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ABSTRACT: The maintenance of therapeutic glycoproteins within
the circulatory system is associated, in large part, with the integrity of
sialic acids as terminal sugars on the glycans. Glycoprotein
desialylation, either by spontaneous cleavage or through host
sialidases, leads to protein clearance, mainly through the liver.
Thus, the installation of minimally modified sialic acids that are
hydrolysis-resistant yet biologically equivalent should lead to
increased circulatory half-lives and improved pharmacokinetic
profiles. Here we describe the chemoenzymatic synthesis of
CMP−sialic acid sugar donors bearing fluorine atoms at the 7-
position, starting from the corresponding 4-deoxy-4-fluoro-N-
acetylhexosamine precursors. For the derivative with natural
stereochemistry we observe efficient glycosyl transfer by sialyltransferases, along with improved stability of the resultant 7-
fluorosialosides toward spontaneous hydrolysis (3- to 5-fold) and toward cleavage by GH33 sialidases (40- to 250-fold). Taking
advantage of the rapid transfer of 7-fluorosialic acid by sialyltransferases, we engineered the O-glycan of Interferon α-2b and the N-
glycans of the therapeutic glycoprotein α1-antitrypsin. Studies of the uptake of the glyco-engineered α1-antitrypsin by HepG2 liver
cells demonstrated the bioequivalence of 7-fluorosialic acid to sialic acid in suppressing interaction with liver cell lectins. In vivo
pharmacokinetic studies reveal enhanced half-life of the protein decorated with 7-fluorosialic acid relative to unmodified sialic acid in
the murine circulatory system. 7-Fluorosialylation therefore offers considerable promise as a means of prolonging circulatory half-
lives of glycoproteins and may pave the way toward biobetters for therapeutic use.

Therapeutic proteins are a fixture in the treatment of many
serious medical conditions, such as cancer,1 diabetes,2

anemia,3 and Hepatitis C.4 Their clinical success has typically
been attributed to the highly efficient, specific, and well-
tolerated nature of these drugs.5 As such, this pharmaceutical
industry sector has grown rapidly, both in terms of the market
value and the number of approved drugs, and further increases
are projected.5,6 Despite remarkable developments in for-
mulation technology, protein therapeutics have certain draw-
backs including intravenous administration, the inherent risk of
immunogenicity,7 and generally more complex drug develop-
ment and production processes.8

The vast majority of clinically relevant proteins are
glycosylated.9,10 The biological function, life cycle, and
biophysical properties of glycoproteins are highly dependent
on their glycosylation patterns.10,11 Sialic acids cap the ends of
glycan entities on glycoproteins, and their removal often leads
to dramatically reduced plasma half-life.12 Removal of sialic
acids occurs either spontaneously or by the action of sialidases
(sialic acid hydrolyzing enzymes)13 and leads to exposure of

the underlying galactose residues. This in turn triggers
interaction with lectin receptors leading to clearance from
the circulatory system. One such lectin is the hepatocyte
asialoglycoprotein receptor (ASGPR), also called the Ashwell−
Morell receptor, which is thought to recognize glycoproteins
that present terminal galactose residues and enable their
endocytosis. However, its physiological role in glycoprotein
turnover is still under debate.14−16 Glycoproteins decorated
with hydrolysis-resistant sialosides may evade lectin-mediated
clearance and may hold promise for increased elimination half-
lives. This may help solve drawbacks as longer circulatory
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retention could lead to less frequent intravenous injections and
lower doses, thereby also reducing costs.
One approach to generation of metabolically stable sialo-

sides is through thioglycosides, which are generally cleaved
more slowly by both chemical and enzymatic hydrolysis
compared to their natural O-linked counterparts. Accordingly,
sulfur-linked sialosides have been used as probes to study
binding affinity and specificity of sialic acid binding
proteins,17,18 as well as in antigen generation toward vaccine
production.19 Another approach to stabilization of glycosides is
through incorporation of fluorine close to the anomeric center.
Indeed 3-fluorosialic acid (3FSA) derivatives have been used as
inhibitors to study both sialidases and sialyltransferases.20−26

Here, the close proximity of the fluorine atom to the anomeric
carbon inductively destabilizes oxocarbenium ion-like tran-
sition states thereby greatly increasing the activation energy for
bond cleavage. This approach works well in that hydrolysis of
the 3-fluorosialosides is enormously slowed. However, the very
low activity of the sialyltransferases in the transfer of 3FSA
renders them essentially useless for enzymatic sialylation of
complex glycan structures. Consequently complex chemo-
enzymatic approaches are needed to assemble the 3-
fluorosialylated glycoprotein.27,28

