters with 400uL 10-fold diluted 0.2 M NaHC®@pH 9.5 containing 0.1 % (w/v) RapiGest
and 3 cycles of dilution with 40QL HPLC water containing 0.1% (w/v) RapiGest by
centrifugation at 13200 rpm for 10 min. After freezing at 8dor 30 min, the sample was

lyophilized for an hour.
Step 5: Incubation with proteases

Chymotrypsin/trypsin: The freeze-dried protein was dissolved in a mixture ofuB®5

mM NH4HCO; and 10uL 1 % (w/v) RapiGest (~ 0.1 % wl/v in final solution) and heated at
80 'C for 10 min. The mixture was quickly centrifuged at 3200 rpm for 30 seconds before 5
uL 50 mM DTT was added (5 mM final concentration) and incubated for 15 min &.56
After cooling the sample to room temperature, proteins were carbamidomethylateduith 5
0.1 M iodoacetamide (freshly made) for 30 min in the dark. Proteins were then digested
overnight with chymotrypsin (Promega Ltd., UK) or trypsin (Sigma, UK) at a ratio of 1:100

(Wiw).
I ncubation with Arg-C

The dried sample was dissolved in 8 M urea, 400 mMHNEO;, pH 7.8 (25uL) and 45 mM

DTT (2.5uL), and incubated for 15 min at 56 °C. After cooling to room temperaturgl. 75
incubation buffer (50 mM Tris-Cl, 5 mM CaCR2 mM EDTA, pH 7.8) was added to dilute

the urea to 2.0 M. Arg-C protease (Promega, Southampton, UK) was freshly prepared in
incubation buffer and then added to the protein solution at a ratio of 1:100 (w/w). Activation
buffer 10X (50 mM Tris-Cl, 50 mM DTT, 2 mM EDTA, pH 7.8) was added to give a final
concentration of 1X. The mixture was mixed gently and centrifuged briefly before allowing

digestion to proceed overnight at &
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Step 6: Mass spectrometry for the identification of peptides

Peptides were concentrated by rotary evaporation to a final volume df 40d desalted

using C18 Zip-Tips (Millipore). C18 Zip Tips were first pre-wetted with 2 xul0100 %

(v/v) acetonitrile and then pre-equilibrated with 2 x {ll00.1% (w/v) TFA in water. The
peptides were loaded on the Zip Tip, the loading was repeated 7 to 8 times to ensure binding.
The Zip Tip was washed with 10 0.1% (w/v) TFA. Finally, the peptides were eluted with

2 pL of 5 mg/mLa-cyano-4-hydroxycinnamic acid (CHCA, > 99 % purity, Sigma) in 50:50
acetonitrile/water with 1 % (v/v) TFA, directly on to a 96 spot MALDI (matrix-assisted laser

desorption/ionisation) target plate.

Analyses were performed on a Synapt G2-Si (Waters, Manchester, UK) with MALDI source
equipped with a frequency tripled Nd:YAG UV lasir< 355 nm), operating at 1 kHz. The
spectrum acquisition time was 120 seconds, with 1 second scan rates, laser energy of 150 Au.
The MS spectra were extracted by MASSLYNX v.4.1 (Waters, Manchester, UK) with the
spectrum range from 500 Da to 4000 Da. The spectra were then processed using automatic

peak detection, including background subtraction.

I dentification of modifications of peptides

Protein Prospector (v 5.19.1 developed at the USCF Mass spectrometry Facility) and Peptide
Mass (ExPASYy) were used to predict the possible peptides after incubation of protein with an
enzyme with the following parameters: enzyme, chymotrypsin or trypsin; maximum missed
cleavages, 5; mass range, 500 to 4000 Da; monoisotopic; instrument, MALDI-Q-TOF (Fig 1-
B1). The list of peptides after enzyme cleavage was filtered to remove the peptides without
arginine residues. Because products from the reaction between PGO/HPG and arginine
residue bring different additional masses to the peptides, the prediction of the peptide masses

after the modification was achieved using a script, written in Python (version 3.5.3 released
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on January 17th, 2017, available at http://www.python.org), nanR&iO-HPG mass
predictor” (available at Github in following link: https://github.com/bpthao/PGO-HPG-mass-
predictor_2). Based on the number of arginine residues in each pept@;HPG mass
predictor” script considers all possible reaction products of PGO and HPG with arginine, and

generates a list of predicted masses of the modified peptides (Fig 1-B2).

PGO-HPG mass predictor used two inputs. First, the list of predicted peptides from the
native proteins cleaved by enzyme from either Protein Prospector or Peptide Mass (ExPASYy).
The first file is composed of two columns, the native sequence of the peptide and the
corresponding mass. Second, the file of modifications also comprises of two columns, the
mass shift of each product and its descriptions. Using a BGQ-HPG mass predictor
automatically adds up all potential mass shifts to each peptide with has arginine residues. All
combinations of mass changes were covered. The output file has four columns: 1-the native
sequence of the peptides; 2- the original mass; 3-the final mass after modifications; 4-the

description of the reaction product(s), to facilitate.

The observed list is the original mass of FGF peptides after modifications (Fig 1-B3), which
provided the mass and intensity of each peak. The match between predicted and the observed
list was carried out with a second Python script, “Matchmaker”, (available at Github in
following link: https://github.com/bpthao/Matchmaker_2) with a mass difference tolerance

set to 0.1 Da (Fig 1-B3), as recommend by Mascot.

The output is a list of matching peptides with the native sequence, the predicted mass with
modifications, the specific modifications associated with arginine residues and the actual

observed mass.


https://doi.org/10.1101/574947

bioRxiv preprint doi: https://doi.org/10.1101/574947; this version posted March 12, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

V- Results and discussion

PGO reactions with argininein model peptides

The reaction of PGO with arginine, though highly selective, has been demonstrated to result
in several products, influenced by the ratio of reactants and the adjacent amino acids [25,31—
34]. Thus, according to Takahashi [24], the ratio of PGO to arginine in the reaction
determines the product (Fig 2A). The reaction starts with the formation of an adduct of PGO
with the guanidino group (Fig 2A, product {1}), which can then reversibly release a hydroxyl
group from glyoxal, resulting in the alternative product (Fig 2A, product {2}). Following this

is the reactionof a second PGO molecule (if sufficient reactant) onto either a nitrogen of the
guanidino group of arginine (Fig 2A, products {3}) or the carbonyl group of the first PGO,
which may reversibly release a hydroxyl group from glyoxal to form the further products (Fig
2A, products {4}). All of the reactions are highly dynamic, in the presence of even or excess
of PGO, so a mixture of all products is formed, though in solution, product {2} predominates

over product {1}[24].

In contrast, the reaction of HPG with arginine only has one product [35]. Since two reagents
are required for selective labelling, one to protect arginines not involved in binding and a
second to label arginines engaged in non covalent bonds with the polysaccharide, it was
important to not just optimise these reactions, but also to establish which products are formed
following reaction with PGO. To determine these parameters, model peptides were used in
the first instance. These peptides were specifically chosen to represent arginine residues in
particular contexts. Peptide FA (WQPPRARI) has two arginine residues, separated by a
single alanine, which will provide insight into any differences in a reaction that may occur
due to proximity of arginines on the surface of a protein (Table 1). Peptide NA provides the

means to generate an N-terminal arginine (p-Glu-LYENKPRRPYIL) by pre- digestion with
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trypsin and so identify any influence of the adjacent free amine of the N-terminus and the

impact of lysine on PGO reaction with arginine (Table 1B).

The reaction of PGO with arginine residues in peptide FA

First, three concentrations of PGO were tested with peptide FA, which contains two
arginines, to identify the conditions required for the reaction to go to completion (Table 1).
Two reaction times (5 min and 30 min) were used, each with three different concentrations of
PGO. Peptide FA was unmodified after reaction with 100 mM PGO for 5 min or 30
min(Table 1). However, with 200 mM PGO the peak of the original FA peptide was not
detected demonstrating that arginines in the peptide were fully reacted with PGO (Fig 2B).
No peaks were identified when the peptide was reacted with 1 M PGO, which could be due to
the aggregation of the peptide induced by the high concentration of PGO (Table 1). Thus, 200
mM was considered as the optimal concentration of PGO for the modification of arginine in

this model peptide.

Interestingly, six reaction products of peptide FA with PGO were detected (Table 1A). The
mass of unreacted FA is 1023.58 Da, and after reaction three major peaks of 1139.60 Da,
1255.61 Da and 1275.58 Da were detected, equivalent to a mass shift of 116.02 Da of
Product {2} (Fig. 2A) (Peak 1, Fig. 2B, Table 1A); a mass shift of 232.04 Da (Product {4},
Fig. 2A; Peak 2, Fig 2B, Table 1A); and 252.0 Da (Product {3}, Fig. 2A; Peak 3, Fig 2B,
Table 1A), respectively.

