
Hydrogen/Deuterium Exchange-LC-MS Approach to Characterize
the Action of Heparan Sulfate C5-Epimerase

Ponnusamy Babu1, Xylophone V. Victor1, Emily Nelsen1, Thao Kim Nu Nguyen2, Karthik
Raman2, and Balagurunathan Kuberan1,2,3,*

1Department of Medicinal Chemistry, University of Utah, Salt Lake City, Utah 84112, USA
2Department of Bioengineering, University of Utah, Salt Lake City, Utah 84112, USA
3Interdepartmental Program in Neuroscience, University of Utah, Salt Lake City, Utah 84112,
USA

Abstract
Heparan sulfate (HS) proteoglycans regulate a number of biological functions in many systems.
Most of the functions of HS are attributed to its unique structure, consisting of sulfated and non-
sulfated domains, arising from the differential presence of iduronyl and glucuronyl residues along
the polysaccharide chain. A single glucuronyl C5-epimerase enzyme acts on heparan sulfate
precursor, converts glucuronyl residues into iduronyl residues and modulates subsequent
biosynthetic steps in vivo. The ratios of non-sulfated epimers within the polysaccharide chain have
been calculated by resolving radiolabeled GlcA-AManR and IdoA-AManR disaccharides using a
tedious paper chromatography technique. Radioactive assay, based on measuring either the release
or incorporation of 3H at C5 carbon of uronyl residues of 3H-labeled HS precursor substrate, has
been in use over three decades to characterize the action of HS C5-epimerase. We have developed
a non-radioactive assay to estimate the epimerase activity through resolving GlcA-AManR and
IdoA-AManR disaccharides on HPLC in conjunction with hydrogen/deuterium exchange upon
epimerization protocol-liquid chromatography mass spectrometry (DEEP-LC-MS). Utilizing this
new, non-radioactive based assay, DEEP-LC-MS, we were able to determine the extent of both
forward and reverse reaction on the same substrate catalyzed by C5-epimerase. Results from this
study also provide insights into the action of C5-epimerase and provide an opportunity to delineate
snapshots of biosynthetic events that occur during the HSPG assembly in the Golgi.
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Introduction
Heparan sulfate (HS) proteoglycans regulate a number of physiological and pathological
processes through interaction with a wide array of proteins [1–3]. The structural diversity of
HS is in part due to incomplete reaction of HS biosynthetic enzymes and to some extent
endosulfatase action after completion of the biosynthesis. The domain organization and
subtle variations in the sulfation pattern of HS can be ascribed to the earlier biosynthetic
events that are catalyzed by NDST, C5-epi and 2OST. Earlier studies have extensively
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documented both in vitro enzyme kinetics and in vivo knockout experiments of HS C5-
epimerase enzyme. The C5-epimerase gene knockout experiments in mice led to severe
early developmental defects and neonatal lethality [4]. Also, the mast cells deficient of the
C5-epimerase enzyme do not produce normal heparin [5]. The substrate specificity studies
of the C5-epimerase conducted using 3H-labeled heparin like molecules clearly
demonstrated that the C5-epimerase reacts only with oligo/polysaccharides containing
GlcNS-GlcA-GlcNS and GlcNS-GlcA-GlcNAc but not GlcNAc-GlcA-GlcNS and GlcNAc-
GlcA-GlcNAc sequences [6]. However, the C5-epimerase follows different kinetics in
cellular and cell free systems. In cell free systems, the recombinant or purified C5-epimerase
follows reversible reaction kinetics with a preference for iduronic acid, whereas in the
cellular system it is irreversible [7]. This is perceived to be a result of the coupling of
epimerization with concurrent sulfotransferase reactions during HS biosynthesis [8,9].

The percentage of glucuronic/iduronic acid epimer content in the HS and heparin determines
its fine structure, and consequently the biological functions. Thus, the determination of
epimer content is crucial for understanding the structure-function relationships. The nitrous
acid mediated deaminative cleavage of HS and heparin, developed by Shively and Conrad,
is the most widely used method for calculating the epimer content [10,11]. This tedious and
time consuming procedure requires the use of radioactive 3H tracer and paper
chromatography technique for the separation of GlcA-AManR and IdoA-AManR
disaccharides so that one can estimate the percentage of each epimer in the given HS
sample. Here, for the first time, we developed a novel, ion-pairing reverse phase liquid
chromatography coupled to mass spectrometry (IPRP-LC-MS) technique for online
separation and detection of nitrous acid cleaved products GlcA-AManR and IdoA-AManR
disaccharides, without using radiochemicals. This technique is rapid and sensitive to
quantify nitrous acid cleaved disaccharide products obtained from epimerase treated or
untreated N-sulfoheparosan. This method is also utilized in measuring the in vitro activity of
HS C5-epimerase without using radioisotopes and provides further insights into the nature
of action of this key biosynthetic enzyme.