Here, we explore the value of fluorine substitution at the 7-
position of sialic acid. We have chosen the 7-position because,
like the 3-position,28 it is close to the ring oxygen where there
is a relative buildup of positive charge in the transition state.
Thus, attachment of the highly electronegative fluorine at this
position should have a destabilizing effect on the oxocarbe-
nium ion-like transition state. Survey studies with several

sialidases supported this assumption and confirmed that some
several sialyltransferases could indeed transfer the modified
sugar.29 A fluorine at C-6 would have an even bigger effect, but
such substrates are “doubly anomeric” and inherently less
stable and thus are not suitable. The non-natural donor CMP-
7-deoxy-7-fluorosialic acid (CMP-7FSA) was prepared con-
veniently via a chemoenzymatic approach starting from 4-F-N-
acetylglucosamine (4F-GlcNAc) and kinetic parameters for
sialyl transfer determined for an array of sialyltransferases. In
parallel, kinetic parameters for hydrolysis of a 7-fluorosialoside
and its nonfluorinated parent by a set of sialidases were
determined, along with rate constants for spontaneous
hydrolysis. Finally, we enzymatically engineered the glycan
structures of two proteins, interferon α-2b and α1-antitrypsin
(A1AT). We used the glycoengineered A1AT to study uptake
by liver cells in vitro and measured blood concentrations over
time to derive pharmacokinetic profiles in mice.

■ RESULTS AND DISCUSSION
Synthesis of the 7-fluorosialic acid derivatives was achieved by
a variant of a published chemoenzymatic route.29 Our
approach used a GlcNAc/ManNAc epimerase to isomerize
the more readily synthesized fluoro-GlcNAc derivative and
proceeded to the CMP-sialic acid stage. 4-Deoxy-4-fluoro-
GlcNAc (1), 4-deoxy-4-fluoro-GalNAc (2), and 4-deoxy-4,4-
difluoro-GlcNAc (3) were synthesized on a milligram to gram
scale using a previously described concise, divergent route30

and tested as substrates for the two-enzyme (porcine N-acyl-D-
glucosamine 2-epimerase (AGE) and sialic acid aldolase) one-
pot conversion to the 7-modified sialic acids 4, 5, and 6 in the

Figure 1. (a) Chemoenzymatic synthesis of 7-deoxy-7-fluorosialic acid derivatives. 4-Modified GlcNAc derivatives (100 mM), sodium pyruvate
(500 mM), epimerase (0.1 U/μmol), aldolase (1 U/μmol), 35 °C, 48 h. (b) Synthesis of CMP-donors. cytidine triphosphate (CTP, 1.05 equiv),
CMP sialic acid synthetase (1 U/μmol), inorganic pyrophosphatase (1 U/mmol), 86% for 7 and 62% for 8. (c) Enzymatic synthesis of (7F-)sialyl
galactosides 10−13. CMP = cytidine monophosphate.
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presence of five equivalents of pyruvate (Figure 1a). Reactions
were readily monitored by 19F-NMR over a 48 h period. 95%
conversion of 4-deoxy-4-fluoro-GlcNAc (1) to 4 was achieved
in these tests and in 91% isolated yield on scale-up. By contrast
GalNAc derivative 2 produced 5 in only 18% yield, and the
product was not isolated. 4-Deoxy-4,4-difluoro-GlcNAc
behaved more like the gluco analogue, exhibiting substantial
conversion in the test runs (66%) such that the difluorosialic
acid derivative 6 could be isolated in 51% yield. The quite
different yields obtained indicate a requirement for an
electronegative atom (oxygen or fluorine) or hydrogen-bond
acceptor in the equatorial position at the 4-position since, in its
absence, the yield of the sialic acid product drops dramatically.
This specificity most likely resides in the aldolase since peaks
corresponding to the TalNAc derivative were observed in the
19F NMR spectrum of the reaction mixture of 2, indicating that
the epimerase was converting the GalNAc starting material but
that the aldolase did not convert it efficiently to 5.
Conversion of the isolated compounds 4 and 6 into their 7-

