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The Polarised Life of the Endocannabinoid System in CNS
Development
Sharon Anavi-Goffer and Jan Mulder*[a]


Introduction


Recent developments in the cannabinoid arena have rapidly
increased our comprehension of the multifunctionality of the
endocannabinoid (eCB) system in the periphery and the central
nervous system. In particular, the identification of an active
eCB system in the developing brain and temporal changes in
this system during brain development has led to recent discov-
eries that show the importance of eCB signalling in most of
the developmental processes that shape the brain. It is impor-
tant to fully understand the role of the eCB system during
brain development in order to assess the devastating conse-
quences of prenatal cannabis exposure or the toxic effects of
exogenously applied cannabinoid receptor ligands or enzyme
inhibitors on the developing brain. In this review, we focus on
the spatiotemporal distribution and dynamics of the eCB
system throughout early life and emphasise the role of the
eCB system in the major developmental processes that shape
the central nervous system.


The Endocannabinoid System


CB1R distribution in the developing CNS


The classified cannabinoid receptors, CB1R and CB2R, act pri-
marily through activation of Gi/o proteins and are activated by
D9-tetrahydrocannabinol and the major endocannabinoids
anandamide (arachidonoylethanolamide) and 2-arachidonoyl-
glycerol.[1] The abundant expression of CB1R in neurons[2] has
led scientists to investigate many aspects of CB1R pharmacolo-
gy and receptor functions in the CNS. In the prenatal brain,
CB1R is the most studied component of the eCB system. CB1R
mRNA can be detected as early as embryonic day 11 in a
subset of cells in the neural tube.[3] Detailed analysis of CB1R
mRNA levels by using in-situ hybridisation revealed temporal
variation in CB1R expression in the forebrain, brainstem and
cerebellum during brain development;[4] this points to a func-
tional divergence and the importance of the eCB system in


guiding distinct brain areas through attaining neuronal com-
plexity and diversity.


In the developing rodent neocortex, CB1R mRNA expression
reaches its maximum during gestation day 16.5, and gradually
declines towards birth.[5, 6] Furthermore, the presence of CB1R
protein has been detected in early neural progenitors[7–9] and
in the axons and growth cones of developing cortical projec-
tion neurons.[6, 10–12] Moreover, [3H]CP55940 autoradiography
and [35S]GTPgS binding studies with WIN55212-2, potent CB1R
agonists (Table 1), revealed high CB1R binding in the corpus
callosum and corticospinal tract during this embryonic
stage.[13] The specific targeting of functional CB1R to develop-
ing axons suggests a role of eCBs in the establishment and or-
ganisation of neuronal networks. During late gestation and
early postnatal life, cortical CB1R is predominantly expressed in
interneurons,[10] thus resulting in increasing CB1R binding and
WIN55212-2-induced [35S]GTPgS binding within the neocortex.
In contrast, CB1R binding in the pyramidal tract and internal
capsula is markedly reduced during late gestation and early
postnatal development.[13]


In the developing rat brainstem, the CB1R mRNA level gradu-
ally decreases from gestation day 21 towards adulthood, while
in the cerebellum, CB1R expression continuously increases,
reaching maximum expression during adulthood.[4] These spa-
tiotemporal changes in expression are in line with changes in
the relative intensity of [3H]CP55940 binding and WIN55212-2-
induced [35S]GTPgS binding within these brain areas (Figure 1).


Shifts in temporal expression from mid-gestation (week 20)
to adulthood are also evident in the developing human
brain.[14] [3H]CP55940 binding and agonist-stimulated [35S]GTPg


autoradiography in the hippocampus, cerebellum white matter


[a] Dr. S. Anavi-Goffer, Dr. J. Mulder
Institute of Medical Sciences, School of Medical Sciences
University of Aberdeen, Aberdeen AB25 2ZD (UK)
Fax: (+ 44) 1224-555915
E-mail : j.mulder@abdn.ac.uk


Endocannabinoids (eCBs) play an important role in fine-tuning
neurotransmission and have recently been shown to play an
important role in brain development. The spatiotemporal ex-
pression of cannabinoid receptors and endocannabinoid-me-
tabolising enzymes during development guides major devel-
opmental processes including neurogenesis, cell differentia-
tion, cell migration, neuronal specification and synaptogenesis.
Furthermore, pharmacological experiments and transgenic


animal models have shown the impact of disrupted eCB signal-
ling on normal brain development and revealed the danger of
both cannabis abuse and exposure to cannabinoid drugs
during embryonic development, childhood and adolescence.
In this review, we focus on the dynamic expression of eCB
components and the physiological role eCBs play during brain
development.
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areas and, to a lesser extent, in the neocortex are elevated
during major developmental events that shape these struc-
tures and their connections.[15]


Even though the spatial and temporal distribution of CB1R
expression and distribution supports receptor-binding results,
it should be stated that CP55940 and WIN55212-2 are nonse-
lective CB1R/CB2R agonists with an affinity for GPR55.[16–19] The
nature of [3H]CP55940 binding and WIN55212-2-induced
[35S]GTPgS binding should therefore be carefully interpreted as
“solely” CB1R indicator. Addition of SR141716A, a CB1R antago-
nist and possible GPR55 antagonist,[18] reversed most
WIN55212-2-induced [35S]GTPgS binding in the human brain,[15]


and almost completely abolished WIN55212-2-induced
[35S]GTPgS binding in the rat brain,[13] thus supporting the
abundant expression of CB1R in the developing brain. Howev-
er, WIN55212-2-induced [35S]GTPgS binding in the presence of
a CB1R antagonist[13] and in CB1R knock-out mice[20] implies the
existence of another WIN55212-2 binding receptor in the CNS.


CB2R distribution in the developing CNS


During embryogenesis, CB2R mRNA is mainly expressed in the
liver and is undetectable in brain tissue by in situ hybridisa-
tion[3] or real-time PCR.[21] In the adult rodent brain, CB2R ex-
pression is detected in a subset of brainstem neurons,[22] cere-
bellar neurons[23] and neural stem cells in the subventricular
zone.[24] More data suggesting sparse CB2R expression in the
rodent brain come from displacement binding results from


CB2R antagonists (Table 1). Nanomolar concentrations of
SR144528 displaced [3H]CP55940 binding by up to 20 % in the
cerebellum of both adolescent mice[25] and rats,[26] and JTE-907
displaced 20 % of [3H]CP55940 binding in the adult mouse cer-
ebellum at nanomolar concentrations.[25] These data support
the expression of both CB1R and CB2R in the rodent cerebel-
lum. However, it cannot be excluded that a receptor similar to
CB2R is responsible for [3H]CP55940 binding and SR144528/JTE-
907 displacement. In conclusion, there is a general consensus
on the expression of CB2R on macrophages and the role of the
CB2R in the central immune system.[27] However, the expression
of CB2R in neurons and neuronal progenitors and the role of
this receptor in the development of the central nervous
system remain unclear.


