
Extracellular and Intracellular Esterase Processing of SCFA-
Hexosamine Analogs: Implications for Metabolic
Glycongineering and Drug Delivery

Mohit P. Mathew1, Elaine Tan1, Shivam Shah1, Rahul Bhattacharya, M. Adam Meledeo, Jun
Huang, Freddy A. Espinoza, and Kevin J. Yarema2

Department of Biomedical Engineering and the Translational Tissue Engineering Center, The
Johns Hopkins University, Baltimore, Maryland, USA

Abstract
This report provides a synopsis of the esterase processing of short chain fatty acid (SCFA)-
derivatized hexosamine analogs used in metabolic glycoengineering by demonstrating that the
extracellular hydrolysis of these compounds is comparatively slow (e.g., with a t1/2 of ~ 4 hours to
several days) in normal cell culture as well as in high serum concentrations intended to mimic in
vivo conditions. Structure activity relationship (SAR) analysis of common sugar analogs revealed
that O-acetylated and N-azido ManNAc derivatives were more refractory against extracellular
inactivation by FBS than their butanoylated counterparts consistent with in silico docking
simulations of Ac4ManNAc and Bu4ManNAc to human carboxylesterase 1 (hCE1). By contrast,
all analogs tested supported increased intracellular sialic acid production within two hours
establishing that esterase processing once the analogs are taken up by cells is not rate limiting.
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Ester-containing small molecules are common in nature, exemplified by acetylsalicylic acid
(aspirin), and they also are common prodrugs and profluorophores used for medical,
diagnostic, and research purposes.1 The biological activity or therapeutic effects of these
compounds depend intricately on the stability or lability of the ester group as well as the
organ, tissue, or subcellular site of hydrolysis. A group of these compounds with emerging
significance, hexosamine analogs with ester-linked short chain fatty acid (SCFA) groups
used in metabolic glycoengineering (illustrated by Ac4ManNAc and Bu4ManNAc, or their
“R”-modified analogs), face a conflicting set of challenges to be used successfully in both in
vitro and animal experiments as outlined in Figure 1. Metabolic glycoengineering originated
with efforts to exploit N-acyl modified monosaccharides – epitomized by using N-
acetylmannosamine (ManNAc analogs) to target the sialic acid pathway – to redecorate the
cell surface with non-natural sugar epitopes.2,3 The versatility of metabolic
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glycoengineering was expanded considerably when the Bertozzi group used monosaccharide
analogs to install bioorthogonal chemical functional groups into the glycocalyx of living
cells in the form of ketone4 and azide groups.5 Finally, the chemical options available
through this technique have continued to expand with the recent metabolic incorporation of
thiols,6 aryl azides,7 alkynes,8 and diazarines9 into cell surface displayed glycans.

There are many potential biomedical applications for metabolic glycoengineering ranging
from imaging, diagnosis, to the treatment of diseases ranging from cancer10,11 to viral
infections12 with additional uses reviewed elsewhere.13,14 Unfortunately the in vivo use of
non-natural monosaccharide analogs has been slowed by low efficiency by which cells take
up and metabolize these compounds; typically concentrations in the tens of millimolar are
required in cell culture, which translates to unacceptably high doses for large animal studies.
This pitfall has been rectified in part by the introduction of short chain fatty acid (SCFA)
protecting groups, most commonly acetate, into analog design to increase cellular uptake by
600 to 900-fold.15,16 We have found that metabolic efficiency can be increased further, by
~1,800 and 2,100 fold for propionate- and butanoyl-modified hexosamines, respectively.17

This protecting group strategy, which renders the core sugar more lipophilic and thus
increases plasma membrane permeability, is contingent on the hope that the SCFA moieties
will be ignored by extracellular esterases and lipases and reach the targeted cell unscathed.