Experimental procedures
Materials

The completely desulfated, N-sulfated heparin (CDSNS) was purchased from Seikagaku
USA (Cape Cod, MA). N-sulfo heparosan was prepared by chemical N-deacetylation-N-
sulfation as described earlier [12]. Baculovirus system that expresses HS C5-epimerase was
kindly provided by Prof. Robert D. Rosenberg (Massachusetts Institute of Technology,
Cambridge, USA) [13]. The DEAE-sepharose gel was purchased from Amersham
Biosciences. The HPLC C18 column for IP-RP-HPLC analysis was purchased from Vydac.
Commercially available HS disaccharide standards, from Iduron or Sigma-Aldrich, were
used to determine migration positions and elucidate disaccharide composition of HS
precursor structures. All other reagents and solvents were from Sigma-Aldrich. Epimerase
reactions were performed in the buffer containing 25 mM MES (pH 7.0), 0.02 % Triton
X-100, 2.5 mM MgCl2, 2.5 mM MnCl2, 1.25 mM CaCl2, and 0.75 mg/ml BSA. Hydrogen/
deuterium exchange experiments with C5-epimerase were performed in D2O using the
deuterated buffer (pD 7.0) having the above composition. All pH and pD values reported
were taken directly from the pH meter and were not corrected for isotope effects.

Purification of C5-epimerase—15 ml of C5-epimerase viral stock was added to 2 × 109

Sf21 or Sf9 cells. Infected cells were shaken at 90 rpm at 28 °C for 4 days. The cell
suspension was then centrifuged at 1000×g for 30 min to pellet cells. The supernatant was
diluted 1:2 with 10 mM, PIPES, titrated to pH 7.0, chilled on ice for 30 min, centrifuged at

Babu et al. Page 2

Anal Bioanal Chem. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4000×g for 30 min and phenylmethylsulfonyl fluoride in 10 ml isopropanol was added to a
final concentration of 1 mM. The solution was filtered and loaded onto a 100-ml column of
ToyoPearl AF heparin 650 M. The column was washed with 600 ml of PCG-50 (10 mM
PIPES, pH 7.0, 2% glycerol, 0.6% CHAPS, 50 mM NaCl) and eluted with a 450-ml linear
gradient of 50 – 1000 mM NaCl in PCG. Aliquots of selected fractions were analyzed for
epimerase activity as described in the following section; the positive fractions were then
pooled and concentrated using Amicon YM-10 membrane.

Measuring the activity of C5-epimerase using [3H]-labeled N-sulfoheparosan—
The 3H-labeled N-sulfoheparosan (5 μg, 1.5 ×105 CPM) was reacted with 20 μl aliquots of
various selected fractions containing C5-epimerase enzyme, eluting from heparin column, in
50 μl reaction buffer. The reactions were incubated for 24 h at 37 °C and terminated by
heating for 2 min at 96 °C. The samples were diluted with one volume of 0.016% Triton
X-100 and loaded onto a 0.2 ml DEAE-sepharose mini column that had been pre-
equilibrated with 2 ml of wash buffer (20 mM NaOAc, 0.1 M NaCl and 0.01 % Triton
X-100, pH 6.0). After washing with 6 ml of wash buffer, the bound polysaccharide was
eluted with 1.2 ml of elution buffer (20 mM NaOAc, 1 M NaCl, pH 6.0). 50 μl of the eluates
were diluted with 5 ml of scintillation mixture and the total radioactivity was measured
using a scintillation counter.