modified CMP−sialic acid derivatives was readily achieved
using a CMP−sialic acid synthetase and CTP, in the presence
of an inorganic pyrophosphatase to drive the reaction by PPi
hydrolysis (Figure 1b).29,31−35 CMP-7FSA (7) and CMP-7-
deoxy-7,7-difluorosialic acid (CMP-7,7diFSA) (8) were
obtained in yields of 86% and 62% after purification by ion-
exchange and size exclusion chromatography (Figure 1b). We
further condensed this protocol for the synthesis of CMP-
7FSA to a stepwise one-pot-four-enzyme reaction to obtain the
donor directly from 4-deoxy-4-fluoro-GlcNAc (1) in an
isolated yield of 41%. Here we started off with the epimerase
and aldolase at pH 6 to yield 7FSA then added the CMP sialic
acid synthetase and inorganic pyrophosphatase in a second
step, with tight control of pH between 7 and 8, to generate
CMP-7FSA. This one-pot-multienzyme reaction was not
further optimized and crude CMP-7FSA instead of isolated
material was used as substrate for production of various 7FSA-
containing sialosides with no complications. This one-pot
conversion allows easy access to large amounts of the activated
donor for protein modification applications without the need
for complex purification procedures.
Access to the donor analogs enabled us to study the effects

of fluorination on kinetic parameters. In general, the
substitution of a hydroxyl by a fluorine at the 7-position
should affect the transition state for hydrolysis or sialyltransfer
in two different ways. The first, affecting both enzyme-
catalyzed reactions and spontaneous hydrolysis, is the
inductive destabilization of the positive charge that accumu-

lates at the transition state by the more electronegative
fluorine. The second is a potential deleterious effect on
enzyme−substrate interactions by loss of a potential hydrogen-
bond donor upon substituting the 7-hydroxyl for a fluorine
atom.
We selected two sialyltransferases from different families for

an initial, qualitative assessment of the ability of sialyltrans-
ferases to use the modified CMP-sialic acids as substrates,
namely CjST123 (α-2,3-sialyltransferase from GT42 family)
from Campylobacter jejuni and PmST1 (GT80; mainly an α-
2,3-sialyltransferase) from Pasteurella multocida.36 The en-
zymes were incubated with a fluorescent BODIPY−lactose
acceptor and two equivalents of the different donors, and the
reaction was analyzed by thin layer chromatography (Figure
S2). CjST1 effected complete transfer of the respective sialic
acid from natural donor 9 (referred to as CMP-7OHSA) and
CMP-7FSA 7 within 10 min while transfer from CMP-
7,7diFSA (8) proceeded to ∼20% completion. This enzyme
will therefore transfer all the sialic acids to a lactose acceptor,
albeit at different rates. A similar picture was obtained for
PmST1 at pH 8.5, the reported optimum for α-2,3-
sialyltransferase activity: after 5 min, transfers from natural
donor 9 and monofluoro donor 7 were mostly complete, while
only around 2% conversion with the difluoro donor 8 had
occurred. The latter progressed to 25% conversion after 18 h
(data not shown).
A coupled enzymatic assay37 that monitors CMP release was

used to obtain detailed kinetic data on the transfer of the sialic
acid derivatives by CjST1, PmST1, the α-2,6-sialyltransferase
from Photobacterium sp. JT-ISH-224 (PsST; GT80)38 as well
as the sialyltransferase CjST2 (GT42), which has strong α-2,8
and weak α-2,3 activity.24 The results (Km, kcat, and catalytic
efficiency kcat/Km; Table 1) confirm the initial assessment that
sialyltransferases can transfer at least the monofluoro donor
with high efficiency. Only minor effects on Km values were
observed when substituting natural CMP-7OHSA for CMP-
7FSA. Crystallographic data on three of the sialyltransferases in
complex with CMP-3FSA revealed one hydrogen bond to the
7OH group for CjST1 (with Asn66),23 for CjST2 (with
Asn51),24 and for PmST1 (with Trp270),25 all in their closed
forms after conformational changes resulting from donor
binding. According to our data, loss of these interactions does
not significantly interfere with the enzymes’ ability to bind the
glycan donor. The kcat value was affected to a different extent
for each enzyme, but effects remained relatively small in each
case. CjST2 was most affected by monofluorination, being
slowed to less than a third for both acceptor substrates while

Table 1. Kinetic Parameters for Sialyltransferase-Catalyzed Reaction of CMP 7-Fluorosialic Acid Derivatives

enzyme donor acceptor Km (μM) kcat (s
−1) kcat/Km (s−1 mM−1)

PmST1 (GT80) CMP-7OHSA lactose 89 (±1) 180 (±2) 2045
CMP-7FSA lactose 52 (±1) 99 (±1) 1900
CMP-7,7-diFSA lactose 77 (±1) 10 (±0.3) 130

PsST (GT80) CMP-7OHSA lactose 70 (±1) 44 (±1) 656
CMP-7FSA lactose 50 (±1) 75 (±1) 1590