Peptide FA has two arginine residues and their reaction with PGO also produced three
combinations of products. The combinations of product {2} and product {3} resulted in the
mass of peak 4of 1388.62 Da (Fig 2B, Table 1A); of product {4} and product {3} resulted
inpeak 5 of 1410.60 (Fig 2B, Table 1A); finally, when both arginines formed product {3}
with PGO, a mass shift coresponding to peak 6 of 1523.67 was observed (Fig 2B) (Table

1A).
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The reaction of PGO with argininesin peptide NA

It is clear from the above that the position of arginine resides can affect the reaction product.
Since the side chain of an arginine at the terminus of a peptide has more steric freedom, it is
more likely that the dicarbonyl group of PGO could form a reversible bond at a 2:1 ratio
withthe guanidino group of arginine, as described in Takahashi’'s study [24]. To establish if
this was the case, two peptides: peptide NA-1 (RPYIL, molecular mass 661.38) and peptide
NA-II (LYENKPR, molecular mass 1030.53) were produced by treating peptide NA with
trypsin (Table 1B). This yielded one peptide with arginine at the N terminus (peptide NA-I)
and another one with arginine at the C terminus (peptide NA-II). Both peptides were reacted

with 200 mM PGO in the dark for 30 min (Figs 2 C,D).

For peptide NA-I, the product of this peptide with one PGO had amass shift of 116.02 Da
(Product {2}, Fig. 1A; Peak 1, Table 1B) resulting in the product of 777.42 Da (Fig 2C),
while, the peak at 795.40 Da (Fig 2C) indicated the presence of product {1} from the reaction
between arginine and PGO. The addition of a second PGO resulted in the product of 896.41
Da, giving a mass shift of 232.03 Da (Product {4}, Fig 2A, Table 1B) and the product of

911.1 Da due to a mass shift of 250.04 Da (Product {3}, Fig 2A, Table 1B).

In a similar manner, the products of peptide NA-II with PGO showed the mass shifts of all
four products between arginine and PGO (Fig 2D, Table 1B). The peak of 1146.55 Da (Table
1B) corresponds to the mass shift of 116.02 Da (Product {2}, Fig 2A); the mass shift due to
product {1} (Fig 2A) is detected as the peak at 1164.52 Da (Fig 2D, Table 1B); the product
of two PGO reacting with one arginine are observed as the peak at 1262.58 Da (Fig 2D,
Table 1B) of product {4} and the peak at 1280.56 (Fig 2D, Table 1B) was due to product {3}.
In addition, for the mass shifts observed, only the arginine of peptide Il was modified by
PGO and there was no reactivity of its lysine or N-terminus towards PGO, in agreement with

previous work [28].
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The use of peptides with arginine residues in defined contexts demonstrated that 200 mM
PGO was likely to fully protect all of the arginine residues in a protein regardless of the
adjacent sequence. Moreover, the position of arginine in the peptides affected the formation
of the Schiff’'s base and types of products produced. However, these are resolvable by mass
spectrometry. The next step was to determine whether HPG could similarly fully react with

arginine residues.

HPG reactionswith arginine in model peptides

For the labelling step, HPG, which has the same dicarbonyl moiety as PGO, was chosen. In
general, HPG modifies arginine in a similar manner to PGO, but the rate of the reaction is
faster than that of PGO and it increases with pH, where pH 9-10 is optimal [35]. HPG forms a
single product with the guanidino group of arginine, which is stable at this pH (Fig 3A). The
two peptides FA and NA were used again to validate the reactivity of HPG toward to
guanidino group of arginine. HPG was dissolved in DMSO at 1 M and diluted stepwise to
500 mM and then 100 mM with 0.2M NaHG@H 9.5 and then reacted with the peptides FA

and NA for 10 and 30 min. Peptide FA was not entirely modified after reaction with 100 mM
HPG for 10 min (Fig 3B), as evidenced by the presence of two major peaks of unmodified
and HPG-modified peptide FA, indicating that this time was too short for the reaction to go to
completion. However, 100 mM HPG for 30 min modified all of the arginines in the FA
peptide (Fig 3B), since the peak of the unmodified peptide FA was no longer detected. In a
similar manner, HPG at 100 mM after 10 min reaction did not modify fully the arginines of
peptide NA, evidenced by the observation of two major peaks of unmodified and HPG-
modified peptide NA, whereas after 30 min, they were fully modified, as only one major peak
was seen (Fig 3C). These reactions with the model peptides demonstrated that HPG modifies
arginine to form a single product. The difference in the reaction between HPG and arginine

compared to that of PGO may be due to the presence of the hydroxyl group in HPG.
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Because the model peptides used here contained a small number of arginine residues in a
reasonably simple environment, it was not known whether these reaction conditions would be
applicable to a protein. Thus, the next issue to address was the ability of PGO to modify all
arginine side chains in a protein. Arg-C was used to digest the protein after modification and
so identify the unmodified arginine residues. These experiments used FGF2, which contains

eleven arginine residues, as a model protein (Fig 4).
Thereaction of FGF2 with PGO

The reaction between FGF2 and PGO was first conducted in the absence of heparin beads.
After buffer exchange, half of the protein was reacted with 200 mM PGO in the darfCat 25

for 60 min (Material and Methods, step 2) and the other half was used as a control. Native
FGF2 migrates as a band at round 18 kDa on SDS-PAGE (Fig 4A lane 1), but after digestion
by chymotrypsin or by Arg-C no bands were apparent, demonstrating the expected cleavage
of the protein by these enzymes (Fig 4A lanes 3 and 5). Reaction with PGO did not change
appreciably the migration of the FGF2 (Fig 4A lane 2, PGO treated FGF2, no enzyme), and
the modified protein was cleaved by chymotrypsin (Fig 4A lane 4). In contrast, PGO-
modified FGF2 was not cleaved by Arg-C, since a band corresponding to FGF2 was clearly

visible (Fig 4A lane 6). This suggests that all arginine residues of FGF2 were modified.

When FGF2 (Fig 4B- L) was loaded onto the heparin mini-column, no protein was observed
in the flow through (Fig 4B- lane FT) and wash fractions, indicating that FGF2 bound as
expected (Fig 4B- lanes FT and W). After the on-column reaction with 200 mM PGO, the
excess PGO was removed (Fig 4B- lane PGO PROTECT FT) and the column was washed by
Na-1 buffer (Fig 4B- lane PGO PROTECT W) before elution with Na-2 buffer (Fig 4B- lane
PGO PROTECT E) (Materials and Methods, step 2). No protein was detected in the PGO

PROTECT FT and PGO PROTECT W fractions, indicating that the FGF2 remained bound to
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heparin during the reaction. A band was observed in the elution fraction (Fig 4B-lane PGO
PROTECT E), which was similar in size and amount as the loading control (Fig 4B lane L).
This result indicated that protein was efficiently eluted from the column. A quarter of the
protein in the eluted fraction was incubated overnight with Arg-C or chymotrypsin and the
products of digestion were analysed by SDS-PAGE. In both cases, no band was apparent,
indicating that the enzymes had cleaved the PGO reacted FGF2 (Fig 4B PGO PROTECT
lanes 1 and 2). Thus, when FGF2 is reacted with PGO in solution, there is a complete
modification of arginine residues, but when the reaction is performed on FGF2 bound to
heparin, the modification is incomplete. This suggests that only arginine residues exposed to

solvent in heparin bound FGF2 were able to react with PGO.

The remaining half of the eluted protein (~20 pL) was diluted with Na-1 buffer until the final
concentration of NaCl was less than 0.2 M and then reacted in solution with PGO at 100 mM
final concentration. Half of this product was applied onto a mini heparin affinity column. The
flow-through fraction contained a band of almost identical intensity to the reaction product
(Fig 4C, lane FT) and there was no protein detected in the wash (Fig 4C, lane W) and eluted
fractions (Fig 4C, lane E) indicating that the FGF2 no longer bound to heparin. Thus, after
the second reaction (equivalent to the labelling step in the original lysine selective protect and
label [11]) the arginine residues in HBSs were blocked by PGO. The FGF2 reacted with PGO
a second time and recovered from the flow through fraction was also probed with proteases.
While chymotrypsin digested the FGF2 (Fig 4C lane 1), Arg-C was unable to do so, since
there was a band (Fig 4C lane 2) at the same size as the initial reaction product (Fig 4D -L)
and labelled FGF2 (Fig 4C - FT). Hence, the arginine residues protected after the initial on-
column reaction with PGO were successfully blocked in the second reaction of this FGF2

with PGO in solution.
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These data suggest that under the reaction conditions used PGO successfully modified the
side chains of all 11 arginine residues of FGF2, and that following PGO modification of those
arginine residues that remain exposed when FGF2 binds to heparin, the remaining arginine

residues on the eluted protein may also be successfully modified.

Thereaction of FGF1 with PGO

The same series of experiments were repeated with FGF1. In the absence of heparin beads,
after buffer exchange, half of the protein was reacted with 200 mM PGO in the dark, at room
temperature for 60 min (Material and Methods, step 2) and the other half was used as a
control. The expected cleavage of the native FGF1 (Fig 4D lane 1) by chymotrypsin or by
Arg-C was observed, evidenced as no detectable bands (Fig 4D lanes 3 and 5). Whereas the
PGO-modified FGF1 was cleaved by chymotrypsin (Fig 4D lane 4), it was not cleaved by
Arg-C, since a band corresponding to FGF1 was clearly visible in this case (Fig 4D lane 6).

This suggests that all arginine residues of FGF1 were modified.