The extracellular stability of a SCFA-protected monosaccharide prodrug is important for
two reasons. First, when the primary intention is for the compound to enter a cell and
intercept a glycosylation pathway, the SCFA moieties that enhance membrane permeability
must remain attached to the core sugar until the analog reaches the membrane of the target
cell. Alternately, if the intention is to elicit “whole molecule” therapeutic effects exhibited
by some analogs (e.g., by Bu4ManNAc or 3,4,6-O-Bu3ManNAc (Fig. 1B) as described in
more detail below and in other publications18-20), the exact pattern of regioisomeric SCFA
derivatization must remain intact until the analog has time to interact with a target cell. To
illustrate this concept with a specific example, if the C6-substitutent of Bu4ManNAc were
hydrolyzed extracellularly, certain of the resulting molecules (e.g., 1,3,4-O-Bu3ManNAc,
Fig. 1C) would not be able to elicit the anti-oncogenic properties held by the parent
molecule.21 Instead, this analog is a facile intermediate for further debutanoylation and
incorporation into the sialic acid pathway and thus actually increases the oncogenic
propensities of late stage cancer cells by increasing the sialylation of adhesion molecules
implicated in metastasis.22

Once a sugar analog used in metabolic glycoengineering is taken into a target cell, the SCFA
protecting groups must be fully removed from the core sugar to intercept the targeted
glycosylation pathway (which can also, in addition to sialic acid pathway targeted by
ManNAc analogs in the current study, include the biosynthetic routes for fucose, GalNAc,
or O-GlcNAcylation14). Thus, unlike in the extracellular milieu where the analog will
ideally be refractory to hydrolysis of the SCFA groups, rapid deprotection inside the cell is
necessary for facile metabolic glycoengineering of cellular glycans. This paper addresses
these issues by providing experimental evidence that esterase/lipase inactivation of SCFA-
derivatized ManNAc analogs is relatively slow outside of a cell (Fig. 1A) allowing these
compounds to be used for routine in vitro cell culture and, most likely in vivo applications,
without undue concern for rapid degradation. By contrast, once taken up by a cell, esterase
processing of analogs is relatively fast; or, to put it another way, cells have ample esterase
activity to ensure that analog processing is not the rate limiting step for the incorporation of
SCFA-derivatized ManNAc analogs into the sialic acid pathway.

In the first set of experiments a functional assay was used to monitor the effects of analog
incubation in fetal bovine serum. This assay, which has been described in detail previously
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in our study of Ac4ManNAc uptake from tissue culture medium and incorporation into the
sialic acid biosynthetic pathway16 monitors the removal of SCFA groups, which reduces
cellular uptake of the core sugar and subsequently results in a measurable decrease in sialic
acid biosynthesis compared to control cells incubated with non-esterase or serum-treated
analog. Ac4ManNAc was refractory to serum inactivation over a 48 h time period (Fig. 2A),
thereby providing evidence that peracetylated monosaccharides widely used in metabolic
glycoengineering are sufficiently resistant to serum esterases for a wide range of in vivo
applications. For example, in some applications such as treatment of hereditary inclusion
body myopapthy (HIBM) with exogenously delivery ManNAc, sialic acid production
peaked as soon as four hours after administration of Ac4ManNAc23 while in other cases the
administration of SCFA-derivatized ManNAc analogs, e.g., Ac4ManNProp, required
repeated daily administration over several weeks to achieve maximal in vivo replacement of
natural sialic acids with the non-natural, metabolically engineered counterparts.24

Despite the serum stability of acetylated ManNAc analogs, butanoylated analogs have the
advantage of 3- to 4-fold more efficient metabolic incorporation17,25 and importantly, offer
added bioactivity of potential therapeutic value. For example, hydrolyzed n-butyrate can
provide therapeutic benefit by functioning as a histone deacetylase inhibitor.26,27 In
addition, “whole molecule” activity – where biological responses emanate from the intact
compound before esterase processing occurs – exemplify an emerging concept that sugar-
based templates offer an attractive platform for drug development;28 the whole molecule
effects of butanoylated hexosamines include suppression of NF-κB and metastatic
oncogenes21 and are described in more detail elsewhere.18-20 In the current work we found
that fully n-butanoylated ManNAc (Bu4ManNAc) was more rapidly inactivated by serum
esterases than Ac4ManNAc, with the butanoylated analog showing a measurable reduction
in sialic acid production in indicator cells after exposure to FBS for less than four hours
while the acetylated sugar was stable for 48 h, the maximal time interval tested (Fig. 2A).
The reduction in sialic acid production observed for Bu4ManNAc required the removal of at
least 2 of the 4 butyrate groups during the pre-incubation period, which renders the
dibutanoylated analog membrane impermeable.18 By contrast, lower concentrations of FBS
(e.g., 10% or 25%) did not result in a statistically significant reversion of Bu4ManNAc-
enhanced sialic acid production in the indicator cells (Fig. 2B). These results have two
implications: one is that under typical in vitro cell culture conditions, extracellular
degradation of butanoylated analogs is not a substantial concern. Conversely, extrapolating
the 100% serum treatment condition to the in vivo milieu (because, disregarding the cells
present, blood can be regarded as 100% serum), the degradation of butanoylated analog after
only a few hours shows that the in vivo stability of these compounds is a potential concern
when translating metabolic glycoengineering to animal studies. However, pending detailed
pharmacokinetic evaluation (which is beyond the scope of the present report), the half life of
butanoylated analogs is “in the ballpark” for at least some in vivo applications (e.g., the ~
four hour kinetics for maximal sialic acid production observed in the Ac4ManNAc-treated
hereditary inclusion body myopathy mouse model23).