CjST1 (GT42) CMP-7OHSA lactose 210 (±10) 3.6 (±0.1) 17.3
CMP-7FSA lactose 610 (±40) 2.6 (±0.2) 4.2
CMP-7,7-diFSA lactose 420 (±40) 1.1 (±0.1) 2.5

CjST2 (GT42) CMP-7OHSA 3′-sialyllactose 320 (±20) 1.5 (±0.2) 4.8
CMP-7FSA 3′-sialyllactose 150 (±10) 0.40 (±0.03) 2.6
CMP-7OHSA 3′-(7F)sialyllactose 210 (±20) 1.3 (±0.01) 6.4
CMP-7FSA 3′-(7F)sialyllactose 100 (±20) 0.42 (±0.04) 4.3
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the PsST exhibited a slightly higher kcat value for the CMP-
7FSA compared to CMP-7OHSA. CjST1 and PmST1 were
slowed by a factor of less than 2. Interestingly, difluorination
affected the turnover rates of PmST1 much more strongly than
those of CjST1 suggesting that the transition state for the
GT80 Pasteurella sialyltransferase has more oxocarbenium ion
character than that for the GT42 Campylobacter enzyme. Since
CjST2 also exhibits α-2,8-sialyltransferase activity, we were
able to show that 7FSA also functions as a glycosyl acceptor,
with transfer occurring at comparable rates to that with
7OHSA when 7-fluorosialyl lactose was used as acceptor
(Table 1).
These kinetic data highlight the fact that 7FSA can be

efficiently transferred by sialyltransferases, allowing facile
assembly of glycoproteins or other sialylated species that are
decorated with this non-natural analogue for biotechnological
or medical applications.
Having assessed the effects of 7-fluorination on sialyltrans-

ferase kinetic parameters, we set out to determine the effect of
7-fluorination on kinetic parameters for both enzymatic and
nonenzymatic hydrolysis of sialosides, as well as the CMP sialic
acid derivatives themselves. Sialoside substrates were prepared
by using CjST1 to transfer 7FSA to commercially available aryl
β-galactosides with o-nitrophenol (oNP) and 4-methylumbel-
liferyl alcohol (MU) as the aglycones to access disaccharides
10−13 (Figure 1c). The rates of spontaneous hydrolysis of the
different CMP donors were measured at 60 °C, in a high salt
pH 7.2 buffer, by observing the changes in intensities of
diagnostic protons over time, using 1H NMR spectroscopy in a
previously described protocol (see Supporting Information for
detailed protocol).39 The decrease in intensity of each of these
protons was monitored and fitted to a single exponential decay
(Supporting Information, Figure S3). Substitution of a single
fluorine atom at the 7-position caused a 3-fold decrease in
hydrolysis rate constant (0.313 ± 0.002 h−1; krel = 0.33)
relative to the natural CMP-7OHSA (0.94 ± 0.01 h−1; krel =
1), while introduction of two fluorine atoms resulted in a
hundred fold decrease (0.0084 ± 0.0008 h−1; krel = 0.01).
We used a similar 1H NMR based assay to evaluate the effect

of fluorination at the 7-position on rate constants for the
spontaneous hydrolysis of the sialoside bond within the MU-
containing sialyl−galactose conjugates 12 and 13. The
degradation was measured using a high salt, dilute acid
solution of each substrate and by monitoring the change in
intensities of diagnostic protons. Since there are now two
potential sugar linkages to be broken the position of hydrolysis
was addressed by monitoring the changes in intensity of the

anomeric proton of the galactose (H1′) and the H3-equatorial
proton of the sialic acid (H3″eq). These protons are diagnostic
since their chemical shifts are sensitive to changes in the
anomeric configuration,40,41 and they will show a measurable
change in chemical shift during hydrolysis. These products
were identified as the free sialic acid and the β-arylgalactoside
by the appearance of a second proton with a very small upfield
chemical shift of H1′ and at a rate concurrent with the
disappearance of H1′ of the substrate. A large change in
chemical shift of this proton would indicate hydrolysis of the β-
O-aryl bond, indicating that the aryl−galactoside bond remains
intact. It was also observed that the intensity of the H3′′eq
proton decreased without concurrent appearance of any other
α-configured H3″eq protons,42 again indicating that the sialyl−
galactose bond is being broken, rather than the aryl−galactose
bond. This confirmed that the correct bond-breaking event is
being observed and allowed the effect of 7-fluorination on the
stability of the α-configured sialoside bonds to be addressed.
This was achieved by monitoring the intensities of these
protons over time (Figure S3), yielding a spontaneous
hydrolysis rate constant of 1.45 (±0.08) h−1 for the parent
sialyl galactoside substrate 12 and 0.29 (±0.01) h−1 for the 7-
fluorosialyl galactoside 13, a 5-fold decrease.
These 3- and 5-fold decreases in rate constants upon