When FGF1 (Fig 4E- L) was loaded onto the heparin mini-column, no protein was detected
in the flow through (Fig 4E lane - FT) and wash fractions,nor when PGO was applied (Fig
4E - PGO PROTECT FT and PGO PROTECT W lanes), indicating that the FGF1 remained
bound to heparin during the reaction. A band was observed in the elution fraction (Fig 4E-
lane PGO PROTECT E) lane, which was similar in size and amount as the loading control
(Fig 4E L lane). This result indicated that protein was efficiently eluted from the column.
When a quarter of the PGO reacted FGF1 was incubated overnight with Arg-C or
chymotrypsin, no band was apparent (Fig 4E PGO PROTECT lanes 1 and 2), demonstrating
that there remained unreacted arginine residues. After a second reaction of eluted protein with
PGO at 200 mM final concentration, chymotrypsin digested the FGF1 (Fig 4F lane 1), but

Arg-C was unable to do so, since there was a band (Fig 4F lane 2) at the same size as the
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initial reaction product (Fig 4F, lane L) and FGF1 reacted with PGO in solution (Fig 4F, FT

lane). Moreover, this eluted FGF1 subjected to a second reaction in solution with PGO failed
to bind to heparin column (Fig 4F, lane FT). Hence, the arginine residues engaged with
heparin in the initial on-column reaction with PGO were successfully reacted in the second

reaction of this FGF1 with PGO in solution.

Protect and L abel strategy for theidentification of arginineresiduesin FGF1 and FGF2

that bind heparin

There is a large body of published structural, biophysical and biological data relating to the
interactions of FGF1 and FGF2 with heparan sulfate and its experiment proxal heparin. FGF1
and FGF2 share a high level of similarity in structure and sequence, though they possess very
different isoelectric points, 6.52 and 11.18, respectively. FGF1 and FGF2 were loaded on to
AF-heparin mini columns and reactéd situ with 200 mM PGO (Fig 1) (Material and
Methods, step 1). The eluted proteins were then reacted for 60 min with 100 mM HPG in the
dark (Material and Methods, step 3) and processed for mass spectrometry (Material and
Methods, step 4). In parallel, FGF1 and FGF2 were reacted with 200 mM PGO in the absence
of heparin beads (Material and Methods, step 2). The native and modified proteins were then

cleaved by chymotrypsin (Material and Methods, step 5).

Peptides produced from digestions were predicted using two protein identification and

analysis tools, Protein Prospector (v 5.19.1 developed by the USCF Mass spectrometry
Facility) and Peptide Mass (ExPASYy). In both cases, these provided parameters included the
mass range from 500 Da to 4000 Da, maximum missed cleavages 5, monoisotopic only and
the enzyme used. For Protein Prospector, the oxidation of methionine was considered as the

variable modification, whereas it was not included by Peptide Mass (ExPASYy).
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To identify the reaction products of the arginine side chain and PGO, their structures and
masses were evaluated (Table 2). Depending on the stoichiometry of the reactions and the
loss of water, there were four possible products: 1:1 (1PGO: larginine), (Product 1- Fig 2A);
1:1 water-condensed, (Product 2- Fig 2A) and 2:1 product water-condensed, (Product 3, 4-
Fig 2A). Product 3 and 4 had different structures, but they led to the same mass shift for the
reacted arginine residue. The corresponding mass shifts resulting from these products are
provided in Table 2. The 250 kDa product (Supplementary Fig 2C) was not considered, as
neither of the two FGFs possess a terminal arginine. To identify arginine residues protected
by heparin binding, a second reagent was required, that would react similarly with arginine
side chains, but yield a product with a different mass. HPG was chosen for this purpose, and

this yields just a single, 1:1 product (Table 2, Fig 3).

Peptides from the native and modified proteins produced by enzyme cleavage were analysed
by MALDI-Q-TOF mass spectrometry. Following was the analysis of the mass spectra using

scriptsPGO-HPG mass predictor andMatchmaker .
Identification of arginine residuesin FGF2 involved in binding heparin

FGF2 has eleven arginine residues in the sequeitedR 48, 53, 69, 81, 106, 116, 118 and

129. The peptides generated from native FGF2 by cleavage with chymotrypsin were

predicted by Peptide Mass and Prospector, then filtered with the script PGO-HPG mass
predictor to remove peptides without arginine residues. Prospector predicted 158 peptides and
there were 126 peptides predicted by Peptide Mass with 100% sequence coverage,

demonstrating that all arginine residues could be analysed.

Protection of arginine residues on FGF2 by PGO in solution

To understand the accessibility of the reagent to arginine, FGF2 was reacted with 200 mM

PGO for 60 min in 0.2 M NaHC£pH 9.5. Peptides of the modified FGF2 were generated by
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cleavage with chymotrypsin and analysed by mass spectrometry. The modification on each
arginine residue was identified BYO-HPG mass predictor andMatchmaker. The resulting
peptides with information about modification, sequence,and final m/z are presented in

Supplementary Tables 1 and 2 and the spectra are in Supplementary Fig 3.

Among peptides predicted by Prospector, nine of them contained the reacted arginine
residues (Supplementary Table 1, Supplementary Fig 3). PGO product 1 (Fig 2A) was
observed in peptide 2 with'®, peptides 4, 5 and 8 withR and R*® peptide 7 with B and

R, R of peptide 3 reacted with PGO to generate product 2 (Fig 2A). Peptide 1 $kith R
peptide 6 with B showed a mass shift corresponding to products 3, 4 (Fig 2A). A mixture
of products was found in peptide 9 witfi?R48 and 53, as a combination of products 1 and 3.

It was noticed that only two out of three arginines on peptide 9 reacted with PGO, indicating
that one arginine was apparently not accessible to PGO in this context. Hence, the products of
ten arginine residues with PGO were identified, though a lack of reactivity of one arginine to
the reagents was also observed.

Using the predicted peptides from ExPASy, the number of peptide with modified arginine
residues was six, which completely overlapped with the list generated by Prospector

(Supplementary table 2).

Selective labelling of arginine residues on FGF2 by PGO and HPG on heparin mini column

PGO-HPG mass predictor and Matchmaker scripts were used to identify the peptides
containing the arginine residues that are labelled by HPG and therefore engaged with heparin.
The resulting peptides with information about modification, sequence, and final m/z are
presented in Tables 3 and 4 and the spectra are in Supplementary Figs S4 and S5).

After the protection step on the heparin affinity column with PGO and labelling with HPG

ten peptides with modified ariginines were identified (Table 3) (Supplementary Fig 4). Of
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these, four peptides (peptides 4, 8, 9 and 10) contained PGO protected arginine residues only;
peptides 1, 2, 3, 6 and 7 had a mass shift corresponding to the product of HPG (132.02 Da)
whereas, in peptide 5, a mixture of PGO and HPG products was observed (Table 3).

The first arginine on the sequence & Rsituated in the disordered N-terminal region
adjacent to beta strand |. Peptide 7 containifgHad a mass shift corresponding to HPG
(Table 3), indicating that this arginine engages heparin. From previously defined HBSs of
FGF2, R'is part of HBS-3 which locates to the N-terminus of the beta trefoil FGF (Fig 7).
Following on in the sequence aré®RR*®and R* which were detected on peptide 10. The
mass shift of this peptide corresponded to two 1:1 condensed products between arginine and
PGO. Hence, only two of the three arginines were modified by PGO, whereas one remained
unreactive to PGO/HPG(Table 3). This peptide was also observed with just two
modifications by PGO when the reaction was performed with FGF2 in solution in the absence
of heparin (Supplementary table 1, peptide 9). The presence of an unlabelled arginine is
surprising, since Arg-C could not cleave FGF2 after reaction with PGO and HPG (Fig 4A-C).
The question of which arginine was not accessible to PGO, HPG or trypsin is addressed later.
Next, Arg® and Ard* were protected by PGO, as observed in two sister peptides 8 and 9.
They cover the sequence from the loop between strand IV-strand V to a loop between strand
V-strand VI, in which K° has been defined as part of HBS-2. Peptide 9 is two amino acids
longer than its sister, but their reaction products are distinct. While peptide 8 showed a single
mass shift corresponding to the 2:1 condensed product, the 1:1 product was observed in
peptide 9, but only one of it's two arginine reacted with PGO and the other failed to react with
PGO or HPG. The MALDI-TOF data are not conclusive as to which arginine was modified in
each case and to whether PGO reacted with one arginine in both cases or it reacted with
different arginine residues. Interestingly, when FGF2 reacted with PGO in-solutidfi, Arg

and Ard" were both modified by PGO generating two 1:1 products (Supplementary table 1,


https://doi.org/10.1101/574947

bioRxiv preprint doi: https://doi.org/10.1101/574947; this version posted March 12, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

peptide 7). These differences between reaction products may be due tothe effect of either
higher concentrations of electrolytes in the reaction of the eluted protein with HPG or to a
long-lasting effect on protein conformation of heparin binding.