The finding that Bu4ManNAc likely has only marginally sufficient serum stability for
effectively eliciting “whole molecule” effects in vivo raised the concern that tributanoylated
analogs with otherwise favorable properties (for example, 3,4,6-O-Bu3ManNAc has stronger
“whole molecule” responses than Bu4ManNAc19,20 and 1,3,4-O-Bu3ManNAc has “high
flux” properties with negligible side effects such as cytotoxicity18,25) might be even more
rapidly inactivated by extracellular esterases. To evaluate this possibility, we compared
1,3,4-O-Bu3ManNAc and 3,4,6-O-Bu3ManNAc in relevant assays. First the high flux
analog 1,3,4-O-Bu3ManNAc did not lose its ability to supplement sialic acid production
noticeably faster than Bu4ManNAc, showing only a relatively minor reduction in analog-
enhanced sialic acid production after four hours of serum treatment (Fig. 2C), which was
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similar to the kinetics observed for the perbutanoylated analog (as shown in Fig. 2B).
Similarly when growth inhibition, a “whole molecule” property of 3,4,6-O-Bu3ManNAc,18

was tested by monitoring the number of cells present after various time intervals of serum
pretreatment, comparable kinetics were observed where loss of analog-enhanced cell growth
inhibition began to be manifest between two and four hours, with a complete reversal after
24 hours (Fig. 2D).

As a final test of the extracellular esterase processing of ManNAc analogs, we evaluated
azido-modified analogs pioneered by the Bertozzi group who first exploited them in
modified Staudinger bio-orthogonal reactions;5 these compounds are now increasingly being
used for metabolic glycoengineering because of their ability to be exploited in click
reactions after installation into cellular glycoconjugates. By testing surface expression of
azido-modified sialic acids in indicator cells, both Ac4ManNAz and Bu4ManNAz were
refractory to a loss of signal over the first four hours of FBS treatment but did experience a
reduction, but not complete reversal, of surface expression after 24 hours of pre-treatment
(Fig. 2E). This assay suggested that the butanoylated analog Bu4ManNAz was more
refractory to serum deactivation than Bu4ManNAc, possibly because the presence of the N-
azido group interfered with binding of the butanoylated analog to the esterase(s). Despite
this ambiguity, this result established that azido-modified analogs are not rapidly (e.g.,
within minutes) deactivated by serum enzymes but instead should again have sufficient
longevity for in vivo applications using once a day (or less frequent) dosing regimens.

