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ARTICLE ADDENDUM

The structure-activity relationship of the salicylimide derived inhibitors of
UDP-sugar producing pyrophosphorylases
Daniel Deckera, Christopher Öberg b, and Leszek A. Kleczkowski a

aDepartment of Plant Physiology, Umeå Plant Science Center, Umeå University, Umeå, Sweden; bLaboratories for Chemical Biology Umeå,
Department of Chemistry, Umeå University, Umeå, Sweden

ABSTRACT
UDP-sugars are key precursors for biomass production in nature (synthesis of cellulose, hemicellulose, etc.).
They are produced de novo by distinct UDP-sugar producing pyrophosphorylases. Studies on the roles of
these enzymes using genetic knockouts were hampered by sterility of the mutants and by functional-
complementation from related enzyme(s), hindering clear interpretation of the results. In an attempt to
override these difficulties, we turned to the reverse chemical genetics approaches to identify compounds
which interfere with the activity of those enzymes in vivo. Hit expansion on one of such compounds, a
salicylimide derivative, allowed us to identify several inhibitors with a range of activities. The present study
provides a structure-activity relationship for these compounds.
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Genetic studies on mechanisms of UDP-sugar formation were
frequently hampered both by reproductive impairment of the
resulting mutants.1−3 and by functional-complementation
from related enzyme(s).4 It was thus difficult to unequivocally
assess the in vivo roles of the separate UDP-sugar forming
enzymes. We have recently shown that several compounds,
identified by screening a small molecule chemical library,
served as potent UDP-glucose pyrophosphorylase (UGPase)
and UDP-sugar pyrophosphorylase (USPase) inhibitors, and
that some of them were also effective in in vivo studies.5 The
identified inhibitors were inhibiting both UGPase and USPase
activities, possibly reflecting common structural features at or
near active sites of these enzymes.6,7 Dose-response studies
revealed that the identified inhibitors had IC50 values in the
µM-range against each of the target enzymes.5

The potential of our identified candidate compounds for plant
uptake was evaluated first by analyzing their physicochemical
properties (quantitative estimation of plant translocation,
QEPT).8 This analysis suggested that cmpd #6, a salicylimide
derivative, was by far the most promising.5 The in vivo effects of
the inhibitors were evaluated in two plant systems: Arabidopsis
pollen germination.9 and Arabidopsis cell culture.10 The cmpd #6
acted as strong inhibitor of both pollen germination tests and cell
growth, which verified the results of our QEPT analysis, and
indicated that indeed the inhibitor was able to enter plant cells to
reach its target(s).5 In order to identify even stronger inhibitors of
UGPase and/or USPase, we performed a so-called hit-expansion,
where compounds which are derived from the top-candidate(s)
are analyzed to identify superior inhibitors.5 We used cmpd #6 as
starting point, since it was relatively effective in vitro (effect in
µM-range against both UGPase and USPase), in vivo (effect in

µM-range against both pollen germination and cell culture), had
acceptable QEPT and there were many commercially available
analogs.

Two rounds of hit-expansion allowed us to evaluate the
importance of different parts of the cmpd #6 molecule, and
gave clues to its structure-activity-relationship (SAR) for our
target enzymes (Figure 1). The analyses have revealed that the
salicylimide derivative (aromatic ring A and R1-R3) was pre-
sent in most active compounds (inhibition of both UGPase
and USPase), with the exception of cmpd #6H which may
represent a different mode of inhibition. Modifications of the
first portion of the linker (R3, between ring A and B) led to
abolished inhibition, whereas changes of the length of the
linker were acceptable (R4). Considering aromatic ring B,
modifications of the meta-positions (R5 and R7) led to inac-
tive inhibitors, whereas changes in the para-position (R6)
could alter the strength of the inhibitors, and halogens were
accepted, while O-methyl (cmpd #6D) and S-methyl (cmpd
#6D2) substituents led to increased potency. Little/no inhibi-
tion was observed for dimethylamine substituents in the para-
position (R6) against USPase activity, whereas UGPase was
inhibited which could mean that this compound (cmpd #6B)
may be used as a starting point to identify more selective
inhibitors. Compound #6D2, which was the most potent
inhibitor (Figure 1), contains two parts which resemble
known metabolites: ring A and substituents R1-R3 resemble
salicylic acid (SA), while ring B and substituents R3-R7 are
similar to p-coumaric acid. These two compounds were, how-
ever, not able to cause similar effects as cmpd #6D and #6D2,
neither in vivo nor in vitro.5 Both cmpd #6D and #6D2 also
contain structures which could potentially serve as metal-
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chelators (R3) and/or Michael-acceptors (R4), but those were
unlikely to play a role for UGPase/USPase inhibition, as they
were also present in inactive compounds.