GPR55 distribution in the CNS


The current pharmacology of cannabinoid receptors is facing a
challenging extension in which orphan GPCR receptors appear
to be activated by a subset of cannabinoid ligands. This has
prompted a revision of the current opinion on cannabinoid re-
ceptor pharmacology in the adult and developing CNS. More
recently an orphan receptor (GPR55), coupled to Gq/G12/13 pro-
teins,[16–19] has been shown to have affinity for AEA
(Table 1) ;[16, 18, 28] and might constitute a novel cannabinoid re-
ceptor.[29] High (5 mm) concentrations of D9-THC have been
shown to activate Ca2 + influx[18] through Gq protein while
nanomolar concentrations could activate G13 proteins through


Figure 1. The polarised life of the endocannabinoid system. Temporal changes in the expression of endocannabinoid system constituents and changes in en-
docannabinoid levels are illustrated at different developmental stages. Note the differential expression of CB1R in the corticospinal tract versus the cortex and
cerebellum. At early developmental stages, cannabis consumption increases the risk for miscarriage, while at adolescent age it enhances the appearance of
psychiatric disorders. CB2R expression appears to decline with brain development. Up regulation of CB2R expression at adulthood is associated with neurode-
generative diseases. The level of 2-AG (nmol g�1) exceed that of AEA (pmol g�1) in the developing brain. A peak in 2-AG level right after birth has been record-
ed and is thought to promote CB1R activation that enables proper suckling. Inhibition of CB1R receptor signalling is suggested to promote nonorganic failure
to thrive (NOFT). The expression level of anandamide-degrading enzyme FAAH peaks during early postnatal life and gradually decreases during childhood, co-
inciding with the increased synthesis of AEA. DAG lipases are expressed throughout development of the CNS and adulthood. DAGLa expression is constant
through brain development, while the expression of DAGLb is most abundant in embryonic brain tissue.
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this receptor.[16] Cannabidiol, another cannabis constituent, has
been shown to antagonise GPR55 signalling.[16] Quantitative
PCR revealed that the GPR55 level in the brain is lower than
that of CB1R. In the cerebellum, the GPR55 mRNA level is 100
times lower, while in the hippocampus it is 10 times lower
than that of CB1R.[16] However, in the cortex, striatum, hypothal-
amus and brain stem, the GPR55 mRNA level is only half of
CB1R mRNA expression.[16] The coupling of GPR55 to a signal-
ling pathway that differs from that of CB1R and CB2R suggests
the existence of a more delicate regulation of endocannabi-
noid signalling in these brain regions.[28]


Endocannabinoid metabolism


Endocannabinoids are endogenously produced phospholipid
derivatives (Scheme 1) that are produced on demand and
exert biological activity through stimulation of cannabinoid re-
ceptors.[30] So far five eCBs have been identified N-arachidono-ACHTUNGTRENNUNGylethanolamine (AEA), 2-arachidonoyl-glycerol (2-AG), noladin,
virhodamine and N-arachidonyl-dopamine, of which AEA and
2-AG are the most studied.[31]


2-AG is synthesised from diacylglycerol by sn-1-diacylglycerol
lipases. The synthesis of DAG by phospholipase C is regulated
by Ca2 + availability and is therefore the rate-limiting factor in
the activity-dependent biosynthesis of 2-AG.[32] Two related


genes coding for DAGL ACHTUNGTRENNUNG(a and b) have been identified and
shown to be highly conserved throughout evolution with their
highest expression in the central and peripheral nervous sys-
tems.[33] Upon release, 2-AG is mainly hydrolysed by monogly-
ceride lipase,[34] and, to a lesser extent, by a/b-hydrolase 6 and
12.[35]


The catalytic pathway responsible for the generation of AEA
from phospholipids was long believed to be mediated by Ca2 +


-dependent phospholipase D activity and the conversion of
N-acylated phosphatidylethanolamines by NAPE-hydrolysing
phospholipase D.[36] Recently, an alternative pathway via the
synthesis of the AEA precursor glycerophospho-N-arachidono-
yl-ethanolamine (GP-NArE) from NAPEs by a/b-hydrolase 4 and
the Mg2+-dependent catalysed conversion of GP-NArE to AEA
by phosphodiesterase 1 (GDE1) has been proposed.[37] Fatty
acid amide hydrolases 1 and 2 have been identified as theACHTUNGTRENNUNGenzymes responsible for degrading AEA into arachidonic acid
in the brain;[38] this is supported by the increased levels of AEA
in transgenic mice lacking this enzyme (FAAH�/�).[39]


The synthesis and degradation of eCBs depends on the ex-
pression and distribution of the responsible enzymes. Both 2-
AG and AEA levels show temporal variation during brain devel-
opment. 2-AG synthesis gradually increases during embryonic
development, peaks in the CNS immediately after birth and
normalises during postnatal development.[40] Meanwhile, brain
AEA levels gradually increase during postnatal development
reaching a maximum in adulthood (Figure 1). The spatiotem-
poral dynamics of the key enzymes responsible for the synthe-
sis and degradation of eCBs during brain ontogeny have only
been partly unravelled. DAGLs are present in the brain during
early development, and expression is maintained throughout
life. While total DAGLa protein levels seem constant during
brain development, the expression of DAGLb appears to be
most abundant in embryonic brain tissue.[10, 33] DAGLs are dis-
tributed to the developing axons of pyramidal neurons,[6] while
in the adult brain DAGLa is mainly localised in dendrites.[41]


This indicates a different role of the eCB system in developing
and mature neurons. Expression of the proposed AEA-synthe-
sising enzyme NAPE-PLD is low during embryonic develop-
ment, and can be detected in GABA-ergic and glutamatergic
processes in the developing cortex.[10] The expression and dis-
tribution of the newly identified AEA-synthesising enzymes
ABDH4 and GDE1 in the adult and embryonic brain have not
been identified yet, but NAPE-PLD expression steadily increas-
es after birth, coinciding with a marked increase in AEA
levels.[42]


Not only the distribution and expression of enzymes regu-
lates the production of eCBs. The availability of precursor mol-
ecules and cations (Ca2+ and Mg2+) also varies during different
stages of brain development. For example the level of phos-
phatidylcholine, a precursor of DAG, is high during mid gesta-
tion in the developing guinea pig brain at the stage dominat-
ed by axon targeting and myelination processes.[43] In rat brain
tissue, the concentration of magnesium regulator of GDE1 ac-
tivity, is highest at postnatal day 5 and gradually decreases
during the first weeks of life.[44] However, to what extent fluctu-
ations in these factors influence eCB biosynthesis remains un-


Scheme 1. Endocannabinoid synthesising and degrading pathways. Phos-
pholipids are the lipid precursors of both 2-arachidonoylglycerol and anan-
damide. 2-AG production requires activity-dependent (Ca2 +) synthesis of di-
acylglycerol by phospholipase C, which is converted to 2-AG by DAG lipases
a and b. 2-AG can by hydrolysed by monoglyceride lipase, or ab-hydrolase
6 or 12 to form arachidonic acid. Synthesis of N-acylphosphatidyl ethanol-
amines by phospholipase D is believed to underpin activity-dependent
(Ca2 +) AEA production. NAPE was believed to be directly converted to AEA
by NAPE-hydrolysing phospholipase D, but recently an alternative pathway
that includes the synthesis of glycerophospho-N-arachidonoylethanolamine
from NAPEs by a/b-hydrolase 4 and the phosphodiesterase 1-catalysed
Mg2 +-dependent conversion of GP-NArE to AEA has been suggested. Endo-
cannabinoid levels are regulated by expression of synthesising and degrad-
ing enzymes and the availability of precursors and cofactors.
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certain and largely depends on the local concentration in cellu-
lar compartments that give rise to the production of eCBs. Fur-
thermore, extracellular eCB levels depend on the rate of degra-
dation. No information on the distribution of 2-AG-degrading
enzymes during embryonic and early postnatal life is available,
but the expression of the AEA-hydrolysing enzyme FAAH grad-
ually increases during postnatal life in the rodent hippocam-
pus.[45] This coincides with increased levels of AEA during post-
natal life and suggests a role of FAAH in controlling AEA signal-
ling (Figure 2).