The requirement that intracellular esterase activity – in contrast to extracellular esterase
activity as outlined above – occurs rapidly and thus is not a rate limiting step for sialic acid
production was confirmed experimentally by monitoring production of this monosaccharide
in cells treated with butanoylated ManNAc analogs over early time points. This issue is
relevant because in organisms such as Escherichia coli strains that lack robust non-specific
esterase activity, the strategy of providing esterified precursors for metabolic engineering is
not viable.29 In our experiments in human cells, the perbutanoylated analog Bu4ManNAc,
the “high flux” analog 1,3,4-O-Bu3ManNAc, and the 3,4,6-O-Bu3ManNAc analog with
enhanced “whole molecule” effects all gave rise to statistically identical levels of increased
sialic acid production over the first 12 hours (Fig. 3A). These data diverge from previous
results that showed that each compound supported different levels of sialic acid production
when measured after 2 to 3 days of exposure to analog; for example, 1,3,4-O-Bu3ManNAc
was dubbed the “high flux” analog because of the very high sialic acid levels found in cells
after 48 to 72 hours or exposure.18,25 The current results indicate that this analog does not
necessarily support a higher rate of metabolic flux per se, but instead the high levels of sialic
acid observed in analog-treated cells after extended exposure are likely a consequence of the
lack of cytotoxicity of this analog. For context, analogs that inhibit the robust growth of cells
reduce ManNAc analog-mediated sialic acid production16,17,30 and the lower amounts of
sialic acid observed after 2 or 3 days of exposure to Bu4ManNAc or 3,4,6-O-Bu3ManNAc
likely result from the cytotoxicity of these analogs and not because esterase processing is a
rate limiting step for incorporation into the sialic acid pathway. Instead, in mammalian cells
downstream enzymes such as sialic acid synthase likely comprise a bottleneck for ManNAc-
supported flux through the sialic acid biosynthetic pathway.31,32

To address a final loose end, we were curious about the apparent disparity (albeit a fortunate
one) where esterase cleavage of SCFA groups was much slower extracellularly (e.g., at least
four hours was generally needed to remove one or two SCFA groups, Fig. 2) than
intracellularly (where, as shown in Figure 3A, sialic acid production was observed within
two hours for butanoylated ManNAc analogs. We have previously reported similar kinetics
for intracellular sialic acid production from Ac4ManNAc33, which is only possible upon
complete removal of SCFA groups from the core sugar. One explanation for these results is
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that the enzymes implicated in detoxification and most likely analog processing, such as
human carboxylesterase 1 (hCE1), are intracellular while extracellular enzymes (e.g.,
butylcholinesterases) are not capable of facile hydrolysis of SCFA from monosaccharides. A
second non-exclusive explanation is based on in silico docking simulations performed with
AutoDock (following previously described procedures19) to evaluate the interaction of
Ac4ManNAc (-2.9 kcal/mol and Kd = 7.2 mM) and Bu4ManNAc (-4.1 kcal/mol and Kd =
0.9 mM) with hCE1. While relatively weak, these binding values fall within the range of
other carbohydrate ligands docked to proteins,34 making these results plausible and thereby
providing an attractive mechanism to explain why SCFA-ManNAc analogs are hydrolyzed
slowly outside of a cell when in solution but rapidly inside a cell.

To explain in more detail, analog concentrations are sketched in Figure 3B, showing that the
nominal concentration in solution in culture medium is below the Kd for binding to hCE1
(e.g., 0.9 mM for Bu4ManNAc) at concentrations typically used in metabolic
glycoengineering experiments (e.g., <200 μM). As a result, the extracellular processing of
the analog is slow and inefficient. Considering, however, that cellular membranes act as
sinks for peracetylated ManNAc analogs16 and this effect is exacerbated for the more
lipophilic butanoylated analogs, we were able to extrapolate membrane concentrations for
these compounds based on log P values calculated by ChemDraw. Specifically,
tributanoylated analog concentration is expected to be enriched at least 12-fold in
membranes compared to aqueous solution with an additional ~20 fold gain (to ~239 fold in
total) for perbutanoylated analogs. Because hCE1 is a membrane associated enzyme, it is
reasonable that the local concentration of analog near membranes thereby becomes
sufficiently high to meet or exceed the in silico predicted Kd for this enzyme for
concentrations of butanoylated analogs added to culture media in the 25 to 200 μM range
typically used. Overall, although speculative at present, this mechanism satisfactorily
explains the slow extracellular processing of analog (because, even if appropriate esterases
are present in serum, analog concentrations in solution are considerably below the Kd,
resulting in slow processing) as well as the facile intracellular processing (as just explained
by the membrane sink effect).