Two sister peptides, 2 and 3, containin’ Rom strand Vl/strand VIl loop (Fig 7) were
labelled by HPG (Table 3), indicating that this residue was involved in the binding of FGF2
to heparin. ® has not been shown in previous publications to be part of a HBSs (Fig 7).
Peptide 4 covers the sequence frotf° ko Y'*°, containing Ard”® in strand VIII (Fig 7)

which formed the 1:1 condensed product with PGO, resulting in the mass shift of 116 Da.
Peptides 1 and 5 contain two arginine residues® &d R in strand IX, assigned
previously though sequence alignment to HBS-2 (Fig 7) [13]. Peptide 1 showed a mass shift
corresponding to one HPG, indicating that one of these two adjacent arginines engaged with
heparin (Table 3). In peptide 5 there were two modifications, one from reaction with HPG,
one from reaction with PGO (Table 3). In solution, bott’Bnd R*® were modified by PGO
generating two 1:1 water condensed products (peptide 4 and peptide 5, Supplementary table
1). To answer the question of which of the arginine residues was bound to heparin, a
protection reaction with PGO on a heparin mini-column was followed by sequential digestion
for 5 hours with chymotrypsin then overnight with Arg-C. The peptides were analysed by
MALDI_TOF MS. As result, B*® of peptide 5 (Table 3) was cut by Arg-C, resulting in
peptide ™NTYRSR"® with a mass before modification of 795.4 and a mass after
modification of R by PGO of 1027.13 (Supplementary Fig 6). This observation
demonstrated that'® binds to heparin whereas R116 does not. The different behaviour of
peptides 1 and 5 may be due to the N-terminal location of the arginine residue causing the

loss of a PGO in some instances.
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The last arginine on the sequenc&’f strand X/strand Xl loop (Fig 7) showed a mass shift
of 132.02 corresponding to the modification by HPG (peptide 6, Table 3). This agrees with its

prior assignment to HBS-1[11][13].

Using Peptide Mass (ExPASY) to predict peptides generated from native FGF2 by cleavage
with chymotrypsin, Matchmaker found 12 modified peptides, summarized in Table 4
(Supplementary Fig 4). Ten of them overlap with the list generated by Prospector prediction.
The extra two peptides were sisters that showed a mass shift corresponding to HEGbn R

the canonical HBS-1 (Table 4).

L ocations of modified arginine residuesin the FGF2 structure

The canonical HBS of FGF2, HBS-1, has been characterized by many different methods,
including X-ray crystallography, NMR spectroscopy, and site-directed mutagenesis, while
evidence for its two secondary binding sites, HBS-2 and HBS-3, has also been acquired by
independent approaches [11,17,18,20,36,37]. The primary binding site (HBS1) consists of
Lys® and AsA® and the group of 17 amino acids from 128-144 (Fig 7) [17]. In addition,
HBS-3 was identified towards the N-terminus, which consists of 5 amino acids in the region

25-30, and HBS-2 is formed by Lysand Gly®, *L.MAK ® and Ly$*°[11,38].

HBS 1, Arg129 and Arg90

One arginine in HBS-1, & was labelled by HPG (peptide 6 _Table 3; peptides 4, 5 and
8 Table 4). HBS-1 is an extremely basic surface on FGF2 (Fig 5A) formed by Lys35, Asn36
on strand I/strand Il loop and residues in strand X/strand Xl loop, strand XI and strand
Xl/strand XII loop (Fig 7). The double mutation R129A/K143A dramatically reduced the
binding of the protein to a heparin affinity column [17]. In additiof’& highly conserved

inthe FGF family and it aligns to ® of FGF1, which engages heparin, as shown

previously[13].
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The location of ® on the surface of FGF2 has suggested that this arginine is a part of HBS-1
(Fig 5A). Peptides 2 and 3 (Table 3 and Table 4, respectively) demonstratedtieaicied

with HPG and hence is bound to heparin. The involvemen?&ihmeparin binding has been
suggested by a docking model to be an indirect interaction through an intervening water
molecule to the GIcNSO3Jyroup of glucosamine 5 (GIcNS, -5) at the reducing end of the

sugar ligand [17][18].

HBS-2, Arg118

HBS-2 comprises amino acids scattered in sequencé’, I and ™ *RSRK!*®. Sequence
alignment, following the selective labelling of lysine residues, suggested tfaariRl R

were part of HBS2 [30]. However, the selective labelling of arginine residues demonstrates
R*8put not R*®is bound to heparit®®RK**°is separated from HBS1 by an acidic boundary

(Fig 5B), and hence likely to constitute a distinct binding site.

Re-assignment of K% to HBS1

The selective labelling of lysine has identifie§°kas part of the secondary HBS2 [13].
However, on the surface 2Kis adjacent to R of HBS1 and situated on a positively charged
region (Fig 5B). These observations prompted us to propose the re-assignméfttof K

HBS1 rather than HBS2.

HBS-3, Arg31

HBS-3 is located N terminal to strand beta | (Fig 7). The lysine selective labelling of FGF2
found K*° to be biotinylated and ¥ to be acetylated, implying the involvement of K30 in
heparin engagement [13]*Reacted with HPG (Peptide 7 — Table 3, Peptide 9 — Table 4) so

can be considered to be part of HBS3.

Re-assignment of K™ to HBS3
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Interestingly, K°, which was considered as part of HBS2 by the selective labelling of lysine
[13], is distant fromt'®RK™'° of HBS2. On the other hand, it is close t& End R* of HBS3
(Fig 5C) in a continuous positively charged area of the protein’s surface. Hence, we propose

that K™ of FGF2 is part of HBS3, not HBS2.

HBS3 has two mutually exclusive partners: HS and FGFR

The structure of a co-crystal of FGF2 and FGFR1c (1CVS) [39] indicated that N-terminal
segment of FGF2 interacts with the third immunoglobin loop of FGFR1. In particufanf K
HBS3 forms a hydrogen bond with the side chain of GIn-284 and Asp-282 of FGFR1 [39]. In
addition, sequence alignment data demonstrated fatrid R* were aligned to & and R°

of FGF4, respectively, which have been shown to interact with FGFR1 [40]. These
observations imply that HS and FGFR are mutually exclusive binding partners of HBS3, and
these amino acids may switch partners during the formation of the receptor signalling

complex.

Arog42 of FGF2 istrapped in an intramolecular network of hydrogen bonds

R*of FGF2 (peptide 3 — Table 4) was not modified by PGO in the in solution context or on
the heparin affinity mini column and was not a site for Arg-C cleavage. This implies that this
residue may have intramolecular interactions, which are sufficient to prevent significant
interactions with solvent (Supplementary Fig 7). The stick structure of FGF2 illustrates that
the side chain of #is 0.29 nm and 0.38 nm from the side chain 3t D.29 nm and 0.38 nm

to that of O’ and 0.34 nm and 0.38 nm to that of*\(Supplementary Fig 7). These
measurements suggested that the guanidino group“ois Rngaged in an intramolecular
hydrogen bond network with the side chains 8tand D, the invariant residues in the FGF
family, with the side chain of 4 forming a hydrophobic environment for the aliphatic

portion of the arginine side chain. These interactions hold the side chalharfdRso prevent
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the access of Arg-C and PGO/HPG. This intramolecular networkofiR’, V*?and O’
may serve to restrict the conformational freedom of the four antipgsatednds I, II, 11l and

V.

Identification of arginine residues on FGF1 engaging heparin by Protect and Label

strategy

FGF1, originally called acidic fibroblast growth factor due to its isoelectric point (pl) 6.52,

has six arginine residues of which, onl{*fand R*'located in HBS1 have been previously
identified as interacting with heparin. The other arginine residues *r&® 52 and 103.
Solvent-exposed arginine residues in heparin-bound FGF1 were protected with PGO and
following elution of the FGF1, any arginine side chains engaged with the polysaccharide
were labelled with HPG. The resulting peptides with information about modification,
sequence, and final m/z are presented in Tables 5 and 6 and the spectra are in Supplementary

Figs 8 and 9).

Prospector

Prospector predicted 148 peptides after cleavage of FGF1 by chymotrypsin with 100%
sequence coverage, indicating that all six arginine residues would be included in the analysis.
However, analysis of the data with Prospector did not identify a peptide contaifing R
(Table 5) indicating that coverage was incomplete. Subsequently, the filter and analysis
identified ten peptides with HPG-labelled arginines (Table 5) (Supplementary Fig 8).

R>® and R? from beta strand lll/beta strand IV loop (Fig 7) were found in peptide 8 (Table 5)
and this showed a mass shift of two HPG products, indicating that both arginines were bound
to heparin. B from beta strand VIII (Fig 7) reacted with HPG as observed in peptides 1, 2,

9 (Table 5), indicating the binding of this arginine to heparin.
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The engagement of Band R*’ in the HBS1 of FGF1 to heparin was demonstrated by HPG
modification and a mass shift of two HPG products were found in peptides 4, 5, 6 and 10
(Table 5). However, peptide 3, which also contaift§ &d R*’, only showed the mass shift

of one HPG (Table 5, Supplementary Fig 13), meaning that one arginine had not reacted.
Peptide 3 is identical to peptide 4 and overlaps with peptides 6 and 10. The mass shift of
peptide 7 (Table 5, Supplementary Fig 8) is a combination of one HPG product and one 2:1
condensed product of reaction with PGO. Together these data suggest that #hilrdR

R'®’ are engaged to heparin, one of them may dissociate in the time of the protection step and
so react with PGO, and moreover, may engage in intramolecular bonds rendering it resistant

to reaction.

Peptide Mass (ExPASY)

In the case of FGF2, Prospector and ExPASY demonstrated a high level of overlap in terms
of peptides containing modified arginine residues but, their predications are more diverse for
FGFL1. Nine peptides with modified arginines were identified when Peptide Mass (ExPASY)

was used as the starting point for the analyses (Table 6, Supplementary Fig 9), but only two

of them appeared in the list generated by Prospector, peptides 2 and 8.