The Roles of the eCB System in BrainACHTUNGTRENNUNGDevelopment


The development of the brain involves the birth of cells that
populate the brain (neurogenesis), migration of the newly
formed cells to their destination, neuronal specification and
the formation of adequate connections with neighbouring or
distal neurons.


Neurogenesis


The activation of CB1R and CB2R expressed on neural stem
cells has been shown to promote proliferation through activa-


tion of phosphoinositide-3 kinase/Akt and ERK1/2 signalling
pathways in vitro.[7, 46] Both CB1R and CB2R inverse-agonists/an-
tagonists (SR141716A and SR144528) arrest basal proliferation
rate, leading to apoptosis.[46] Furthermore, neural stem cells ex-
press DAGLs and FAAH[7] and have the capacity to synthesise
AEA and 2-AG.[11, 47] Deletion of FAAH (FAAH�/�) increases levels
of AEA, stimulating neurogenesis in proliferation zones in the
developing and adult brain.[6, 7] The roles of CB1R and CB2R,
their complex interaction in the regulation of neural prolifera-
tion and how their relative expression determines cell fate re-


mains poorly understood. Deletion of CB1R or phar-
macological inhibition of its function inhibits prolif-
eration in neurospheres in vitro[7, 24, 46] and in prolifer-
ative zones in vivo in both the developing[6, 7] and
adult brain.[24] Treatment of neurospheres with both
CB1R and CB2R agonists increases the proliferation
rate in vitro.[7, 46] In the adult brain, increased stimula-
tion of the CB1R did not result in increased neuro-
genesis, whereas stimulation of the CB2R markedly
increased the number of proliferating cells in the
subventricular zone of 6-month-old mice.[24] The rela-
tive expression of CB1R on neural stem cells is low,
but undergoes robust up-regulation after initial dif-
ferentiation into a neuron.[6] Simultaneously, CB2R ex-
pression appears to be down-regulated upon com-
mitment to a neuronal lineage.[46] This suggests that
the low expression level of CB1R is required to main-
tain a proliferative state, but that the rate of prolifer-
ation is regulated by alterations in eCB levels that
signal through CB2R.


Neuronal migration


Cannabinoids are known to modulate the motility of
hematopoietic stem cells,[48] lymphocytes,[49] macro-
phages,[50] natural killer cells[51] and tumour cells.[49, 52]


In the developing central nervous system cells are
born in proliferative zones and actively migrate to
their final destination. During corticogenesis pyrami-
dal progenitors, born in the ventricular/subventricu-
lar zone, radially migrate into the cortical plate and
populate distinct cortical layers.[53] Deletion of the
CB1R arrests newly born neurons in the deep cortical
layers, whereas elevated levels of AEA through dele-
tion of FAAH markedly increase the penetration of


newly formed neurons into the cortical plate ex vivo.[6] Inter-
neurons populating the hippocampus and cortex are born in
the ganglionic eminence and undergo long distance migration.
A subset of newly formed interneurons in the ganglionic emi-
nence express CB1R, and give rise to the population of CB1R-
expressing cholecystokin (CCK) and reelin-/calretinin-positive
interneurons in the cortex and hippocampus.[9] Stimulation of
these newborn neurons with AEA and WIN552122-2 alters the
motility in vitro, and prenatal exposure to D9-THC increases
the number of CCK-expressing interneurons in the rat hippo-
campal CA3 region in vivo.[5] This could indicate a role of CB1R
in the regulation of long-distance migration in the developing


Figure 2. eCB signalling in corticogenesis. The main cell populations in the cerebral
cortex are glutamatergic pyramidal neurons and GABA-ergic interneurons. Both types of
neurons are born in different proliferative zones. GABA-containing interneurons are gen-
erated in the subcortical telencephalon and undergo long-range migration into the neo-
cortex. The role of eCBs in (1) cortical interneuron progenitor proliferation and (2) the
early phase of migration is unknown, and the existence of an eCB signalling system
within these young interneurons has not been confirmed. However, from the moment
these neurons turn radially, leaving the superficial and deep migratory streams, CB1R ex-
pression becomes apparent. (4) eCBs guide the formation of synaptic connections be-
tween GABA-ergic interneurons and pyramidal neurons by influence growth cone turn-
ing. Pyramidal neurons are generated in the ventricular and subventricular zone, and
proliferation (1) of these progenitors is regulated by eCB signalling. Both CB1R and CB2R
are expressed in cortical progenitors (1), and both 2-AG and AEA are produced in their
microenvironment. Newly formed neurons undergo radial migration to populate the ne-
ocortex (2). Both AEA- and 2-AG-synthesising enzymes are present in the developing ne-
ocortex, and eCBs stimulate radial migration. Once neurons reach their final destination,
cells undergo further neuronal specification (3). The formation of distinct neuronal con-
nections is essential for information processing and involves (4) axon targeting and (5)
synaptogenesis. Endocannabinoids control the targeting and fasciculation of long-range
projections of pyramidal neurons to subcortical areas. The distribution of CB1R to both
the growth cones and axon shafts suggest an action of eCBs on both axon path finding
and axon collateral formation.
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brain. The onset of CB1R expression in cortical interneurons is
unknown, but CB1R becomes apparent in a subset of cortical
interneurons from the time they radially deviate from theACHTUNGTRENNUNGsuperficial and deep migratory streams. Selective deletion of
CB1R in cortical GABA-ergic interneurons (CB1Rf/f ;Dlx5/6�Cre) did
not affect the total number of different subsets of GABA-ergic
interneurons in the cortex.[10] However, a more detailed analy-
sis of the distribution of interneuron subsets in the entire hip-
pocampus and in different cortical layers in CB1R knock-out
mice and mice prenatally exposed to D9-THC is needed to fully
understand the role of eCBs in the control of interneuron mi-
gration within these brain structures.


Neuronal specification


An important step in brain development is the incorporation
of newborn neurons into neuronal networks. This requires neu-
rochemical specification and the formation of adequate con-
nections with neighbouring or distal cells. Cortical interneurons
include multiple phenotypes that express different sets of pro-
teins that are required for their specialised functions. Fate-
mapping studies have identified several transcription factors
(e.g. , Dlx1/2/5/6, Nkx2.1, lhx6, ER81, Pax6, Arx) involved in the
cortical interneuron development.[54] Furthermore, CB1R activa-
tion has been shown to regulate the expression of a large
number of transcription factors including CREB, Stat3 and
Pax6.[55] In theory, this would suggest a possibility of eCBs’ACHTUNGTRENNUNGdirectly regulating cell fate by altering the expression of tran-
scription factors. However, neuronal specification is mainly
driven by epigenetic control of transcription, and any possible
role of eCBs in regulating cell fate depends on the coincidence
of a functioning eCB loop at critical decision points during
neuronal development.