In summary, this report provides experimental evidence based on an in vitro model system
that two potential pitfalls for the in vivo use of metabolic glycoengineering substrates – the
potential rapid extracellular or the too slow intracellular esterase-mediated removal of the
SCFA groups – are not a major concern. Consequently, this work provides a foundation for
the continued development of metabolic glycoengineering by establishing a rationale for
expanded translation from the “chemical glycobiology” origins of this methodology into
more disease oriented animal model systems and biomedical applications.
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Abbreviations

FBS fetal bovine serum

GalNAc N-acetyl-D-galactosamine

GlcNAc N-acetyl-D-glucoosamine

hCE1 human carboxylesterase 1

ManNAc N-acetyl-D-mannosamine

SCFA short chain fatty acids
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Figure 1. Overview of extra- and intracellular processing of SCFA-hexosamine analogs
(A) The lead compound Bu4ManNAc is used for illustrative purposes; if extracellular
esterase/lipase degradation is relatively slow (left) then the intact molecule will enter the
cell; alternately if ester hydrolysis is relatively fast (right) a partially degraded metabolite
such as 3,4,6-O-Bu3ManNAc will enter the cell (B). In either case, the butanoylated analog
is subject to further esterase processing to ultimately produce fully deprotected ManNAc
(B), which can also be derived from 1,3,4-O-Bu3ManNAc (or other partially deprotected
intermediates, not shown) (C) and used by the sialic acid biosynthetic pathway (as described
in detail elsewhere14,35) to produced sialic acid and sialylated glycans. (D) Similar esterase
processing occurs for peracetylated ManNAc (illustrated) and its hydrolysis products as well
as to N-acyl, R-modified analogs (such as the azido analogs shown in Fig. 2D).
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Figure 2. “Extracellular” esterase processing time course comparing various SCFA-derivatized
ManNAc analogs
Several lines of evidence establish that SCFA-ManNAc analogs are relatively refractory
against extracellular esterase/lipase hydrolysis: (A) Enhanced sialic acid production
emanating from FBS-treated Ac4ManNAc continued for much longer (e.g., ≥48 h)
compared to Bu4ManNAc (e.g., for ~ 2 to 4 h); (B) Under conditions encountered in typical
cell culture, e.g., with 10% (or even 25%) FBS, butanoylated ManNAc was resistant to
esterases/lipase degration. Tributanoylated ManNAc analogs showed moderate resistance to
FBS degradation with (C) the “1,3,4” analog evaluated in the sialic acid flux assay used in
panels A and B while (D) the “3.4,6” analog was tested by evaluating enhanced cytotoxity
of analogs with this particular SAR, as measured by cell counts as previously described.18

(E) Azido-derivatived ManNAc analogs are shown (note that the structures of analogs used
in panels A-C are given in Figure 1) along with surface labeling of Ac4ManNAz and
Bu4ManNAz that had been pretreated with FBS. Detection of surface azido groups was
performed by flow cytometry as previously described25 but by using single step labeling
with Acetylene-Fluor 488 (Cat. No. TA106-25, Click Chemistry Tools, Scottsdale, AZ).
Analogs were synthesized and characterized as previously described: Ac4ManNAc and
Bu4ManNAc;17 1,3,4-O-Bu3ManNAc and 3,4,6-O-Bu3ManNAc;18 and Ac4ManNAz and
Bu4ManNAc.25 All data shown represents a minimum of n = 3 replicates; the “*” symbol
indicates p < 0.05 compared to the control and the double “**” symbols in panel E indicate a
statistical difference (p < 0.05) at 24 h compared to both the control and earlier time points.
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Figure 3. Intracellular esterase processing and an explanation for slow extracellular and fast
intracellular analog hydrolysis
(A) Sialic acid production in LS174T “indicator cells” incubated with different forms of
butanoylated ManNAc analogs shows statistical no difference over the first several hours.
(B) Theoretical explanation for the slow extracellular and rapid intracellular processing of
SCFA-ManNAc analogs: tributanoylated and Bu4ManNAc concentrations are estimated in
solution and in (or near) membranes based on logP values calculated with ChemDraw. The
Kd for association with hCE1 (a plausible model esterase) indicated with the dashed line,
showing that the nominal concentration for analog in solution in media is typically below
this threshold resulting in slow extracellular hydrolysis of SCFA groups while membrane-
associated analog is typically at concentrations higher than this threshold, thus explaining
the rapid intracellular hydrolysis of SCFA groups.
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