Measuring the activity of C5-epimerase using non-radioactive assay—N-
sulfoheparosan (50 μg) was reacted with aliquots of various fractions containing HS C5-
epimerase in 1 mL of D2O containing the reaction buffer at 37 °C. After 24 h, reaction
mixtures were filtered through a 3 KDa cut off Microcon (Millipore, Inc.) and washed five
times with 1 mL water. The freeze dried samples were subjected to low pH nitrous acid
mediated deaminative cleavage followed by desalting using mini Sephadex-G10 column (1
cm × 10 cm). The flow rate of the desalting column was set at 0.2 ml/min. Fractions of 0.5
mL volume were collected and concentrated using a speed vac system under reduced
pressure. In the initial experiments, all of the fractions with the exception of void volume
fractions, determined by bromophenol blue migration, were subjected to LC-MS analysis.
For subsequent experiments, fractions containing sample disaccharides were pooled together
and lyophilized. The desalted samples were finally analyzed by directly infusing into mass
spectrometry or by IPRP-LC-MS. The reactions were also performed for various time
periods (0, 12, 24, 36 and 48 h) to investigate the activity and stability of C5-epimerase over
two days.

Calculation of the epimer content—A typical extracted ion chromatogram for m/z
340.1 showed two peaks corresponding to GlcA-AManR (first peak) and IdoA-AManR
(second peak) disaccharides, where as an extracted ion chromatogram for m/z 339.1 showed
only a single peak. This is primarily due to the fact that the peak for the m/z 340.1 extracted
ion chromatogram is contributed to by both the monoisotopic mass for DUA-AManR and the
second isotopic mass (M+1) of HUA-AManR, which is approximately 15 % (observed;
theoretical value is 13.1 %) of first isotopic peak (339.1). Therefore, we calculated the
relative ratio of the epimeric disaccharides from the total ion counts of first peak (from m/z
339.1) and second peak (m/z 340.1). However, since some of the deuterium-incorporated
iduronic acids (DIdoA-AManR) are converted back to glucuronic acids (DGlcA-AManR), the
above calculation does not truly reflect the total activity of C5-epimerase. This back
converted product can be calculated from the increase in the intensity of second isotopic
peak of the spectra for the H/DGlcA-AManR peak using the following equation, total
[DUA-AManR] = [DIdoA-AManR] + {[H/DGlcA-AManR] × [% increase in 340.1]}; the %
increase in 340.1 is calculated using the formula: ({[340.1]/[339.1+340.1]}−15). With these
two equations, one can calculate the back converted product intensity.
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IPRP-liquid chromatography–mass spectrometry—All separations were performed
on a C18 column (4.6 × 150 mm, Vydac, USA) using a Waters Aliance 6250 HPLC system
or Dionex HPLC system. A gradient elution (0 min 95% A; 25 min 100% B; 30 min 95% A)
was performed at a flow rate of 1.0 mL/min for 30 min, using a binary solvent system
composed of water (eluent A) and 70% aqueous acetonitrile (eluent B), both containing 8
mM acetic acid and 5 mM dibutylamine (DBA) as an ion-pairing agent [14,15]. All mass
spectrometric data were acquired using high pressure HPLC coupled to an electrospray
ionization time-of-flight (ESI-TOF) mass spectrometer either from Waters Corporation
(Milford, MA) or from Bruker Daltonics (Bellerica, MA). In the negative-ion mode, the
instrument was calibrated according to manufacturer’s instructions. Nitrogen was used as a
desolvation gas as well as a nebulizer. Conditions for ESI-MS were as follows: cone gas
flow 50 L/h, nozzle temperature 130 °C, drying gas (N2) flow 450 L/h, spray tip potential
2.3 kV, nozzle potential 35 V. Negative ion spectra were analyzed using either MassLynx
V4.1 software (Waters Corporation) or DataAnalysis V4.0 software (Bruker Daltonics).

Results
Primary objectives of this study were to a) develop a non-radioactive assay for measuring
the total activity of C5-epimerase and b) quantify the extent of reverse reaction catalyzed by
C5-epimerase using a non-radioactive, DEEP-LC-MS technique.