Axonal targeting and synaptogenesis


In the neocortex, the fine-tuned connections between pyrami-
dal neurons and GABA-ergic interneurons underscore adequate
information processing. This not only involves the number of
synaptic connections between and within subsets of cortical
neurons,[56] but also the distribution of synapses on the soma
and dendrites. CB1R is expressed in both GABA-ergic interneur-
ons and glutamatergic projection neurons during axonal devel-
opment and synaptogenesis.[5, 6, 10] Both CB1R autoradiogra-
phy[13] and immunohistochemistry[6, 10, 12] show distribution of
CB1R to elongating axons in the corpus callosum and cortico-
spinal tract between GD14.5 and GD18.5 in the rodent brain.
CB1R expression is down-regulated when pyramidal axons
reach their final destination and synapses are formed. Elevated
CB1R expression coincides with axonal targeting of DAG lipas-
es; this suggests axonal synthesis of 2-AG.[6] CB1R autoradiogra-
phy and agonist-induced [35S]GTPgS binding[13] suggest that
functional CB1Rs are present not only in the navigating growth
cones, but also on the axonal shaft. This could indicate a role
of eCBs both in axon guidance and in suppression of axon col-
lateral formation. Pyramidal neuron-specific deletion of CB1R
(CB1Rf/f,NEX–Cre) or in utero infusion of the CB1R antagonist


SR141716A resulted in mistargeting and abnormal fasciculation
of corticothalamic axons.[6] These data are supported by in
vitro experiments that show increased elongation of the pri-
mary axon and suppression of axonal branching in embryonic
primary cortical neurons stimulated with AEA.[6] Interestingly,
when CB1R–GFP was over-expressed in primary hippocampal
neurons in vitro, it seemed to negatively regulate neurite
growth.[12] This could indicate that the total expression and
subcellular distribution of CB1R determines the cellular re-
sponse to eCB, and could underpin the different physiological
responses to eCBs by different populations of CB1R-expressing
neurons. However, it should be stated that the modified and
EGFP-tagged constructs used in these experiments could influ-
ence CB1R signalling and alter cellular responses to eCBs. Also
in CB1R-expressing GABA-ergic interneurons stimulation with
AEA inhibits brain-derived neurotrophic factor (BDNF)-induced
neurite growth.[5] Furthermore, CB1R is present in the axonal
growth cone of GABA-ergic interneurons. Stimulation of CB1R
induced RhoA-dependent growth cone repulsion in vitro. Con-
ditional CB1R knockout in GABA-ergic neurons (CB1Rf/f;Dlx5/6�Cre)
in mice led to impaired postsynaptic target selection that al-
tered the distribution and density of vesicular glutamate trans-
porter 3 and vesicular GABA transporter containing perisomatic
terminals on L2/3 pyramidal cells.[10] Endocannabinoids are not
only involved in corticogenesis, but a role of eCBs in the estab-
lishment of other intraregional neuronal connections is evi-
dent. Pharmacological blockade or deletion of the CB1R also re-
sults in abnormal axon growth and fasciculation deficits in
zebra fish spinal cord and chick mesencephalon.[11] The delayed
increase in CB1R expression in the rodent cerebellum com-
pared to other brain areas[4, 13] coincides with the major devel-
opmental processes of this brain structure.[57] This could indi-
cate a role of CB1R in the maturation of Purkninje cells or the
innervation of climbing fibres from the inferior olive that con-
tinue postnatally.


These findings indicate the importance of the eCB system in
the developing brain, and the role of endocannabinoids in
almost all aspects of neuron development from neurogenesis
to synaptogenesis. Disturbance of eCB signalling has a large
impact on normal brain development, in particular inhibition
of CB1R signalling during critical developmental stages has irre-
versible consequences on the formation of functional neuronal
networks.


D9-THC-Induced Developmental Impairments


A functional eCB signalling loop already exists during early em-
bryogenesis,[57] and D9-THC-induced disturbance of the endo-
cannabinoid tone can inhibit implantation of the blastocyst in
the uterus leading to miscarriage.[58]


In cases of a full-term pregnancy, continuous maternal can-
nabis abuse leads to long-lasting alterations in several CNS
functions in offspring,[59] which can even be initiated by a very
low (0.001 mg kg�1) single dose of D9-THC.[60] Prenatal exposure
to D9-THC does not affect eCB concentrations and CB1R affinity
in the adult brain, but impairs CB1R mediated down stream sig-
nalling in the hippocampus and slightly elevates CB1R response
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in the striatum, areas involved in learning and motor activity,
respectively.[61] Moreover, a longitudinal study on the develop-
mental effects of prenatal cannabis consumption in humans
has shown that high-risk but not low-risk cannabis consump-
tion during pregnancy affects children’s mental score during
the first year, and affects verbal communication for up to 2–3
years. However, effects on the visual system and higher cogni-
tive abilities that require attention and working memory
appear to last into adolescence.[62]


Human brain development continues postnatally, and
during adolescence many brain regions still undergo remodel-
ling. These brain areas include the prefrontal cortex and other
limbic brain areas involved in higher cognitive functions and
emotions. During puberty and adolescence, synaptic connec-
tions in the prefrontal cortex are refined through a loss of exci-
tatory drive[63] and an increase in dopaminergic input.[64] The
neuropsychiatric consequences of regular cannabis abuse
during adolescence can be long-lasting, and can induce anxi-
ety, depression and psychosis.[65] This increased vulnerability is
partly due to the physiological effects of D9-THC on neuro-
transmission, but also involves structural alterations that lead
to abnormal brain plasticity and connectivity that are not yet
fully understood.[66]


Conclusions and Future Directions


Recent developments in neuroscience have highlighted the
important role of the eCB system in fine-tuning signal trans-
duction and guiding brain development. Our understanding of
the physiological roles of the endocannabinoid system during
normal brain development has increased tremendously over
the last years, and catastrophic consequences of pharmacolog-
ical disturbance of eCB signalling during embryonic develop-
ment are evident. New challenges are to further refine our
knowledge of the expression of eCB molecules in the brain,
their global distribution, and temporal expression and integra-
tion within basic physiological systems and developmental
processes. Also the pharmaceutical industry faces the chal-
lenge of redirecting their strategies in order to produce new
therapeutic approaches with the same potency as the recently
developed receptor ligands, but with the ability to target spe-
cific systems, thereby restricting the drug action to isolated
eCB systems and avoiding unwanted side effects.
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Expanding RNA Silencing Approaches by U1 Adaptors
Arnold Gr�nweller and Roland K. Hartmann*[a]


Since the realization of the therapeutic
potential of RNAi as an endogenous cat-
alytic machinery to inactivate specific
RNA targets according to Watson–Crick
base-pairing rules, other antisense-based
strategies have been marginalized. Yet,
in a recent publication, Gunderson and
co-workers[1] described an approach to
recruit the abundant U1 snRNP, a splic-
ing subparticle, to the last exon of a
pre-mRNA. This mediates interaction of
the U1-70K protein subunit with poly(A)
polymerase, resulting in blockage of poly-
adenylation, followed by pre-mRNA deg-
radation. The endonucleolytic cleavage
step prior to polyadenylation is not af-
fected by U1 snRNP recruitment. Thus,
cryptic downstream poly(A) sites are re-
moved from the pre-mRNA (Figure 1).