R* R*%and R*were in peptides 7 and 8 (Table 6). Three products are observed in peptide 7,
in which, only two products of arginine and HPG were detected, the other is a 2:1 product of
PGO and arginine. In the case of peptide 8, the mass shift was attributed to two products of
arginine with HPG, implying a lack of long-lasting reaction between one arginine with PGO
or HPG. With the additional evidence from peptide 8 (Table 3) generated byProspector, it

could be concluded that HPG reacted witff &d R2

R from beta strand VIII was labelled with HPG, resulting in a mass shift of HPG in five

peptides, 1, 2, 4, 5 and 9 (Table 6), demonstrating its involvement in heparin binding.
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R™*and R® of HBS-1 were labelled by HPG as observed in peptides 3 and 6 (Table 6).
L ocations of modified arginineresiduesin the FGF1 structure

Previous work demonstrated that FGF1 has three regions on its surface that engage heparin:
the canonical HBS-1 and the secondary binding sites, HBS-2 and HBS-3[13,41,42]. The core
of the canonical heparin binding site of FGF1 is almost aligned to that in FGF2 (Fig 7), and
extends from beta strand IX/beta strand X loop to beta strand Xl/beta strand XlI loop (Fig 7)
as evidenced by X-ray crystallography and NMR spectroscopy[13,43—-45]. Lysine directed
protect and label identify HBS-2 ¢ K% in beta strand IX of FGF1, but do not
includebeta strand VI as in FGF2[13] and HBS-3, which locates towards the N-terminus, and

consists of B* K2 and K.

HBS-1, Argl34 and Argl37

The canonical HBS-1 is highly conserved within the FGF sub-family in terms of both
sequence alignment and structure. In terms of sequence, HBS-1 in FGF1 has a high density of
basic residues. The selective labelling of lysines identified Lys-127, 128, 133 and 143 as
interacting with heparin. The present data demonstrate tfiaaiRd R*’ (peptides 3, 4, 5, 6,

7 and 10, Table 5; peptides 3 and 6, Table 6; Fig 6A) also bound to heparin. The involvement
of R™*in heparin binding of FGF1was indirectly evidenced in an NMR structure of FGF1
with inositol hexasulfate as a substitute for heparin [43]. Subsequently a direct involvement
was shown using a synthetic heparin hexasaccharide which caused a chemical shift

perturbation of B’ [44,45].

FGF1 may have a single continuous HBSL1.

Although FGF1 has an acid pl, its charged residues are segregated on its surface so that it

possesses a largely basic face and a largely acidic face (Fig 6). With the additional data
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provided by arginine selective labelling we were able to re-examine the assignment of the

basic residues to the different HBSs.

R'%in beta strand VIII (Fig 7) was labelled by HPG (Tables 5, 6).0On the surface of FGF1,
this arginine is adjacent to HBS1 and connected to HBEXX !’ (Fig 6 B — lower panel).

This suggests that'® is part of HBS1. Both ® and R?in FGF1 were labelled by HPG,
indicating that they interact with heparin’Rnd R?locate on the loop between beta strand

Il and beta strand IV (Fig 7). Although separated by an acidic Asp51 residue (Fig 7),
inspection of the surface electrostatic potential shows that there is no acidic boundary
between these arginines (Fig 6A, C), presumably because the Asp side chain is involved in a
local hydrogen bonding network. Notably>’Rand R? are on the same basic face of the
protein, as is the previously defined HBS3 (Fig 6 C). These arginines connect HBS1 and
KK ?® and K’ in HBS3 of FGF1 (Fig 6 C), implying thatRand R?as well a$*KK?® and

K?'are part of HBS1.

In conclusion, we propose here that FGF1 has a single long, continuous HBS1, which
comprises”’KK? and K’at the N-terminus of beta strand °°Rand R? betweenp strand

l1I/ B strand 1V, going through ¥/, K8 R™* R™’ and K**in p strand Xp strand XI, R%

in beta strand VIII and*®K*!" in beta strand IX. Thus, although the position of most of
these residues in the FGF1 structure is similar to that in the structure of FGF2, differences in
the surface distribution of the acidic side chains in the two proteins lead to these sites likely

coalescing in FGF1.

These data demonstrate that although FGF1 and FGF2 are in the same sub-family and,
possess a high level of sequence conservation, they may differ in their interactions with
heparin/HS. FGF2 has the primary and the secondary binding sites separated by acidic

boundaries implying that they may engage different polysaccharide chain. Indeed, this is
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supported by the demonstration that FGF2 can crosslink HS chains [46]. However, FGF1
possess a continuous HBS suggesting that it can bind a single HS. Analysis of the interactions
of FGF1 with HS demonstrates that unlike FGF2, it does not crosslink HS chain [47]. This is

consistent with FGF1 possessing a single, large HS binding site.
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Conclusion

Our strategy for selective labelling of arginine side chains involved in binding to heparin,in
combination with our published data on lysines, allows a greater dissection of the
electrostatic bonds that drive the interactions between proteins and GAGs. The results with
the model peptides illustrated the highly selectivity and specificity of PGO/HPG modification
of the guanidino group of arginine. One of the main limitations is the multiple products from
reaction with PGO, but ourstrategy of integratingmass spectrometry and automated analysis
successfully tackled this issue. The data on proteins show that: 1) heparin binding effectively
protects the arginine residues engagedwith the polysaccharide, allowing the protection of
uninvolved arginines with PGO;2) the recovery of protein after the elution from heparin
affinity mini-column is reasonably quantitative; 3) the automated analysis is sensitive enough
to identify the modifications of each arginine residue. The method is rapid and so should be
applicable for any protein-heparin interactions. Moreover, like lysine selective labelling, our
arginine labelling method identifies the secondary, low affinity binding sites. The likely
importance of these in contributing to the structure of extracellular matrix and the regulation
of ligand diffusion is suggested by a recent biophysical analysis [46]. As well as protein-
sulfated GAG interactions, the method should be adaptable to any interactions involving

arginine residues such as protein-nucleic acid and protein-phospholipid.

The identification of arginines engaging heparin in FGF1 and FGF2 alongside the lysines
involved in binding provides a number of new insights. For example, we are able to propose
the reassignment of HBSs in both FGF2 and FGF1 and intriguingly, FGF1 would appear to
have just a single, large HBS1, similar to FGF9 [13]. In addition, the data demonstrate that
the arginine just N-terminal tB-strand I, which in at least some instances are involved in

binding the cognate FGFR, can alternatively bind heparin.
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Figurelegends

Figure 1: Workflow for selectivelabelling of arginine residuesin proteins

A. Thearginine protect and label experimental workflow. There are four main steps in the
workflow. In the first step, the engagement between protein and heparin affinity beads results
in the exposure to solvent of only the non-binding-involved arginine residues. The second
step is protection by PGO of these exposed arginine side chains. The protein is then
disassociated from heparin with 2 M NacCl, so that the arginine residues in heparin binding
sites are available for labelling with HPG in the third step. Finally, proteins are digested by
enzymes and peptides are analysed by MALDI-Q-TOF mass spectroefgalytical
workflow for the identification of modified peptides: B1-1, 2. The corresponding mass and
sequence of peptides after enzyme digestion were predicted by Prospector and Peptide Mass.
B1-3. The peptides were then processed by REO-HPG mass predictor Python script,

which added the possible mass shifts after modification by PGO or HPG on each peptide
based on the number of arginine residues in the native seqBdréeThis step provides the
theoretical list of modified peptideB2. The second step starts with the list observed list of
peptides from MALDI-TOF MS data, which contains the information of the m/z and intensity
of each peak.B3. Components in the predicted and observed lists are then matched by the
Matchmaker Python script with a tolerance of difference of less than 0.1H2a.The
modified arginine residues were mapped onto the 3D structure of proteins back to identify

their locations.
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Figure 2: Optimization of the reaction between PGO and arginine residues on peptides.

A. The description of the stoichiometry of PGO with arginine. Initially, PGO reacts with

the guanidine group of arginine to form a first product (Product 1), which may then condens
with the loss of a water molecule through a reversible process to yield product 2. The 2:1
water condensed product of PGO and arginine may appear in the presence of excess PGO
(product 3 or product 4), which have the same niadsglass spectra of peptide FA reacted

with PGO. The reaction between FA and 200 mM PGO was conducted in the dark, for 30
min at 25C. There are six products observed. The products between FA and one PGO were
demonstrated as three major peaks of 1139.60 Da, 1255.61 Da and 127568 Bxaction

of FA with two PGO results in three peaks, numbered 4, 5 and 6 with the mass of 1388.62;
1410.60 and 1523.6T. Reactions of arginine residues located at N- or C-terminus of a

peptide. Peptide NA was cleaved by trypsin to generate two peptides: i) NA-I: RPYIL, mass
661.38 Dawith arginine at the N terminus and ii) NA-Il: LYENKPR, mass 1030.53 Da with
arginine at C terminus. Both peptides were reacted with 200mM PGO in the dark for 30 min.
After the reaction, each peptide showed 4 products, indicated by the arrows and numbered 1,

2, 3 and 4.
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Figure 3. Optimization of the reaction between HPG and arginine residues on peptides.