Separation of GlcA-AManR and IdoA-AManR disaccharides by IPRP-LC-MS
The percentage of the glucuronyl and iduronyl residues, two epimers present in heparin and
heparan sulfate, determines the subsequent sulfation events that ultimately dictate their
biological functions. Currently, radioactive 3H-labeling coupled to paper chromatography is
the only method used for determining the epimer content of HS chains [10]. In order to
develop a non-radioacitve LC-MS based method for the separation and quantification of
epimers, K5NS and CDSNS polysaccharides were deaminatively cleaved by low pH nitrous
acid method. The fully N-sulfated heparosan (K5NS) consists of only GlcA-GlcNS
disaccharide units whereas the completely desulfated re-N-sulfated heparin (CDSNS-
heparin) contains both GlcA-GlcNS and IdoA-GlcNS disaccharide units. The deaminative
disaccharide products of K5NS and CDSNS-heparin were subjected to IPRP-liquid
chromatographic separation followed by online mass spectrometric detection. The extracted
ion chromatogram (for m/z 339.10 [M-H]-1) of K5NS sample yielded a single peak
corresponding to GlcA-AManR as shown in Figure 1A (lower panel) whereas the CDSNS-
heparin yielded two peaks corresponding to GlcA-AManR (peak eluting first) and
IdoA-AManR (second peak eluting later) disaccharides as shown in the upper panel of Figure
1A. Isotopic pattern of the molecular ion with natural abundance is shown in the Figure 1B.
The major ion is found at m/z 339.1. This is the first time that two disaccharides,
GlcA-AManR and IdoA-AManR, could be resolved using any HPLC method. Both the
glucuronic and iduronic acid containing disaccharides eluted out with no difference in the
eluent composition and therefore, the disaccharides should have a very similar extent of
ionization in the mass spectrometer. Hence, the total ion counts of each of the epimer peaks
can be utilized for estimating their relative abundance. CDSNS heparin contains about 20%
of glucuronic acid and 80% of iduronic acid residues, which is very similar to what has been
reported in the literature. Thus, the current online LC-MS technique can be used to rapidly
quantify the GlcA-AManR and IdoA-AManR disaccharides without using radiochemicals and
thus, the percentage of each epimer that is present within the given HS/heparin sample.

DEEP-MS technique for the quantitation of the reaction catalyzed by HS C5-epimerase
The LC-MS technique, described in the earlier section, was utilized to measure the activity
of one of the important enzymes involved in HS and heparin biosynthesis, glucuronyl C5-
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epimerase, and also applied to estimate the extent of the reverse reaction catalyzed by the
same enzyme. Initially, the 100 % K5NS was reacted with C5-epimerase at 37 °C and the
resulting product was subjected to low pH nitrous acid deaminative cleavage followed by
NaBH4 reduction and IPRP-LC-MS analysis. As expected, two peaks were obtained in the
extracted ion chromatogram for m/z 339.1. As mentioned in the introduction, the HS C5-
epimerase follows a reversible kinetics in cell free systems, i.e. some of the newly generated
iduronic acid residues are converted back to glucuronic acid residues. Therefore, the
integration of peak areas of extracted ion chromatograms for GlcA-AManR and
IdoA-AManR does not reflect the total activity and does not provide the extent of reverse
reaction catalyzed by the C5-epimerase. A similar limitation arises when a 3H-labled K5NS
is used to study the enzyme kinetics of C5-epimerase through measuring 3H release as 3H2O
[16–18]. To overcome this limitation, we have developed a Deuterium Exchange upon
Epimerization Protocol coupled to LC-MS (DEEP-LC-MS) technique. In this DEEP-LC-MS
technique, the C5-epimerase reaction was carried out in D2O and the deaminative products
were analyzed by LC-MS (see experimental section). This technique allowed us to
distinguish and measure both DIdoA-AManR (m/z 340.1) disaccharide formation and its back
conversion to DGlcA-AManR (m/z 340.1) disaccharide, by measuring the relative changes in
the intensity of mono isotopic ions at m/z 339.1 and m/z 340.1 of the MS spectrum for the
first peak, corresponding to both HGlcA-AManR and DGlcA-AManR, eluting from the LC
(Figure 2). Thus, the extent of reverse reaction was easily and quantitatively detected based
on the incorporation of solvent deuterium at C5-carbon of glucuronic acid residues that
would accompany reverse epimerization of newly generated iduronic acid residues.

Application of DEEP-LC-MS as a non-radioactive assay to measure the total activity of C5-
epimerase