monofluorination at the 7-position are consistent with the 3-
and 4-fold decreases in rate constants for spontaneous
hydrolysis of 6-deoxy-6-fluoropyranosides43 and 6-deoxy-6-
fluoro-α-glucopyranosyl-1-phosphate observed previously.44 In
all cases, a fluorine replaces a hydroxyl group on the carbon
two bonds away from the ring oxygen. The much larger, 100-
fold decrease in hydrolysis rate constants for the difluorinated
β-CMP sialic acid derivative highlights the effect of additionally
replacing a hydrogen substituent with a fluorine at this
position, with much larger inductive consequences.
We moved on to evaluate the effect of 7-fluorination on

sialidase activity for five neuraminidases across families GH33
and GH34 (Table 2). For this, we used the oNP and MU
labeled disaccharides in a coupled enzymatic assay that has
previously been used to monitor the activity of a trans-sialidase
from Trypanosoma cruzi (see Figure S4).45−47 For the
Micromonospora viridifaciens sialidase, NedA (GH33; catalytic
domain) the kcat and Km values of the 7-fluorosialoside were,
respectively ∼6-fold lower and ∼7-fold higher than for the
parent substrate, resulting in a net 41-fold reduction in kcat/Km
value. For two other GH33 enzymes, lack of saturation, even at
high concentrations of 7F-sialoside 11, precluded determi-
nation of the individual parameters Km and kcat, but catalytic

Table 2. Kinetic Parameters for Sialidase-Catalyzed Cleavage of 7-Fluorosialosides vs Parent

enzyme substrate no. Km (mM) kcat (min−1) kcat/Km (min−1 mM−1) kcat/Km (relative to 7F substrate)

T. rangeli TrSA (GH33) 7OH 10 2.4 (±0.2) 83 (±4) 34 (±4) 254
7F 11 not determined not determined 0.13 (±0.01) 1

C. perf ringens NanI (GH33) 7OH 10 0.80 (±0.04) 78 (±2) 97 (±7) 133
7F 11 not determined not determined 0.73 (±0.03) 1

M. viridifaciens NedA (GH33) 7OH 12 0.17 (±0.01) 940 (±90) 5500 (±900) 41
7F 13 1.2 (±0.15) 170 (±50) 135 (±60) 1

hNEU2 (GH33) 7OH 12 3.5 (±0.3) 3.0 (±0.1) 0.9 (±0.1) −
7F 13 no activity detected −

enzyme substrate no. Km (mM) Vmax rel
a (μM min−1) Vmax/Km rel

a (min−1 × 10−3) kcat/Km (relative to 7F substrate)

influenza N9 (GH34) 7OH 10 0.83 (±0.06) 17.5 (±0.5) 21 (±2.0) 1.8
7F 11 0.39 (±0.04) 4.6 (±0.2) 12 (±1.6) 1

aValues determined from a fixed volume of enzyme preparation.
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efficiency was reduced more than 100-fold for Trypanosoma
rangeli TrSA48 and 200-fold for Clostridium perfringens NanI.49

A quantitative comparison for human Neu2 (GH33) proved
impossible because turnover of 13 was too slow; a gratifying
result. These substantial decreases in rates for GH33-catalyzed
hydrolysis compared to the rates for spontaneous hydrolysis
suggest that inductive effects alone are not responsible. Rather,
much of the rate decrease for the enzymatic reactions must be
due to loss of important noncovalent interactions at the active
site that help stabilize the transition state.
Crystal structures of the GH33 enzymes have been obtained

in ligand-free and inhibitor-bound states. In human Neu2, two
hydrogen bonds between OH7 of the substrate and Glu111
have been suggested to help in substrate positioning.50 In the
case of T. rangeli TrSA, OH7 is found to be part of a water-
mediated hydrogen bonding network between the substrate
and the enzyme, which includes interactions with Asn60, the
acid/base catalyst and also the C5-N-acetyl oxygen.13,20 For C.
perf ringens NanI, OH7 is also involved in a tight water-
mediated hydrogen bond network, this time to Asp291, also
the acid/base catalyst.22 A significant restructuring of this
hydrogen-bond network occurs upon ligand binding, along
with a large displacement of Asn60 (T. rangeli) or Asp291 (C.
perf ringens). Loss of the hydrogen bond to OH7 would
therefore be expected to result in significant deleterious effects
on the enzyme-catalyzed hydrolysis reaction. The consequence
of this is that 7-deoxy-7-fluorosialosides are only slowly
hydrolyzed by these GH33 sialidases. Preliminary studies by
Khedri et al. came to a similar conclusion.29