A. The reaction of HPG and arginine. There is a single product generated after reaction
between HPG and guanidino side chain of arginine resi@uédass spectra of FA reacted

with HPG. The reaction between FA and 100 mM HPG was conducted in the dark, for 10
min (Upper panel) and 30 min (Lower panel), at®25At 10 min, the original FA with the
mass of 1023.5 is observed along with and (FA+HPG) with a mass shift of 1156.6. At 30
min, only the product (FA+HPG) was observ€d M ass spectra of NA reacted with HPG.

The reaction between FA and 100 mM HPG was conducted in the dark, for 10 min (Upper
panel) and 30 min (Lower panel), at @5 At 10 min, the original NA and along with the
reaction product (NA+HPG) were detected. At 30 min, only the product (NA+HPG) was

observed.
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Figure 4. Selective labelling of arginine residues in the heparin binding sites of FGF2

and FGF1. The reaction between PGO and FGF2 or FGF1 was conducted in solution and or
when bound to heparin beads in the dark, aZbr 60 min. The protein eluted from the
column was further reacted with PGO in the same conditions. The products collected after
reactions were incubated with chymotrypsin or Arg-C, a€3dvernight. All samples were
analysed by SDS-PAGHR. Reactions of FGF2 with PGO. Lane 1: 1/10 of the native FGF2
used in the in solution experiment; lane 2: 1/10 of the protein after the reaction with 200 mM
PGO; lane 3: products of the digestion of native FGF2 by chymotrypsin; lane 4: products of
the digestion by chymotrypsin of PGO-modified FGF2; lane 5: products of the digestion by
Arg-C of native FGF2; lane 6: products of the digestion by Arg-C of PGO-modified FGF2.
B. The reaction of FGF2 bound to heparin affinity column with PGO. L, 1/10 of the
protein loaded onto the column; FT, 1/10 of the flow through fraction; W, 1/10 of the fraction
washed with Na-1 buffer;, PGO PROTECT FT, flow through fraction after the reaction
between FGF2 and PGO; PGO PROTECT W, wash fraction after the reaction with PGO;
PGO PROTECT E, Eluate from the column with Na-2 buffer; PGO PROTECT lane 1: the
protein in the elution was digested with chymotrypsin; PGO PROTECT lane 2: the protein in
elution was digested with Arg-GC. Labelling of arginine residues in binding sites of

FGF2. FGF2 from the eluate (panel B, fraction PGO PROTECT E) was reacted with PGO at
a final concentration of 100 mM for 60 min. The product from this the second reaction was
loaded onto a heparin affinity minicolumn. L, 1/10 of the FGF2 labelled by PGO; FT, the
flow through the minicolumn; W, 1/10 of the wash with Na-1 buffer; E, Elution with buffer
Na-2; lane 1, the labelled FGF2 in FT fraction was digested by chymotrypsin; lane 2, the

labelled FGF2 in FT fraction was digested by Arg-C.

D. Reaction of FGF1 with PGO. Lane 1: 1/10 of the native FGF1 used in the in solution

experiment; lane 2: 1/10 of the protein after the reaction with 200 mM PGO; lane 3: products
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of the digestion of native FGF1 by chymotrypsin; lane 4: products of the digestion by
chymotrypsin of PGO-modified FGF1; lane 5: products of the digestion by Arg-C of the
native FGF1; lane 6: products of the digestion by Arg-C of PGO-modified FEFLhe
reaction of FGF1 bound to heparin affinity column with PGO. L, 1/10 of the protein
loaded onto the column; FT, 1/10 of the flow through fraction; W, 1/10 of the fraction
washed with Na-1 buffer; PGO PROTECT FT, flow through fraction after the reaction
between FGF1 and PGO on the mini-column; PGO PROTECT W, wash fraction after the
reaction with PGO; PGO PROTECT E, Eluate from the column with Na-2 buffer; PGO
PROTECT lane 1: the protein in the elution was digested with chymotrypsin; PGO
PROTECT lane 2: the protein in elution was digested with Ar§-C.abelling of arginine
resduesin binding sites of FGF1. FGF1 from the eluate (panel D, fraction PGO PROTECT

E) was reacted with PGO at a final concentration of 200 mM for 60 min, the product of this
second reaction was loaded onto a heparin affinity minicolumn. L, 1/10 of the FGF1 labelled
by PGO; FT, the flow through the minicolumn; W, 1/10 of the wash with buffer Na-1; E,
Elution with buffer Na-2; lane 1, the labelled FGF1 in FT fraction was digested by

chymotrypsin; lane 2, the labelled FGFL1 in FT fraction was digested by Arg-C.
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Figure 5: Labelled arginine and lysine residues in heparin-binding sites of FGF2. The

FGF2 structure (PBD codgbfg [44]) is shown as a surface.The electrostatic potential of
FGF2 and FGF1 was computed using Poisson-Boltzmann algorithm by Swiss-PDBView with
the positively charged areas coloufdde and the negatively charged areas colouesti
Labelled lysine residues [11,13] are presentegtliow. Labelled arginine residues (Tables 3,

4) are colouredyreen. This colour scheme for electrostatic potential is used throughout the
paper including Figs 5,6A. Basic residues in HBSL. R'* of the canonical HBS-1. Other
basic residues in HBS1 include® K% K% k% [11,13]. R° and K® which are now
assigned to be part of HBS1 by this work are sh@viBasic residuesin HBS2. Location of
R'"8and K'° are shown on the surface in relative to the rest of HBS-2. All the basic residues

in HBS1 can also be seen from this viewpoint as W&zIBasic residues in HBS3. Location

of K3 R and K°.
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Figure 6: Labelled arginine and lysine residues in the heparin binding sites of FGF1.

The FGF1 structure (PBD coderm [44]) is shown as a surfacA. Location of labelled

R%®, R% R™ and R™ on the surface as part of the canonical HBS-1. The other basic
residues are ¥’, K*?8 K3 k¢ and K*"[13]. K**®and K’ which previously were part of
HBS-2, now are assigned to be in HBS1 by this wBtUpper) The location of is mapped

to the surface, on the electronegative surféicewer) The connection of °to HBS1.C.
Locations of K?* K? and K2’ [13] situated at the N-terminal are shown along with locations
of R and R? K?* K?® and K’ have been reassigned from HBS-3 [13] to HBS-1 in this

study.
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HBS-1
FGF1 1 MAEGEITTFTALTEKFN---LPPGN{RRPRLIYCSNGGHFLRILPDGTVD 47
HBS-3
FGF2 1 MAAGSITTLPALPEDGGSGAFPPGH{RDPRR}YCKNGGFFLRIHPDGRVD 50
Ly [Pz > [
HBS-1
FGF1 ag GDQHIQLQLSAESVGEVY1KSTETGQYLAMDTDGLLYGSQTPNEE 97
HBS-1
FGF2 51 GVREKSDPHTKLQLQAEERGVVSTKGVCANRYTLANKEDGRI.IASKCVTDE 100
e > [85 > [ g8 Cez >
HBS-1 HBS-1 HBS-1
FGF1 98 CLFL]@EENHYNTYIAEKNWFVdLM{NGSCKRGPRTHYGQKhILF 147
HBS-2 HBS-1
FGF2 101 CFFFERLESNNYNTYR T- - SWYVALRKRTGQYKLGSKTGPGQRAILF 148
B8 :> [ B9 Bi0_ > pii > pJ@>
FGF1 148 LPLPVSSD- 155

FGF2 149 LTMSAKS— 155

Figure 7: Sequence alignment of FGF2, FGFland location of labelled arginine and
lysine residues in the heparin binding sites. Uniprot ID of FGF2 sequence is, P09038-2,
Uniprot ID of FGF1 sequence is P05230. Labelled arginine residues are colouest] in
labelled lysine residues are colouredbine, the HBSs are highlighted in red boxes. Phe

strands are presented as the arrows.
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Tables

Table 1: Reactions of arginine residuesin peptide FA with PGO

A. Screen for the conditions for PGO reaction on model peptide FA. Peptide FA at three
different concentrations (100 mM, 200 mM, 1M) reacted with PGO at two different times (5
min and 30 min). (X) corresponds to “does not react” and (V) indicates that the reaction

between peptide and PGO was detected.

Concentration | 100 mM 200 mM 1M
Time
FA 5 mir X vV X
WQPPRARI
MW: 30 mir X V X
1023.58 Da

PGO 200 mM for 30 min

Products Mass (Da) Shift

1 1139.60 116.02

2 1255.61 232.03

3 1275.58 252.0

4 1388.62 116.02+250.04
5 1410.60 232.03+250.04
6 1523.6° 250.04+250.0

B. Screen for the products for PGO reaction on model peptide NA.Peptide NA was pre-
treated by trypsin to generate two peptides: NA-I and NA-Il. The resulting peptides reacted

with PGO at concentration of 200 mM for 30 min.