Plants are known to synthesize different forms of glycosy-
lated SA, the major being SA-2-O-β-D-glucoside (SAG) and
the minor SA-Glc ester, with both forms being inactive and
stored in the plant vacuoles.11 In analogy, perhaps a #6D2-
glucoside can also be formed (by glycosylation of ring A and
R1-R2) and subsequently sequestered. Transgenic plants with
altered UGPase gene expression were shown to have altered
levels of SAGs.12,13 If such sequestering occurs, however, it
should also happen with cmpd #6A and #6K, which were
inactive against the target enzymes, but still blocked pollen
germination.5

Based on the SAR originating from the lead compound
(#6), the most promising candidate inhibitors, based on their
potency, were cmpd #6D and #6D2, and they were subse-
quently selected for further studies. They acted as uncompe-
titive inhibitors against both UGPase and USPase (with e.g.
inhibition constants for cmpd #6D2 of 30 and 40 µM against
UTP and Glc-1-P, respectively, for UGPase; and 70 and

50 µM against UTP and Glc-1-P, respectively, for USPase),
and were strongly inhibiting during pollen test, with their
apparent inhibition constants of less than 1 µM.5 The uncom-
petitive mode of inhibition by cmpd #6D and #6D2 seems
useful for in vivo studies, as the effect of the inhibitor will not
be outcompeted (as in the case of competitive inhibitors) by
accumulating substrates.14 In a more recent study,15 activity of
Arabidopsis UDP-N-acetyl glucosamine pyrophosphorylase2
(UAGPase2) was also found to be inhibited by cmpd #6D,
further underscoring common structural features at or near
the active sites of distinct pyrophosphorylases, which differ in
substrate specificity.

Overall, the results suggest that cmpd #6D and #6D2 and
their analogs may represent useful tools to study in vivo roles
of the UDP-sugar metabolizing pyrophosphorylases and that
their use may serve as a complement to the genetic
approaches. Further hit expansion on cmpd #6 analogs and,
perhaps, on other inhibitors identified during the chemical
library screening,5 may yield compounds which will act even
stronger against the pyrophosphorylases than cmpd #6D2
(cmpd #6H and #6I may be promising starting-points as

Inhibitor in-

house name

Inhibition (%) 

of UGPase at 

50 µM

A R1 R2 R3 R4 B R5 R6 R7

#6D2 79 yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H  -S-Me -H

#6H 56 yes ***  -O-  -(CO)-(NH)-(CO)- -Me - - - -

#6D 54 yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H  -O-Me -H

#6B 54 yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H  -N(Me)2 -H

#6D4 51 yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H  -Br -H

#6I 47 yes -H  -O-  -(CO)-(NH)-(CO)- * - - - -

#6 32 yes -H  -O-  -(CO)-(NH)-(CO)-  - yes -H  -Cl -H

#6D1 N.S. yes -(NH2) -(CO)- -(NH)-(CO)- -(CH)=(CH)- yes -H -H -H

#6K N.S. yes -H  -O-  -(CO)-(NH)-(CO)-  - yes -H -H -H

#6A N.S. yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H -H -H

SA N.S. yes -H  -O-  -(CO)-(OH)  - - - - -

#6E N.S. yes **  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes -H  -O-Me -H