In addition, we examined influenza N9 neuraminidase as a
representative of the GH34 family of viral sialidases and
observed only minor effects of fluorination at the 7-position on
catalytic efficiency (Table 2). This is markedly different from
the ∼100-fold rate differences observed for the family GH33
enzymes. Interestingly the 4-fold decrease in maximum
reaction rate between 7OH and the 7F substrate is very
similar to the 5-fold decrease for the spontaneous hydrolysis
above. Further, the modified substrate was bound 2-fold more
tightly than the parent. The structure of the group 2 influenza
neuraminidases, of which N9 is a member, solved in the
presence of an inhibitor51 reveals only a very distant (3.8 Å)
contact between the enzyme (Asp152) and the 7-position. By
contrast, these enzymes interact strongly with both OH8 and
OH9. These very weak interactions with OH7 thus explain the
tolerance of the enzyme toward modifications at that position.
This is in stark contrast with the family GH33 enzymes
wherein the enzyme−substrate contacts around the 7-hydroxyl
are important for enzyme activity.
Having established the ability of sialytransferases to transfer

7FSA and the increased resistance of 7FSA glycosides to
spontaneous and enzymatic hydrolysis, we set out to
investigate the possibility of installing hydrolysis-resistant
7FSA on proteins. For this, we explored one example of a
therapeutic protein bearing an O-glycan and one bearing N-
glycans to investigate whether both glycan classes can be
engineered.
For O-glycans, we made use of a system that we have

recently established52 allowing the expression of proteins
carrying the core 1 disaccharide (β-Gal-1,3-α-GalNAc) in
Escherichia coli. Using a purified sample of interferon-α2b
(IFNα2b*, glycosylation-sequon optimized) bearing the T-
antigen at Thr106 that we derived from this system we used
the sialyltransferase ST3Gal1 to carry out an in vitro extension

of the glycan with an α-2,3-linked sialic acid using, separately,
CMP-7OHSA and CMP-7FSA as donor. Intact protein mass
spectrometry (Figure 2) proved the high-efficiency transfer of

both 7OHSA and 7FSA to the glycoprotein, as revealed by the
correct mass differences compared to the precursor. This
shows that the system works well at engineering O-glycans on
proteins.
We then moved on to explore the potential for engineering

the larger and more structurally complex N-glycans on a more
densely glycosylated protein with 7FSA. This sample would
then be used to test the hypothesis that the hydrolysis-resistant
7FSA should withstand spontaneous or enzymatic hydrolysis
longer than the natural version, thereby keeping underlying
galactose residues from interacting with lectin receptors and
inhibiting the associated clearance pathway. We selected α1-
antitrypsin (A1AT), an abundant serpin-type protease
inhibitor as our target. A1AT is a 52 kDa glycoprotein that
protects tissue, mainly lung, from destruction by dead-end
inhibition of the inflammation-related protease neutrophil
elastase.53 Clinically, purified A1AT is used to treat the lung
pathology of α-1 antitrypsin deficiency, which is a genetic
disease caused by single nucleotide point mutations or
preliminary stop codons. These can lead to enzyme variants
with reduced or no activity or misfolded variants that form
plaques in the liver causing progressive dysfunction.54 Patients
present with mild to severe COPD-like symptoms and

Figure 2. O-glycan engineering with 7FSA on IFNα2b* evaluated by
intact protein mass spectrometry. The attachment of 7OHSA
(control, middle panel) as well as the attachment of 7FSA (bottom
panel) proceeded with high yields as seen by the shift of the protein
peak representing the IFN carrying the core 1 glycan by the expected
mass differences.
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currently the only effective therapy is A1AT supplementation
by weekly intravenous injection.55 Stabilized proteins may
prevent premature clearance from circulation and extend
circulation lifetimes, with clear benefits in terms of patient
compliance and costs. A1AT possesses no O-glycosylations,
but has N-glycosylation at three sites. These are mainly
occupied by biantennary N-glycans terminating with α-2,6-
sialic acids; triantennary N-glycans (two α-2,6 and one α-2,3
linkage for the terminal sialic acids) are the second most
abundant species.56 This very homogeneous and well-studied
N-glycan pattern allowed us to install 7FSA units globally
across the glycosylation sites and to track all steps of
remodelling. We decided to work with the marketed
formulation Prolastin C to ensure highest possible protein
quality.
Replacement of surface sialic acids by the 7-fluoro analogue