Peptide NA
(p-Glu-LYENKPRRPYIL) PGO200 mM for 30 min)
peptideNA-I: RPYIL peptideNA-I1: YENKPR
MW: 661.38 Da MW: 1030.53 Da
Products Mass (Da) Shift Products Mass (Da) Shift
1 777.4. 116.0: 1 1146.5! 116.0:
2 795.40 134.03 2 1164.52 134.03



https://doi.org/10.1101/574947

bioRxiv preprint doi: https://doi.org/10.1101/574947; this version posted March 12, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

896.4:

232.0¢

1262.5t

232.0¢

911.4¢

250.0¢

1280.5¢

250.0¢



https://doi.org/10.1101/574947

bioRxiv preprint doi: https://doi.org/10.1101/574947; this version posted March 12, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 2: Products of PGO/HPG and ar ginine side chains with cor responding mass shift

The summary of the products between PGO/HPG and arginine side chains.The first PGO
reacts with the guanidino group to producel:1 product (Fig 2A, product [1]), which could
then reversibly release a hydroxyl group from glyoxal, resulting in the 1:1 product water-
condensed product (Fig 2A, product [2]). Following is the reaction of a second PGO
molecule (if sufficient reactant) onto either a nitrogen of the guanidino group of arginine (Fig
2A, products [3]) or the carbonyl group of the first PGO (Fig 2A, products [4]) to form the

final 2:1 product water-condensed product.

# of product Product M ass shift
Figure 2A 1 1:1 product 134.04
Figure 2A 2 1:1 product water-condensed 116.02
Figure 2A 3 2:1 product 252.04
Figure 2A 4 2:1 product water-condensed 232.04

Figure 3A HPG 132.02
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Table 3: FGF-2 peptide analysis based on prediction by Prospector. The reference number of the peptide is followed by the predicted m/z and with fhe

sequence of the peptide following cleavage of native FGF-2 by chymotrypsin. The two columns under “Native FGF-2" present the predicted g/

46 undsid Axgpig

sequences of peptides after chymotrypsin digestion of FGF-2.The first two columns under “FGF-2 protect and label (P&L)" present the observed and pr

paleI.

=y

m/z for FGF-2 after modifications of arginine residues. The third column is the assignment of the peptide to one of the three HBSs of FGF2[11,13]

=

25

columns indicates the modification occurring on the arginine residues of the peptides. B3

36

<.

25
. 1 =

Native FGF-2 FGF-2 protect and label (P&L) a-ﬁ

m/z theor etical Sequence m/z observed m/z theor etical Published HBS™. Modifications 3§

g

1 996.54 HRSRK Y TSW3 1144.62 1144.56 HBS2 (R'®and R'® | 1 R + 132HPG) and oxidation 32

=<

2 1032.55 8AMKEDGRLL™ 1180.59 1180.59 HBS2 (R°) 1 R + 132HPG) and oxidation 2 g

=S

3 1032.55 ¥ AMKEDGRL™ 1180.59 1180.59 HBS2 (R 1 R + 132HPG) and oxidation >3

=9

4 1318.61 1®FFERLESNNY*® 1434.63 1434.61 1R +11§PGO) s3
ry r} 7]

5 1374.69 ENTYRSRK Y TW* 1738.82 1738.74 HBS2 (R™) 2 R+ 13(HPG) + 232 3 5

(]

6 1439.84 % VALKRTGQYKL™® 1587.85 1587.86 HBS1 (R%) 1 R + 132HPG) and oxidation % g

7 1525.79 ?’'K DPK RLYCKNGGF* 1673.79 1673.82 HBS3 (R 1 R + 132HPG) and oxidation ;g

5 o~

8 1979.01 **QAEERGVVS K GVCANRY 2211.15 2211.08 HBS2 1 R +232PGO) 3 f
c

9 2220.16 $3QLQAEERGVVI K GVCANRY®#? 2353.17 2353.15 HBS2 (R°and R') | R + 133(PGO) f 3

10 2537.41 4 RIHPDGRVDGVREKSDPHIKL5? 2769.45 2769.45 2R+ 116 x PPGO x2) § 3

2

£

=ge)

£8

EE

33

7R

5T

S o

=

=

! P&L: FGF-2 reacted in solution with PGO when bound to a heparin affinity column (protection step) and then, following elution, reaction of any protected arginine residues with HP
(labelling step).

JOU sem yaym,

’> The bolded amino acids are a part of the known HBSs which were noted in c6lwhRGF-2 on column.
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Table 4: FGF-2 M S analysis based on prediction by Peptide Mass (ExPASy). The reference number of the peptide is followed by the predicted m/z agd

N

with the sequence of the peptide following cleavage of native FGF-2 by chymotrypsin. The two columns under “Native FGF-2" present the predictedﬁn

3

sequences of peptides after chymotrypsin digestion of FGF-2.The first two columns under “FGF-2 protect and label (P&L)” present the observed and Pr
=2

m/z for FGF-2 after modifications of arginine residues. The third column is the assignment of the peptide to one of the three HBSs of FGF2[11,13]§3.£h
g8
columns indicates the modification occurring on the arginine residues of the peptides. 83
35
=
Native FGF2 FGF-2 (P&L)® 25
m/z theoretical Sequence m/z obser ved m/z theor etical Published HBS' M odifications Z’%

>0
1 996.54 HRSRKYTSW® 1144.63 1144. 56 HBS2 (R“and R™) | 1 R + 13XHPG) and oxidation o
2 S
2 1032.55 %L AMKEDGRL" 1180.59 1180.58 HBS2 (R9) 1R + 132(HPG) and oxidation ;r'g
3 1032.55 ®AMKEDGRLL" 1180.59 1180.58 HBS2 (RY) 1 R + 132HPG) and oxidation g g
4 1198.6¢ YVALKRTGQY ™ 1362.6: 1362.6° HBS1 (F) 1R + 132(HPG) and oxidatiol ig
14 C. =0
5 1276.7° VALKRTGQYKL™ 1408.7: 1408.7 HBS1 (F%) 1R + 132(HPG) g2
oQ
6 1318.6: "FFERLESNNY"" 1434.6: 1434.6: 1R + 116(PGO) 25
7 1374.6¢ NTYRSRKYTW 1738.8: 1738.7: HBSZ 2 R+ 132(HPG) + 232 § %
@D N
8 1439.84 %Y VALKRTGQYK L™ 1587.85 1587.86 HBS1 (R%) 1R + 132HPG) ;“B
9 1525.79 “’K DPKRLYCKNGGF* 1673.79 1673.82 HBS3 (RY) 1R + 132HPG) % E
c

10 1979.01 ®*QAEERGVVIKGVCANRY¥ 2211.15 2211.08 HBS2 1R + 232PGO) f f
=0
1 2220.15 **QLQAEERGVVS K GVCANRY ™ 2369.17 2369.15 HBS2 (R°and RY) | 2R + 13(PGO) %g
«Q
12 2537.4: 1 RIHPDGRVDGVREKSDPHIKL** 2769.2° 2769.2¢ 2 R + 116 x (PGOx2) gg
£5
S -
23
17,) [%2]
5T
S o
=
=

* P&L: FGF-2 reacted in solution with PGO when bound to a heparin affinity column (protection step) and then, following elution, reaction of any protected arginine residues with HP
(labelling step).

JOU sem yam,

* The bolded amino acids are a part of the known HBSs which were noted in c6lwhRGF-2 on column.
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Table 5: FGF-1 MS analysis based on prediction by Prospector. The reference number of the peptide is followed by the predicted m/z and with

B

1€

d AIX

sequence of the peptide following cleavage of native FGF-1 by chymotrypsin. The two columns under “Native FGF-1" present the predicted m/z and sec

u

of peptides after chymotrypsin digestion of FGF-1.The first two columns under “FGF-1 protect and label (P&L)” present the observed and predictqﬁqé_rn

FGF-1 after modifications of arginine residues. The third column is the location of arginine residues of HBS-1 of FGF-1. The final columns indi

modification occurring on the arginine residues of the peptides.

Native FGF-1 FGF-1(P&L)®

m/z theoretical | Sequence m/z observed m/z theoretical | Arginine of HBS1 Modifications
1 1349.65 100F| ERLEENHY*® 1481.67 1481.63 ¢ 1R + 132(HPG)
2 1467.65 10ERLEENHYNTY* 1599.67 1599.69 ¥ 1R + 132(HPG)
3 1901.03 12%/GLKKNGSCKRGPRTHY 2033.05 2033.07 ¥'and R¥ 1R + 132(HPG)
4 1901.03 12%/GLKKNGSCKRGPRTHY 2165.07 2165.07 ¥ and R¥ 2R+ 132(HPG) x 2
5 2048.10 12%FVGLKKNGSCKRGPRTHY *° 2312.14 2312.14 ¥ and R¥ 2R+ 132(HPG) x 2
6 2389.30 12K KNGSCKRGPRTHYGQKAILF 2653.34 2653.30 ¥ and R¥ 2R+ 132(HPG) x 2
7 2389.30 12lKKNGSCKRGPRTHYGQKAILF 2753.39 2753.30 ¥'and R¥ 2R + 132(HPG) + 232
8 2633.37 “ILPDGTVDGTRDRSDQHIQLQL* 2897.42 2897.39 Rand R? 2R+ 132(HPG) x 2
9 3105.55 192ERLEENHYNTYISKKHAEKNWFVGL *2° 3253.57 3253.49 ¥And HBS-2 1R + 1372HPG)
10 3197.74 12K KNGSCKRGPRTHYGQKAILFLPLPVSSD™® | 3461.88 3461.78 ¥ and R¥ 2R+ 13(HPG) x 2

® P&L: FGF-1 reacted in solution with PGO when bound to a heparin affinity column (protection step) and then, following elution, reaction of any protected arginine residues with HP

(labelling step).

ny

Rd

e

‘uoissiwad INOYIM pamolje asnal ON ‘PaAlIasal SIybu || “Japunyioyine ayl si (Malnal Jaad Ag g1

) uudaud siy 1oy 1spjoy 1yBuAdod syl "6TOZ ‘ZT YaIeN paisod uoIsIaA sIy) i/ 16%7/S/T0TT 0T/610 10D/

10U SeNGHIIYM
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Table 6: FGF-1 MS analysis based on prediction by Peptide Mass. The reference number of the peptide is followed by the predicted m/z and with

g

X

d AIX

sequence of the peptide following cleavage of native FGF-1 by chymotrypsin. The two columns under “Native FGF-1" present the predicted m/z and sec

u

of peptides after chymotrypsin digestion of FGF-1.The first two columns under “FGF-1 protect and label (P&L)” present the observed and predictgﬂoén

FGF-1 after modifications of arginine residues. The third column is the location of arginine residues of HBS-1 of FGF-1. The final columns indi

modification occurring on the arginine residues of the peptides.