#6C N.S. yes -H  -O-  -(CO)-(NH)-(CO)- -(CH)=(CH)- yes  -O-Me  -O-Me  -O-Me

#6F N.S. yes -H  -O-  -(CO)-(NH)-(CO)- -(CH2)3-Me - - - -

#6J N.S. yes -(CH)=(CH2)  -O-  -(CO)-(NH)-(CO)-  - yes -H -H -H

#6D3 N.S. yes -(OH) -(CO)- -(NH)-(CO)- -(CH)=(CH)- yes -H -H -H

PA N.S. - - -  -COOH -(CH)=(CH)- yes -H  -OH -H

Structure of compoundEffect

Figure 1. In vitro structure-activity-relationship for UGPase/USPase inhibitors. Regions in which modifications were tolerated included mainly R4 and R6. N.S. indicates
no significant effect according to Students T-test, p < 0.05, N = 2, * = 1,3-benzoxazole-2(3H)-thione, ** = 1-(4-bromophenyl)ethanone, *** = 1-(3,4-dichlorophenyl)
ethanone.
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they may function differently from the other cmpd #6 ana-
logs), and could be useful for in vivo studies. Finding inhibi-
tors that selectively affect a given pyrophosphorylase activity
should be one of the priorities.16,17

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed

Funding

This work was supported by the Swedish Research Council
(Vetenskapsrådet) and by the strategic fund from Umeå University (to
L.A.K.), and by Stiftelsen J.C. Kempes Minnes Stipendiefond and the
Lars Hierta Memorial Foundation (to D.D.).

ORCID

Christopher Öberg http://orcid.org/0000-0002-8804-829X
Leszek A. Kleczkowski http://orcid.org/0000-0001-8685-9665

References

1. Park JI, Ishimizu T, Suwabe K, Sudo K, Masuko H, Hakozaki H,
Nou IS, Suzuki G, Watanabe M. UDP-glucose pyrophosphorylase
is rate limiting in vegetative and reproductive phases in
Arabidopsis thaliana. Plant Cell Physiol. 2010;51:981–996. doi:
10.1093/pcp/pcq042

2. Geserick C, Tenhaken R. UDP-sugar pyrophosphorylase is essen-
tial for arabinose and xylose recycling, and is required during
vegetative and reproductive growth in Arabidopsis. Plant J.
2013;74:239–247. doi: 10.1111/tpj.2013.74.issue-2

3. Chen YH, Shen HL, Hsu PJ, Hwang SG, Cheng WH. N-
Acetylglucosamine-1-P uridylyltransferase 1 and 2 are required for
gametogenesis and embryo development in Arabidopsis thaliana.
Plant Cell Physiol. 2014;55:1977–1993. doi: 10.1093/pcp/pcu127

4. Meng M, Geisler M, Johansson H, Harholt J, Scheller HV,
Mellerowicz EJ, Kleczkowski LA. UDP-glucose pyrophosphorylase
is not rate limiting, but is essential in Arabidopsis. Plant Cell
Physiol. 2009;50:998–1011. doi: 10.1093/pcp/pcp157

5. Decker D, Öberg C, Kleczkowski LA. Identification and charac-
terization of inhibitors of UDP-glucose and UDP-sugar pyropho-
sphorylases for in vivo studies. Plant J. 2017;90:1093–1107. doi:
10.1111/tpj.2017.90.issue-6

6. Geisler M, Wilczynska M, Karpinski S, Kleczkowski LA. Toward a
blueprint for UDP-glucose pyrophosphorylase structure/function
properties: homology-modeling analyses. Plant Mol Biol.
2004;56:783–794. doi: 10.1007/s11103-004-4953-x