was done in a two-step desialylation−resialylation protocol.
Using the catalytic domain ofM. viridfaciens NedA, we stripped
off all natural sialic acids followed by extensive purification to
ensure complete neuraminidase removal to avoid compromis-
ing the resialylation step. Sialidase activity was monitored
throughout the process by kinetic analysis or analytical TLC.
We screened different recombinantly expressed sialyltrans-

ferases for their ability to resialylate the protein with either
7OHSA or 7FSA (Figure 3). To assess sialic acid attachment

efficiency, N-glycans were released from the protein by
PNGase F treatment and analyzed by high performance
anion exchange chromatography with pulsed amperometric
detection (HPAEC-PAD, Figure 3 and Figure S1). Mono-
sialylated N-glycans were the major sialylated products for two
enzymes, namely CjST1 and a recombinant human α-2,6-
sialyltransferase ST6Gal1 (rhST6Gal1). CjST1slowly con-
verted nonsialylated to mono- and disialylated glycans, but

the failure to detect significant amounts of CMP-7FSA, used in
excess, after prolonged incubation suggests unavoidable
background hydrolysis (Figure 3). rhST6Gal1 yielded only
monosialylated glycan species within the first 8 h, with no
further glycosylation even after 48 h, suggesting a prohibitive
mechanism in the given context. We also tested wildtype and
mutant PmST1 variants, but the high background hydrolysis of
either CMP-7FSA or the resulting sialosides excluded these
enzymes from further investigation. In contrast, high levels of
sialylation were observed for PsST with essentially complete
formation of at least the predominant species, the biantennary
glycan. Non- and monosialylated glycans were essentially
absent, but some triantennary structures were modified with
only two 7FSA moieties, leaving one arm untouched. The
results were confirmed by LC-MS, but the question of whether
the same or different sites on the triantennary glycans remain
unmodified was unanswered.
With the α-2,6-resialylated proteins in hand, we wanted to

ensure that sialic acid fluorination does not interfere with the
ability of the sialic acid to protect the glycoprotein from being
recognized by hepatocyte-residing galactose-binding lectins,
mainly the asialoglycoprotein receptor. These receptors
recognize terminal Gal and GalNAc residues, but also, with
lower affinity and species-dependently, α-2,6-SiaGal-
(NAc).57−59 The different resialylated Prolastin C samples
were nonspecifically labeled with the amine-reactive fluoro-
phore BODIPY-FL-NHS, incubated with HepG2 cells for 3 h,
and uptake was quantified by fluorescence microscopy (Figure
4). Asialo-A1AT exhibited the highest uptake as expected from
the large number of Gal residues that were exposed to
interaction with lectins. For all sialylated samples, uptake was
low with no significant differences between the unmodified
A1AT and the protein resialylated with either the natural or
the 7-fluorosialic acid. This demonstrates that reattachment of
both sialic acid variants efficiently blocked receptor interaction
at least with the major receptors. Other (lectin) receptors
might also be involved, but our results clearly demonstrate that
the 7-hydroxyl to 7-fluorine replacement does not seem to
change the recognition pattern of relevant lectin receptors on
liver cells. The results of the uptake assay therefore indicate
preservation of biological properties.
Encouraged by those results, we moved on to evaluate the

effects of 7F-fluorination on circulatory half-life in vivo in a
proof-of-principle study. A1AT (Prolastin C) was again
desialylated and decorated with either 7OHSA or 7FSA. The
two proteins exhibited very similar glycoforms in which relative
abundances were slightly shifted from the unmodified protein
as seen by HPAEC-PAD analysis of released glycans (see
Figure S5). The major difference is an increased peak around
16 min (17 min for 7FSA as 7-fluorination caused a shift in
retention times) and fewer peaks at later retention times. LC-
MS analysis indicates that this difference might represent
incomplete resialylation of triantennary N-glycans leading to
some structures terminating with galactose residues (Figures
S6−S11). This peak was present to the same extent in A1AT
modified with 7OHSA and with 7FSA. Samples were labeled
with a near-infrared fluorophore (CF770), injected into CD-1
mice, and protein concentration in blood was determined for
up to 72 h by measurement of fluorescence in collected
samples (Figure 5).60 All sialylated A1AT versions showed
longer retention in the circulatory system than the asialo-
A1AT, which was rapidly cleared from circulation. Direct
comparison of the two resialylated A1AT preparations showed