The novelty of the recent work[1] lies
in the recruitment of endogenous U1
snRNP to the last pre-mRNA exon
through a bifunctional oligonucleotide,
roughly 25 nt in length, that base pairs
with the target mRNA’s terminal exon as
well as with the 5’-end of U1 RNA
(Figure 1). Such oligonucleotides have
been termed U1 adaptors and their in-
hibitory effect as U1 interference (U1i).
Preceding related studies employed a
plasmid-borne U1 snRNA variant in
which the natural U1 targeting domain
was replaced with a 10 nt sequence
complementary to the target’s terminal
exon.[2, 3] So far, the U1A and MARK1
genes are the only known genes with
natural U1 snRNP binding sites in their
terminal exons. The U1A protein nega-
tively autoregulates its expression by
polyadenylation inhibition. The mecha-
nism involves U1 snRNP binding to a U1
site in the 3’-UTR of the U1A pre-mRNA;
however, the U1 snRNP remains inactive


because roughly half of the sequence
complementary to U1 RNA is trapped in
a stem structure. Only the binding of a
second U1A protein (in addition to the
one being part of the U1 snRNP) to a
downstream conserved cis-element
(PIE = polyadenylation inhibitory ele-
ment) mediates activation of the U1
snRNP at the upstream U1 site, resulting
in U1-70K-mediated inhibition of poly(A)
polymerase.[4]


Two aspects of the U1 adaptor ap-
proach merit consideration: 1) U1snRNA,
which functions early in splicing, hybrid-
izes to 5’ splice sites through an 8 nt
stretch at its 5’ terminus.[5] Thus, the 5’-
terminal region of U1 RNA is naturally
devoted to forming a duplex structure,
thus minimizing the potential that inter-
action of the adaptor oligonucleotide
with U1 RNA may cause any interference
with U1 snRNP function. 2) The U1
snRNP, at concentrations of about 0.5 mm


in a HeLa cell (with even higher concen-
trations in the nucleus), is in about ten-
fold stoichiometric excess over the
splice ACHTUNGTRENNUNGosome.[5] Thus, sequestering a
small fraction of all U1 snRNP complexes
by interaction with low-nm amounts of
U1 adaptors is not expected to deplete
the pool of U1 snRNP complexes to such
an extent that the splicing machinery’s
capacity is compromised. To confirm this
assumption, Gunderson and co-workers[1]


analyzed the relative splicing patterns of
four endogenous genes, known to un-
dergo alternative splicing; in HeLa cells
transfected with a U1 adaptor that effec-
tively silenced its target pre-mRNA
(PCSK9), the ratio of alternatively spliced
products remained unaffected by U1
adaptor targeting in all four cases.


The U1 adaptor system was tested in
HeLa cells with a dual-luciferase reporter
setup. Initially, the 3’-UTR, poly(A) signal
region and about 150 nt 3’ of the


Figure 1. Mechanistic basis of the U1 adaptor approach that results in inhibition of poly(A) polymerase
(PAP) activity by the U1 snRNP subunit U1-70K. A U1 snRNP is recruited to the 3’-terminal exon of a
target pre-mRNA via a bridging oligonucleotide that simultaneously base pairs with the 5’-end of U1
RNA and the target sequence. After CPSF-dependent cleavage by the CPSF subunit 73, the U1-70K pro-
tein blocks polyadenylation by PAP. USE: upstream element, CPSF: cleavage and polyadenylation specif-
icity factor, CA: cleavage site. The U1 adaptor design is exemplified for the UA6 variant (LNA residues in
red) directed against the MARK1mt 3’-UTR (see text).
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poly(A) site of the MARK1 gene were
transferred into the Renilla luciferase re-
porter gene. A construct with four con-
secutive mutations in this U1 RNA bind-
ing site (MARK1 mt; Figure 1) served as
control. The Renilla reporter harbouring
the wild-type U1 target sequence
showed a 17-fold lower expression than
the one with the mutated sequence.
After this test system had been estab-
lished, a chemically synthesized 25 nt U1
adaptor (UA6) was designed with ten
nucleotides at its 3’-end complementary
to the 5’-end of U1 RNA and 15 nucleo-
tides complementary to the MARK1 se-
quence immediately 3’ to the mutated
U1 binding site (Figure 1; Table 1). This
adaptor was a “mixmer” of ten DNA and
15 locked nucleic acid (LNA) residues,
the latter increasing duplex stability with
the two target RNAs. The UA6 adaptor
decreased Renilla luciferase expression
with an IC50 of 6.6 nm, whereas a control
adaptor with four scattered mutations in
the U1 RNA binding domain failed to in-
hibit reporter expression. In a next step,
the authors transferred the 15 nt exon
binding site of adaptor UA6 into another
context, the 3’-UTR and poly(A) signal
region of SV40. A very similar inhibition
efficiency was observed (IC50 = 7.4 nm)
and no effect was seen with the control
adaptor. Inserting a second UA6 binding


site into the SV40 3’-UTR even increased
knockdown efficiency (IC50 = 2.2 nm vs.
7.4 nm ; Table 2), thus demonstrating ad-
ditive suppression if more than one
binding site exists on the same target.
Relative to the original design (ten LNA
and five DNA residues in the target
domain), UA6 adaptor efficacy was in-
creased when the target domain was all-
LNA; even an all-LNA target domain re-
duced to 12 residues was more efficient
than the ten LNA/five DNA format.


Prompted by the possibility that LNA
residues in some tailored U1 adaptors
might impair suppression efficiency
owing to self-dimerization or intramolec-
ular hairpin formation of adaptor oligo-
nucleotides, the authors tested U1 adap-
tor variants with the original exon bind-
ing domain design (ten LNA, five DNA
residues), but with a U1 RNA binding se-
quence varying in length from seven to
19 nucleotides and composed of 2’-
OMe-RNA residues only (all-2’-OMe var-
iants of the entire UA6 adaptor were in-
active). Knockdown efficiency peaked
with a 13 nt 2’-OMe U1 domain (variant
UA17-13; IC50 = 1.5 nm), being three
times more potent than the original UA6
adaptor with its 10 nt LNA/DNA se-
quence. A 13 nt 2’-OMe U1 domain was
also shown to be optimal for a different
target sequence. Replacing five of the 13


2’-OMe residues with LNA improved the
IC50 of adaptor UA17-13 from 1.5 to
0.5 nm (Table 2). U1 adaptors with all-
phosphorothioate backbones were effec-
tive as well. The mismatch discrimination
of U1 adaptors was as for high-affinity
antisense oligonucleotides, with three
mismatches in the 15 nt target domain
essentially abrogating target suppression
at 2.5 nm adaptor concentration in HeLa
cell transfection experiments. With LNA
modifications, and depending on se-
quence and target context, a reduction
of target domain length to 10–14 nt
might allow an improvement in mis-
match discrimination without compro-
mising efficiency.[6]