We have developed a non-radioactive DEEP-LC-MS assay to measure the activity of C5-
epimerase. For this experiment the C5-epimerase enzyme was expressed and purified using
a baculovirus expression system. The crude enzyme preparation was purified on a ToyoPearl
AF heparin column and the fractions were tested for the C5-epimerase activity at 37 °C
using K5NS as described in the experimental section. Using the DEEP-MS technique, we
have calculated the percentage of iduronic acid formation as well as the total uronic acid
produced by each enzyme fraction as shown in figures 3 and 4. As is evident from the plot,
the total amount of deuterium incorporated uronic acid formed by the epimerase enzyme can
easily be correlated to the activity of the enzyme. We also performed the [3H] release assay,
a traditional radioactive assay (Figure 3). The results from these two independent assays
were comparable. Fraction 24 had the maximal activity in both the amount of 3H released
and the amount of deuterium incorporated into the uronyl residues. Moreover, we utilized
this technique to investigate the effect of time on C5-epimerase activity. The reactions were
performed for various time periods: 0, 12, 24, 36 and 48 h (Figure 4). The DEEP-LC-MS
results indicate the increase of deuterium incorporation over time suggesting the enzyme
activity and stability. These results clearly demonstrate that the developed technique, DEEP-
LC-MS, can be utilized in a routine manner.

Discussion
Epimerization at C5-carbon of D-glucuronic acid residues to generate L-iduronic acid
residues is a key step in the generation of biologically active heparin and heparan sulfate
structures that bind a wide array of proteins. Therefore, analysis of epimer content is of great
importance in the structural biology studies of heparan sulfate and heparin. The deaminative
cleavage of HS and heparin by nitrous acid is the only procedure available for determining
the percentage of each epimer found in the HS/heparin sample. However, the utility of this
protocol is limited by i) a lack of a chromophore on anhydromannitol disaccharides so as to
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necessitate radioisotope labeling, and ii) an inability to resolve unsulfated disaccharides,
GlcA-AManR and IdoA-AManR, under HPLC conditions. Here, we developed a LC-MS
method to separate and quantify epimer content of K5NS and CDSNS-heparin. This method
has several advantages over existing laborious paper chromatography technique that requires
radiochemicals.

By developing a new separation technique combined with hydrogen/deuterium exchange
upon epimerization protocol-mass spectrometry (DEEP-LC-MS), we have not only
calculated the percentage of glucuronic acid and iduronic acid contents but also estimated
the extent of reverse-epimerization. Thus, the products of both forward and reverse reactions
were easily quantified based on the incorporation of solvent deuterium into C5-carbon of
glucuronic acid residues that would accompany reverse epimerization of newly generated
iduronate residues that carry deuterium at C5-carbon as well. Under the experimental
conditions chosen, our observation, consistent with earlier studies, indicated that the D-
gluco configuration is favored over L-ido configuration with an equilibration ratio of ~65 %
glucuronic acid / ~35% iduronic acid. It is interesting to note that the forward epimerization
reaction cannot proceed to 100% completion, i.e., conversion of all glucuronic acid residues
to iduronic acid residues. One explanation is that a conformational change may occur in the
polymer chain during the forward reaction, which favors the reverse reaction more readily
than the forward reaction and thus, resulting in incomplete modification.

Measuring the activity of C5-epimerase has been a cumbersome process as compared to
other enzymes involved in the biosynthesis of heparan sulfate. While radioactive 35S-PAPS
has been in use to measure the activity of NDST and sulfotransferases, 3H-labeled N-
sulfoheparosan polysaccharide has been commonly used to measure the activity of HS C5-
epimerase. One of the potential problems of using 3H-labeled K5NS as substrate is that
scrambling or loss of 3H-atom occurs during the biosynthesis of 3H-labeled N-acetyl
heparosan polysaccharide in E. Coli. Moreover, the percentage of 3H-loss from the substrate
does not reflect the total activity of the C5-epimerase enzyme. Earlier studies also examined
the relative incorporation of radioactive sulfate catalyzed by sulfotransferases in the
presence of C5-epimerase and provided evidence for the action of C5-epimerase. However,
it is important to note that action of epimerase may be influenced by sulfotransferase
enzymes and thus, it may not provide accurate action of C5-epimerase [19,20]. In contrast,
the environmentally benign, MS based, non-radioactive assay system developed here not
only measures the conversion of glucuronic acid to iduronic acid but also allows one to
quantify the reverse epimerization of iduronic acid to glucuronic acid, which has never been
demonstrated before.

Previous studies have shown that radiolabeled disaccharides can be digested with β-D-
glucuronidase to elucidate/identify the epimer. A number of groups have also utilized the
differential oxidation of uronyl residues by periodate to estimate epimer content or locate the
presence of the specific epimer within the target sequence [7,21,22]. Furthermore, other
analytical methods, such as NMR, cannot easily determine the extent of epimerization due to
the overlapping of C5-H proton signals of glucuronic acid/iduronic acid with signals from
other ring protons [12]. Our lab has been focusing on the development of isotope enriched
HS to advance the knowledge of HS’s structure-function relationships [23–25].