Figure 3. Evaluation of different recombinant sialyltransferases for
their ability to attach 7FSA to asialo-A1AT. N-glycans were released
from the substrate protein after 8, 24, and 48 h of reaction and were
analyzed by HPAEC-PAD to separate glycans with different 7FSA
attachment levels.
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clear advantages for 7FSA over the natural 7OHSA with the
half-life being extended from 4.6 ± 0.8 h (mean ± SD) to 13.8
± 1.1 h (see Table S1 for all calculated values). The area under
the curve, which reflects the actual body exposure to the drug
after administration, increased from 116 ± 24 to 245 ± 27 μg
h/mL. These differences do not reside in altered levels of
glycosylation since the N-glycan profiles of these proteins are
basically identical (Figure S5). The results therefore strongly
support the original hypothesis that the increased hydrolytic
stability of the 7-fluorosialoside in vivo leads to longer
retention of the glycoprotein in the circulatory system.
The observation that the circulatory half-life of the 7FSA

protein is very similar to that of the unmodified A1AT (13.0 ±
1.4 h) was initially disappointing and must reside in the slight
differences in sialylation level previously discussed, as seen in
the peaks at 16/17 min (Figure S5). Triantennary glycans
constitute about 20% of the total N-glycans on native A1AT56

but are found at only one of the three glycosylation sites per
protein molecule, Asn-107. This means that more than half of
the A1AT molecules have a triantennary N-glycan at this
position. As a consequence, incomplete sialylation of this
glycan type would result in a substantial fraction of protein
molecules missing a sialic acid at the time of injection. This will
be a disadvantage not only just after injection but also during
the whole time course due to multivalent recognition of
glycoconjugates by liver lectins.61 Whereas hydrolysis of one
sialic acid from a fully sialylated protein would yield a protein
that interacts in a weak monovalent fashion, equivalent loss of
a sialic acid from a protein already missing one sialic acid will
lead to a strong divalent interaction and more rapid clearance.
More extensive evaluation of sialyltransferases and conditions
will likely solve this issue for A1AT, which may well not be a
problem for other therapeutic proteins. Most importantly,
these results confirm the validity of the approach.

■ CONCLUSIONS

By exploiting differences in transition state structure and
substrate recognition between sialyltransferases and sialidases,
we have established a practical methodology for increasing
circulatory half-lives of therapeutic glycoproteins by incorpo-
rating terminal 7-fluorosialic acids. Kinetic studies with a series
of sialyltransferases confirmed that the 7-fluoro substitution
has little impact on sialyltransfer, while having dramatic effects
on rates of enzymatic hydrolysis of the resultant sialosides, as
desired. The enzymatic synthesis of the requisite CMP-7-
fluorosialic acid donor is achieved on a gram scale from readily
available 4-deoxy-4-fluoro-N-acetylglucosamine. Use of this
donor in conjunction with sialyltransferases allows efficient
sialylation of the asialoglycoproteins, recombinant IFNα2b*
for O-glycans and the in vitro desialylated therapeutic
glycoprotein alpha-1-antitrypsin for N-glycans. Glycan-remod-
elled α-1-antitrypsin exhibits essentially equivalent cellular
uptake into HepG2 cells as the equivalent protein bearing sialic
acid. Most importantly the half-life for elimination of the 7-
fluorosialylated protein from the circulation is increased by 3-
fold. This serves as a proof of principle for the concept of 7-
fluorosialylation and opens the door to optimization of
resialylation protocols. This choice of substitution strikes a

Figure 4. Cellular uptake of A1AT glycoforms by the hepatocyte cell line HepG2. (a) Fluorescent image of SDS-PAGE to analyze fluorescently
labeled A1AT. (b) Quantification of cellular fluorescence. (c) Representative images showing BODIPY-FL-labeled A1AT (green) and nuclear
staining with DAPI (blue).

Figure 5. Pharmacokinetic profile of unmodified and modified
glycoproteins labeled with CF770 fluorophore. Mice were intra-
venously injected with 6 mg/kg of CF770 labeled protein and blood
was collected at various time points. Data are mean ± SEM for three
mice per group. Levels of the CF770-labeled proteins in blood
samples were measured by an IVIS Lumina III (excitation/emission:
740/790 nm) and their concentrations interpolated from a standard
curve of known concentrations of the labeled protein diluted in
control blood.
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balance between ease of synthesis and degree of circulatory
lifetime extension and is readily transferable to a range of
therapeutic glycoproteins.
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