A U1 adaptor (UA25) directed against
another endogenous target, the RAF1
oncogene, carried an 11 nt all-2’-OMe U1
domain and depleted RAF1 mRNA and
protein levels with an IC50 of 8 nm. The
best antisense oligonucleotide directed
against the same target site in another
study[7] had an IC50 of only 50 nm. Three
more U1 adaptors targeting areas of the
terminal RAF1 exon, predicted to be un-
structured, were approximately half as
effective as the UA25 adaptor. Two U1
adaptors targeting the PCSK9 gene had
IC50 values of 4 to 5 nm, and simultane-
ous transfection of both adaptors en-
hanced the knockdown. Moreover, com-
bining siRNAs and U1 adaptors against
the same target gene always resulted in
enhanced suppression (four different tar-
gets tested). This raises the interesting
question of how two different siRNAs
against the same target perform relative
to a single siRNA combined with a U1
adaptor at comparable concentrations.
Microarray analysis of HeLa cells trans-
fected with either a U1 adaptor or an
siRNA against PCSK9 (pre-)mRNA sug-
gested that global off-target effects are
comparable for siRNA and U1i treat-
ments.


In conclusion, the U1 adaptor ap-
proach is a novel promising strategy that
expands the arsenal of gene silencing
concepts. U1i appears to be almost as
potent as RNAi and can be potentiated
by simultaneous application of multiple
U1 adaptors or by combination with
siRNAs. By acting on pre-mRNAs in the
nucleus, U1i complements RNAi operat-
ing on mature mRNAs in the cytoplasm.


Table 1. Present design of U1 adaptors.


Design Target domain U1 domain


length 12/15 nt 10–13 nt
modification up to 15 LNAs optimal: 8 � 2’-OMe,


5 � LNA (13 nt)
PS tolerated tolerated


LNA: locked nucleic acids; PS: phosphorothioate backbone.


Table 2. Parameters to increase U1 adaptor efficacy.


Parameters Increase in silencing activity


design (domain lengths, nucleotide modifications) ~14-fold (IC50 : ~7 nm!0.5 nm)
tandem adaptors ~ threefold (IC50 : 7.4 nm!2.2 nm)
U1i + RNAi ~ tenfold (see example below)
no silencing 100 % luciferase activity
U1i-GAPDH (15 nm): 20 % luciferase activity
siRNA-GAPDH (1 nm): 7.7 % luciferase activity
U1i + siRNA 0.8 % luciferase activity
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An advantage over RNAi and antisense
oligonucleotides recruiting endogenous
RNase H is that U1 adaptors are amena-
ble to the full scope of nucleotide modi-
fications, thus facilitating attempts to
fine-tune their pharmacokinetic and
pharmacodynamic properties. So far,
there is no evidence that U1i exacer-
bates the problem of off-target effects;
favourable in this respect is also the fact
that U1i is restricted to the last exon of a
pre-mRNA, which reduces the potential
of non-specific effects at upstream
exons. Conceivable drawbacks of U1i
may include the fact that only genes
that undergo polyadenylation can be
targeted and the requirement of accessi-
ble target sites for U1 adaptors in the 3’-
terminal exon. Yet, LNA modifications in
the adaptor likely alleviate the latter limi-
tation, as LNA oligonucleotides are
known to be able to invade stable RNA
structures.[6, 8] Nevertheless, extensive
secondary structures masking the U1
binding site (see above;[4]) may better be
avoided, and target sequences should
be as unique as possible. Conceivably,
miRNAs may in some cases compete


with U1 adaptors for binding to 3’-UTRs.
An important hurdle to be taken is the
demonstration of U1i in animal models.
Yet, for this purpose the same delivery
strategies and formulations developed
for RNAi should be readily adaptable to
U1i. Future studies are awaited that pro-
vide a more comprehensive picture on
potential off-target effects and which
validate and fine-tune the U1 adaptor
design rules. An open question is the
spatial relation of the U1 RNA binding
and target domains. The present design
(Figure 1) lacks any spacer nucleotides
between the two; insertion of a short
(for example, tetranucleotide) spacer se-
quence between the two paring seg-
ments may avoid mutual interference in
duplex formation or may relax topologi-
cal constraints relevant to interaction of
U1-70K and poly(A) polymerase.


Acknowledgements


We are grateful to the DFG (HA1672) and
the Fritz Thyssen Stiftung for financial sup-
port.


Keywords: LNA · polyadenylation
block · RNA silencing · U1 adaptors · U1
snRNP · U1i


[1] R. Goraczniakl, M. A. Behlke, S. I. Gunderson,
Nat. Biotechnol. 2009, 27, 257.


[2] S. A. Beckley, P. Liu, M. L. Stover, S. I. Gunder-
son, A. C. Lichtler, D. W. Rowe, Mol. Cell. Biol.
2001, 21, 2815.


[3] P. Fortes, Y. Cuevas, F. Guan, P. Liu, S. Pentlicky,
S. P. Jung, M. L. Mart�nez-Chantar, J. Prieto, D.
Rowe, S. I. Gunderson, Proc. Natl. Acad. Sci.
USA 2003, 100, 8264.


[4] F. Guan, R. M. Caratozzolo, R. Goraczniak, E. S.
Ho, S. I. Gunderson, RNA 2007, 13, 2129.


[5] C. L. Will, R. L�hrmann, Curr. Opin. Cell Biol.
1997, 9, 320.


[6] A. Gr�nweller, R. K. Hartmann, BioDrugs 2007,
21, 235.


[7] B. P. Monia, J. F. Johnston, T. Geiger, M. Muller,
D. Fabbro, Nat. Med. 1996, 2, 668.


[8] H. Gruegelsiepe, O. Brandt, R. K. Hartmann, J.
Biol. Chem. 2006, 281, 30613.


Received: April 30, 2009
Published online on June 16, 2009


ChemBioChem 2009, 10, 1599 – 1601 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1601


RNA Silencing Approaches



http://dx.doi.org/10.1038/nbt.1525

http://dx.doi.org/10.1128/MCB.21.8.2815-2825.2001

http://dx.doi.org/10.1128/MCB.21.8.2815-2825.2001

http://dx.doi.org/10.1073/pnas.1332669100

http://dx.doi.org/10.1073/pnas.1332669100

http://dx.doi.org/10.1261/rna.756707

http://dx.doi.org/10.1016/S0955-0674(97)80003-8

http://dx.doi.org/10.1016/S0955-0674(97)80003-8

http://dx.doi.org/10.1038/nm0696-668

http://dx.doi.org/10.1074/jbc.M603346200

http://dx.doi.org/10.1074/jbc.M603346200

www.chembiochem.org






DOI: 10.1002/cbic.200900302


Hacking the Genetic Code of Mammalian Cells
Dirk Schwarzer*[a]