Native FGF-1 FGF-1 (P&L)°
m/z theoretical | Sequence m/z observed m/z theoretical Arginine of HBS1 M odifications
1 1089.50 T“ERLEENHY™™ 1221.62 1221.65 R 1R + 132(HPG)
2 1349.65 TFLERLEENHY™ 1481.67 1481.64 R 1R + 13(HPG)
3 1631.85 Z'KKNGSCKRGPRTH 1895.90 1895.82 R¥and R* 2R+ 132(HPG) x 2
Y141
4 1727.80 10%F | ERLEENHYNTY ™ 1859.82 1859.73 R 1R + 13(HPG)
5 1898.90 ®YGSQTPNEECLFLE 2030.92 2030.83 R 1R + 132(HPG)
RL104
6 2242.23 *KKNGSCKRGPRTHYGQKAIL ™ 2506.28 2506.32 R"™®and R*’ 2R+ 132(HPG) x 2
7 2505.32 ¥ RILPDGTVDGTRDRSDQHIQL*® 3019.42 3019.39 R*R*and R? 2 R + 13HPG) x 2 + 250(PGO)
8 2633.37 ®RILPDGTVDGTRDRSDQHIQLQL*® 2897.43 2897.40 R¥*R®and R? 2R+ 132(HPG) x 2
9 3105.55 ERLEENHYNTYISKKHAEKNWFVGL " 3267.58 3267.61 R 1R + 132(HPG)
And 2 oxidation

® P&L: FGF-1 reacted in solution with PGO when bound to a heparin affinity column (protection step) and then, following elution, reaction of any protected arginine residues with HP

(labelling step).

ny

e

Rd

‘uoissiwad INOYIM pamolje asnal ON "PaAlasal SIybu || “Japunyioyine ayl si (Malnal Joad Ag ERNIS

) uudaud siyy oy 1spjoy 1yBuAdod syl "6TOZ ‘ZT YaIeN paisod uoIsIan sIyl i/ 16%7.S/T0TT 0T/610 10D/

10U SeNGHIIYM


https://doi.org/10.1101/574947

bioRxiv preprint doi: https://doi.org/10.1101/574947; this version posted March 12, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary data

Supplementary figure 1. Mass spectra of the trypsin digestion products of peptideArA.
FA was digested by trypsin. The larger part of the sequence was identified as “WQPPR”. B

Peptide FA after thereaction with PGO was digested with trypsin.
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Supplementary figure 2: The stoichiometry of reaction of PGO with arginine residuesin

specific sequence contexts. A. B. PGO reacts to two adjacent arginine residues which are
separated by a small sized amino acid, alanine. (A) When PGO reactsindividually with each
arginine; (B) When the dicarbonyl group of PGO reacts with, Fbups on different
arginine residues; (C) When PGO reacts to arginine at the N- or C-terminus forming 2:1

product of PGO:Arginine.
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Supplementary figure 3: FGF2 MS spectra of peptides after in solution modification
with PGO based on prediction by Prospector. The reference number of the peptide is

followed by the observed m/z of the peptides produced by cleavage of FGF2 reacted in

solution with PGO.
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Supplementary figure 4:FGF2 MS spectra of peptides after modification based on
prediction by Prospector. The reference number of the peptide is followed by the observed
m/z of the peptides produced by the cleavage of FGF2which was before reacted with PGO
when bound to a heparin affinity column (protection step) and then, following elution,

reaction with HPG (labelling step).
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Supplementary figure 5: FGF2 MS spectra of peptides after modification based on
prediction by Peptide Mass (ExPASy). The reference number of the peptide is followed by
the observed m/z of the peptides produced by the cleavage of FGF2which was before
itreacted with PGO when bound to a heparin affinity column (protection step) and then,

following elution, reaction with HPG (labelling step).
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Supplementary figure 6: In FGF2, R118 engages to heparin whereas R116 does not.
Double digestion of FGF2 by chymotrypsin and Arg-C. After the protection of exposed
arginine residues on the mini-column by 200 mM PGO, protein was eluted from the
columnand then cleaved for 5 hours by chymotrypsin and overnight by Arg-C. The red
diamond presents for the modification by PGO drP R was cleaved by Arg-C resulting

in peptide NTYRSR with the mass 1028.15, observed in the spectrum.
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Supplementary figure 7: The intramolecular network of hydrogen bonds of R* with D%,
V*2, and D*. Thegreen presents & theorange shows the B2, V*? and B’. Their potential

hydrogen bonds are presented as backlines with arrow.
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Supplementary figure 8. FGF1 MS spectra of peptides after modification based on
prediction by Prospector. The reference number of the peptide is followed by the observed
m/z of the peptides produced by the cleavage of FGF1which was before reacted with PGO
when bound to a heparin affinity column (protection step) and then, following elution,

reaction with HPG (labelling step).
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Supplementary figure 9: FGF1 MS spectra of peptides after modification based on
prediction by Peptide Mass (ExPASy). The reference number of the peptide is followed by

the observed m/z of the peptides produced by the cleavage of FGF1which was before reacted
with PGO when bound to a heparin affinity column (protection step) and then, following

elution, reaction with HPG (labelling step).
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Supplementary table 1: FGF-2 M Sanalysis based on prediction by Prospector

The reference number of the peptide is followed by the predicted m/z and with the sequence

of the peptides following cleavage of native FGF-2 chymotrypsin. The two columns under

“Native FGF-2" present the predicted m/z and sequences of peptides after chymotrypsin

digestion of FGF-2.The first two columns under “FGF-2 in-solution” present the observed

and predicted m/z for FGF-2 after modification by PGThe final column indicates the

modification occurring on the arginine residues of the peptides.

Native FGF2 FGF-2in solution
m/z Sequence m/z m/z M odifications
theor etical observed theor etical (PGO)
1/ 919.54 'K DPKRLY ** 1151.60 1151.69 R + 232
2| 1035.59 ZVALKRTGQY ™ 1151.62 1151.69 R+ 116
1 R + 133 and
3| 1161.63 8 AMKEDGRLL® 1294.62 1294.62
oxidation
4 | 1083.7( HRSRK Y TSWH 1315.6: 1315.6! 2R+ 116X
5| 1624.7¢ HNTYRSRK Y TW 1856.8: 1857.0: 2R +116 x|
6 | 1907.9( “LASKCVTDECFFFERL 2139.9° 2139.8! R + 23.
7| 1979.0: ®“QAEERGVVSIKGVCANRY® | 2211.0( 2211.0( 2R+ 116 x.
8| 2248.00 °ESNNYNTYRSRK Y TSW* 2479.80 2479.90 2R+116x2
“LRIHPDGRVDGVREKSDPHI
9| 2424.32 2673.30 2673.17 2R + 116 + 133

KL62

’In solution: FGF-2 reacted in solution with PGO for 60 min in the dark.
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Supplementary table 2. FGF-2 MS analysis based on prediction by Peptide Mass

(EXPASY).

The reference number of the peptide is followed by the predicted m/z and with the sequence
of the peptides following cleavage of native FGF-2 chymotrypsin. The two columns under
“Native FGF-2" present the predicted m/z and sequences of peptides after chymotrypsin
digestion of FGF-2.The first two columns under “FGF-2 in-solution” present the observed
and predicted m/z for FGF-2 after modification by PG®The final column indicates the

modification occurring on the arginine residues of the peptides.

Native FGF-2 FGF-2 in solution
m/z Sequence m/z m/z M odifications
theoretical observed theoretical (PGO)
1 R + 133 anc
1/ 1161.63 8L AMKEDGRLL® 1294.62 1294.62
oxidation
2| 1624.79 ENTYRSRK Y TWHE 1856.84 1857.01 2R+116x2
3| 1907.90 “LASKCVTDECFFFERLY 2139.97 2139.79 R+ 232
41 1979.01 QAEERGVVIKGVCANRY® | 2211.06 2211.00 2R+116x2
5| 2248.0( °ESNNYNTYRSRK Y TSW 2480.0¢ 2479.8( 2R+ 116 X
“FLRIHPDGRVDGVREKSDPH
6 | 2684.48 (L 3264.64 3264.49 3R+116+232x2

®n solution: FGF-2 reacted in solution with PGO for 60 min in the dark.
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