7. Kleczkowski LA, Geisler M, Fitzek E, Wilczynska M. A common
structural blueprint for plant UDP-sugar-producing pyrophosphor-
ylases. Biochem J. 2011;439:375–379. doi: 10.1042/BJ20110730

8. Limmer MA, Burken JG. Plant translocation of organic com-
pounds: molecular and physicochemical predictors. Environ Sci
Technol Lett. 2014;1:156–161. doi: 10.1021/ez400214q

9. Boavida LC, McCormick S. Temperature as a determinant factor
for increased and reproducible in vitro pollen germination in
Arabidopsis thaliana. Plant J. 2007;52:570–582. doi: 10.1111/
j.1365-313X.2007.03248.x

10. Kunz S, Pesquet E, Kleczkowski LA. Functional dissection of
sugar signals affecting gene expression in Arabidopsis thaliana.
PLoS One. 2014;9:e100312. doi: 10.1371/journal.pone.0100312

11. Rivas-San Vicente M, Plasencia J. Salicylic acid beyond defence:
its role in plant growth and development. J Exp Bot.
2011;62:3321–3338. doi: 10.1093/jxb/err025

12. Coleman HD, Canam T, Kang KY, Ellis DD, Mansfield SD. Over-
expression of UDP-glucose pyrophosphorylase in hybrid poplar
affects carbon allocation. J Exp Bot. 2007;58:4257–4268. doi:
10.1093/jxb/erm287

13. Payyavula RS, Tschaplinski TJ, Jawdy SS, Sykes RW, Tuskan G,
Kalluri UC. Metabolic profiling reveals altered sugar and secondary
metabolism in response to UGPase overexpression in Populus. BMC
Plant Biol. 2014;14:265. doi: 10.1186/s12870-014-0265-8

14. Kleczkowski LA. Inhibitors of photosynthetic enzymes/carriers
and metabolism. Annu Rev Plant Physiol Plant Mol Biol.
1994;45:339–367. doi: 10.1146/annurev.pp.45.060194.002011

15. Decker D, Kleczkowski LA. Substrate specificity and inhibitor
sensitivity of plant UDP-sugar producing pyrophosphorylases.
Front Plant Sci. 2017;8:1610. doi: 10.3389/fpls.2017.01610

16. Kleczkowski LA, Decker D, Wilczynska M. UDP-sugar pyropho-
sphorylase: a new old mechanism for sugar activation. Plant
Physiol. 2011;156:3–10. doi:10.1104/pp.111.174706

17. Kleczkowski LA, Decker D. Sugar activation for production of
nucleotide sugars as substrates for glycosyltransferases in plants. J
Appl Glycosci. 2015;62:25–36. doi:10.5458/jag.jag.JAG-2015_003

PLANT SIGNALING & BEHAVIOR e1507406-3

http://dx.doi.org/10.1093/pcp/pcq042
http://dx.doi.org/10.1111/tpj.2013.74.issue-2
http://dx.doi.org/10.1093/pcp/pcu127
http://dx.doi.org/10.1093/pcp/pcp157
http://dx.doi.org/10.1111/tpj.2017.90.issue-6
http://dx.doi.org/10.1007/s11103-004-4953-x
http://dx.doi.org/10.1042/BJ20110730
http://dx.doi.org/10.1021/ez400214q
http://dx.doi.org/10.1111/j.1365-313X.2007.03248.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03248.x
http://dx.doi.org/10.1371/journal.pone.0100312
http://dx.doi.org/10.1093/jxb/err025
http://dx.doi.org/10.1093/jxb/erm287
http://dx.doi.org/10.1186/s12870-014-0265-8
http://dx.doi.org/10.1146/annurev.pp.45.060194.002011
http://dx.doi.org/10.3389/fpls.2017.01610
http://dx.doi.org/10.1104/pp.111.174706
http://dx.doi.org/10.5458/jag.jag.JAG-2015_003

	Abstract
	Disclosure of Potential Conflicts of Interest
	Funding
	References