The proteins of all living organisms con-
sist of the same canonical twenty amino
acids encoded by the universal genetic
code. Although these standard amino
acids are sufficient to support the bio-
chemical processes of life, additional
amino acids with new chemical proper-
ties serve as excellent tools to study bio-
logical systems or even enhance certain
properties of whole organisms. In this
regard a general method has been de-
veloped that allows the addition of new
amino acids to the genetic repertoire of
living organisms.[1]


The first genetically enhanced organ-
ism was an E. coli strain, which was able
to incorporate the unnatural amino acid
o-methyl-l-tyrosine with high fidelity
into its proteins.[2] This was achieved by
installing an additional aminoacyl-tRNA
synthetase (aaRS) and tRNA set that was
specific for the new amino acid. TheACHTUNGTRENNUNGrequirements for such an orthogonal
tRNA/aaRS pair are stringent because
specific incorporation of the new amino
acid is only possible when neither the
new tRNA is aminoacylated by an en-
dogenous aaRS nor does the new aaRS
charge any endogenous tRNAs. Further-
more, the orthogonal tRNA needs a
dedicated codon for specific incorpora-
tion of the new amino acid. This can be
achieved by suppression of the amber
codon (UAG), which usually serves as
one of three stop codons. However, so-
called amber suppressor tRNAs exist,
which efficiently incorporate amino acids
in response to the amber codon, and or-
thogonal tRNAs can be engineered to
suppress the codon by incorporating the
new amino acid at this site.


Orthogonal aaRS and tRNA pairs used
in E. coli are often derived from Archaea
because they differ significantly from
their eubacterial counterparts. The or-
thogonal tRNA/aaRS pairs still need to
be evolved specifically for the new
amino acids. This process begins with a
randomized library of aaRS with active-
site mutation affecting their substrate
recognition. This library is passed
through a series of positive and negative
selections to identify mutants that can
incorporate the desired amino acid with
high fidelity (Scheme 1). The initial posi-
tive selection is based on amber sup-
pression in an antibiotic-resistance gene.
The cells are then cultivated on media
supplemented with both the antibiotic
and the new amino acid, and survive
when the orthogonal tRNA/aaRS set in-
corporates the new amino acid in re-
sponse to the amber codon and the an-
tibiotic-resistance conferring protein is
expressed. In the following negative se-
lection, orthogonal tRNA/aaRS pairs that
suppress the amber codon with an en-
dogenous amino acid are removed from
the library. In this case the cells contain a
toxic barnase gene disrupted by amber
codons. When these cells are cultivated
on media without the new amino acid,


incorporation of any endogenous amino
acids results in cell death due to expres-
sion of the full-length barnase protein.
After repetitive rounds of positive and
negative selection tRNA/aaRS pairs can
be obtained that are highly specific for
the new amino acid, which is now en-
coded by the amber codon. This strategy
has become a general tool for expand-
ing the genetic code of E. coli and is also
used to optimize the incorporation effi-
ciency of new amino acids and the or-
thogonality of tRNAs.[1]


Based on this technology a manifold
of unnatural amino acids have been
added to the genetic code of E. coli. A
prominent example is a benzophenone-
derived amino acid, which serves as a
photocrosslinker for studying protein–
protein interactions.[3] This methodology
has been demonstrated for a mutant
glutathione S-transferase (GST) with the
photocrosslinker amino acid incorporat-
ed at the dimer interface. Irradiation of
cells expressing the modified GST result-
ed in efficient cross-linking of the dimers
in the cytoplasm of E. coli.[4] This amino
acid was accommodated by an evolved
Methanocaldococcus jannaschii tyrosly–
tRNA/TyrRS set, which has become the
scaffold for encoding many novel amino


Scheme 1. General selection strategy for evolving orthogonal tRNA/aaRS pairs.
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acids in E. coli. Other variants with useful
applications include photocaged amino
acids, fluorescent amino acids and resi-
dues carrying bioorthogonal functional
groups for bioconjugation reactions.[1]


Efforts have also focused on enlarging
the genetic repertoire of eukaryotic or-
ganisms. The genetic tools for eukary-ACHTUNGTRENNUNGotes, and for mammalian cells in particu-
lar, are more limited than those for
E. coli. Ideally, it should be possible to
simply transfer an orthogonal tRNA/aaRS
set evolved in E. coli into mammalian
cells without further alterations. Howev-
er, this is not feasible in the case of the
M. jannaschii tyrosyl–tRNA/TyrRS pair be-
cause it is not orthogonal in most eukar-
yotes. Alternative strategies use tRNA/
aaRS pairs, which are orthogonal in eu-
karyotes, from other bacteria. To this end
a tyrosyl–tRNA/TyrRS pair from E. coli
and Bacillus stearothermophilus could be
engineered by rational design to recog-
nize and incorporate 3-iodo-tyrosine into
mammalian proteins.[5] Furthermore, a
scheme for evolving bacterial tRNA/aaRS
sets in yeast has been developed and
used for subsequent transfer into mam-
malian cells.[6]


Despite these recent advances, the ge-
netic background of E. coli still provides
advantages for evolving proteins, and a
system in which a tRNA/aaRS pair can be
evolved in E. coli and utilized in mamma-
lian cells without further modifications is
highly desirable. Schultz, Geierstanger
et al. have now linked the E. coli selec-
tion system to amber suppression in
mammalian cells in a “shuttle system”.[7]


The basic requirement is a tRNA/aaRS


set that is orthogonal in both E. coli and
mammalian cells. A pair fulfilling this
prerequisite is the well studied pyrroly-
syl–tRNA/PylRS, which incorporates pyr-
rolysine (Pyl) by amber suppression in
proteins of several Archaea
(Scheme 2 A).[8] Previously, the Methano-
sarcina mazei pyrrolysyl–tRNA/PylRS set
was shown to maintain orthogonality in
mammalian cells and could be used to
include Pyl derivatives into proteins of
this host.[9] In E. coli orthogonality of an
analogous pyrrolysyl–tRNA/PylRS set
from M. barkeri was reported and used
to incorporate Pyl analogues into pro-
teins.[10] Addition of Ne-acetyllysine
through amber suppression after altering
the specificity of the M. bakeri PylRS has
also been demonstrated.[11] Furthermore,
the specificity of the M. mazei PylRS
could be altered by rational design and
used to incorporate Ne-protected lysine
derivatives into proteins expressed in
E. coli.[12]


In the initial step of establishing the
shuttle system the authors reconfirmed
the orthogonality of the M. mazei pyrro-
lysyl–tRNA/PylRS pair in E. coli and mam-
malian cells, and continued to evolve a
mutant PylRS specific for o-nitrobenzyl-ACHTUNGTRENNUNGoxycarbonyl-Ne-l-lysine (ONBK;
Scheme 2 B). This photocaged lysine de-
rivative is a useful tool for controlling
the onset of lysine modifications in vitro
and in vivo. Based on the selection
scheme described above for E. coli and
the solved crystal structure, a focusedACHTUNGTRENNUNGlibrary of mutant PylRS proteins with
randomized substrate-recognition resi-
dues was created and subjected to sev-


eral selection cycles in either the pres-
ence or absence of ONBK.[7, 12, 13] After
three positive and two negative rounds
of selection, two ONBK specific mutant
pyrrolysyl–tRNA/PylRS pairs were ob-
tained. The ONBK incorporation in E. coli
proceeded efficiently, and the more
potent pair—referred to as NBK-1—was
shuttled into human HEK293 cells.
ONBK-dependent amber suppression
was monitored by the expression of en-
hanced green fluorescent protein (EGFP).
Expression of full-length EGFP in HEK293
cells was only observed in the presence
of ONBK, and ESI-MS analysis confirmed
the incorporation of ONBK into EGFP. Fi-
nally, the EGFP protein was irradiated to
remove the caging group of ONBK and
the uncaging yielded a lysine residue at
the site of ONBK incorporation.