In conclusion, we have developed an online-LC-MS technique for rapid determination of
epimer content and also a non-radioactive, DEEP-MS technique for measurement of HS C5-
epimerase activity. These two techniques either alone or in combination will become a
powerful tool for a broad range of applications in the structural analysis of HS and heparin.
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Fig. 1.
A) Separation of disaccharides, GlcA-AManR and IdoA-AManR and estimation of
epimer percentage in K5NS and CDSNS-heparin polysaccharides. Extracted ion
chromatograms for m/z 339.1 of nitrous acid cleaved deaminative products of CDSNS-
heparin (top) and K5NS (bottom). Both K5NS and CDSNS substrates were subjected to low
pH nitrous acid mediated deaminative cleavage followed by sodium borohydride reduction
and the resulting disaccharides were desalted before analysis by LC-MS. B) Mass spectrum
of the disaccharides. Isotopic pattern of molecular ions corresponding to the
disaccharides, HGlcA-AManR or HIdoA-AManR, carrying natural isotopic abundance is
shown. Both the disaccharides have the same monoisotopic mass at m/z 339.1.
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Fig. 2. DEEP-LC-MS analysis to characterize the action of HS C5-epimerase
Total ion chromatogram of epimerase treated K5NS in D2O is shown. After reaction with
C5-epimerase the product was subjected to low pH nitrous acid treatment followed by
sodium borohydride reduction. The resulting anhydromannitol disaccharide mixture was
desalted using a mini Sephadex-G10 column (1cm × 10 cm) before MS analysis. The first
and second peaks correspond to GlcA-AManR and IdoA-AManR, respectively (A, top panel);
Mass spectrum of the first peak corresponding to the mixture of HGlcA-AManR
and DGlcA-AManR (B, bottom left) and the second peak corresponding to DIdoA-AManR
(C, bottom right). Isotopic pattern of a given molecular ion facilitated the estimation of
reacted/unreacted disaccharide species.
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Fig. 3.
A) Purification of C5-epimerase on a heparin-Toyopearl affinity chromatography
column. The insect cell supernatant medium was applied to a heparin-Toyopearl column as
described under “Experimental Section”. The elution of protein from the affinity column
was closely monitored by on-line UV detector at 280 nm (dark trace). The salt gradient is
indicated by the gray line. The vertical lines indicate column fractions that were collected
for further purification after measuring the enzymatic activity. B) Measurement of C5-
epimerase activity based on radioactivity assay. Aliquots (20 μl) of indicated fractions
were assayed for the C5-epimerase activity with [3H]-labeled N-sulfoheparosan
polysaccharide as a substrate (1.5 × 105 CPM). After incubating with the enzyme for 24 hr,
the sample was passed through a DEAE-Sepharose column (0.2 ml) to separate the N-
sulfoheparosan polysaccharide from free 3H2O. The radioactivity of isolated polysaccharide
was measured in the scintillation counter. C) DEEP-MS based assay to measure C5-
epimerase activity during enzyme purification. The same fractions that were used in the
radioactivity assay were utilized in the newly developed DEEP-MS assay for comparison.
The aliquots of specific fractions were incubated with N-sulfoheparosan in D2O as described
in the experimental section for 24 hr and then were treated with HNO2 at pH 1.5. The
resultant glucuronyl/iduronyl-anhydromannose disaccharides were reduced with NaBH4
reagent, desalted on the mini Sephadex G10 column (1 cm ×10 cm) that was previously
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calibrated with known disaccharide standards and then analyzed by direct infusion into ESI-
TOF-MS instrument to detect the molecular ions and their relative intensity. The relative
activity of C5-epimerase was calculated based on the incorporation of deuterium into the
substrate by measuring ion counts for DUA-AManR/HUA-AManR and plotted as a function
of eluted fractions.
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Fig. 4. Monitoring the activity of C5-epimerase over various time periods using mass
spectrometry
Comparison of mass spectral profile of disaccharides obtained from N-sulfoheparosan
treated with C5-epimerase in D2O for various time periods, A) 0 hr, B) 12 hr, C) 24 hr, D)
36 hr and E) 48 hr, as described in the experimental section.
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Scheme 1.
Heparan sulfate C5-epimerase catalyzes both the forward and reverse reaction in vitro.
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