The establishment of this “shuttle
system” represents an important step
toward controlling the chemical compo-
sition of mammalian proteins. With re-
spect to the enormous scientific task of
uncovering the complex networks of
biochemical and signaling processes in
mammals the chemical tools provided
by new amino acids will be very useful.
At this point it remains to be seen if the
M. mazei PylRS can give rise to the same
functional diversity as was realized by
evolving the M. jannaschii TyrRS. Encour-
agingly, protein evolution and rational
design have already demonstrated the
flexibility of the PylRS scaffold; this gives
rise to the expectation that further
amino acids can be added to the genetic
repertoire of mammalian cells in the
near future.[7, 11, 12]
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Analysis of Protein–Protein Interactions by Using Droplet-Based
Microfluidics


Monpichar Srisa-Art,[a] Dong-Ku Kang,[b] Jongin Hong,[a] Hyun Park,[b] Robin J. Leatherbarrow,[a]


Joshua B. Edel,[a, c] Soo-Ik Chang,*[b] and Andrew J. deMello*[a]


One of the primary goals of current proteomics research is to
understand the physiological and metabolic pathways of cells
and thereby establish molecular diagnostic tools that are able
to identify the proteins associated with disease states. More
specifically, protein–protein interactions are critical for many
biological functions. For example, signal mediation between
the exterior and interior of a cell is normally a result of pro-
tein–protein interactions. Such signal transduction plays an ele-
mentary role in many biological processes and in many diseas-
es (such as cancer). Accordingly, the ability to probe protein–
protein interactions in a high-throughput manner is recognised
to be important in developing effective diagnostic techniques,
cultivating disease therapies and discovering new small-mole-
cule drug candidates.


To date, two-dimensional gel electrophoresis and mass spec-
troscopy have been the workhorses of proteomics research.
However, the difficulties associated with the analysis and quan-
titation of low-abundance, high-molecular-weight and hydro-
phobic proteins expressed in cells have hindered attempts at
high-throughput protein analysis. Over the past decade pro-
tein-microarray technology has been developed to address
these limitations. Protein microarrays allow the simultaneous
analysis of thousands of different binding events including
DNA–protein,[1] protein–protein,[2] receptor–ligand,[3, 4] enzyme–
substrate[5–7] and protein–drug[8] interactions within a single ex-
periment, and additionally facilitate the evaluation of a large
number of biochemical structures against hundreds of biologi-
cal targets. The main advantage of array-based technologies
over conventional analysis methods is the ability to perform
massively parallel analyses with reduced sample and reagent
volumes. Nevertheless, in array-based systems, capture pro-
teins must be immobilized onto a surface. This can lead to a
heterogeneity in the immobilized protein activity. Additionally,


protein-immobilization strategies might not be perfectly suited
to probing protein–protein interactions under physiological
conditions, since obstruction or deformation of the protein
binding sites through interaction with a solid surface can sig-
nificantly interfere with specific protein–protein interactions.
Furthermore, extended incubation times, repetition of washing
stages and the involvement of blocking proteins have been
shown to compromise the activities of target proteins, theACHTUNGTRENNUNGaccurate determination of protein–protein interactions and
analysis times.


Recently, the manipulation of multiphase flows in microflui-
dic systems has been introduced as a fundamental experimen-
tal platform for high-throughput experimentation.[9–13] These
systems enable the generation and manipulation of monodis-
perse bubbles or liquid droplets in an immiscible carrier fluid.
Such encapsulated droplets can be used to mimic artificial
cells or isolated reaction vessels. Indeed, droplet-based micro-
fluidic systems have been applied to a range of chemical and
biological problems including enzymatic assays,[9] protein crys-
tallization,[9] nanomaterial synthesis,[10–13] high-throughput
binding assays,[14] real-time binding kinetics[15] and cell-based
assays.[16, 17] Compared to conventional, single-phase microflui-
dic systems, the localization of reagents within discrete and
isolated droplets has been shown to be an extremely effective
way of enhancing the reaction yields for diffusion-limited reac-
tions and eliminating residence time distributions.[9, 13] More-
over, the ability to generate controllably droplets with change-
able reagent composition and at rates in excess of 1 kHz
means, in theory, that millions of individual reactions or assays
can be processed in very short times. However, before this
system can become a core instrumental platform in chemistry
and biology, the significant challenge of on-line droplet detec-
tion with high sensitivity and speed must be overcome. In this
communication, we apply FRET measurements in a segment-
ed-flow microfluidic platform to the analysis of protein–protein
interactions.


Angiogenin (ANG), a small polypeptide implicated in angio-
genesis and in tumour growth, has a unique ribonucleolyticACHTUNGTRENNUNGactivity and undergoes nuclear translocalization in proliferating
endothelial cells.[18, 19] It was selected as a model protein to
confirm the efficacy of our experimental approach. Specifically,
an anti-ANG antibody (anti-ANG Ab) and an ANG antigen were
labelled with fluorophores to act as donor and acceptor, re-
spectively, in the FRET measurements. The acceptor (Alexa
Fluor 647; AF647) was linked with the donor (Alexa Fluor 488;
AF488) by antigen–antibody binding (Figure 1 A). FRET can
occur since the fluorescence emission spectrum of AF488 over-
laps with the absorption spectrum of AF647. Figure 1 B shows
fluorescence emission spectra of a mixture of anti-ANG Ab-
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AF488 and ANG-AF647. The peak at 519 nm corresponds to
AF488 emission, with the peak at 669 nm corresponding to
emission from AF647. As the concentration of ANG-AF647 in-
creases, the intensity at 519 nm decreases whilst that at
669 nm increases.


Droplet-based binding experiments were performed by
using a polydimethylsiloxane (PDMS) microfluidic device con-
taining three aqueous inlets, one oil inlet and a single outlet. A
schematic of the microfluidic device is shown in Figure 1 C.
Here, anti-ANG Ab-AF488 is delivered through the left inlet,
while ANG-AF647 is delivered through the right inlet. A central
buffer stream is introduced through the middle inlet to pre-
vent mixing of the sample streams prior to droplet formation.
This arrangement ensures that binding and subsequent FRET
occur only after the sample has been encapsulated inside a
droplet. Droplets have an average volume of approximately
350 pL and were generated at 20 Hz. A two-colour fluores-
cence-detection system was used to simultaneously record
green and red fluorescence emission from the donor (AF488)
and the acceptor (AF647) moieties, respectively (Figure 1 D).


Typical FRET fluorescence burst scans over a time interval of
1 s are presented in Figure 2. Significantly, green (light grey
trace) and red (dark grey trace) signals, corresponding to
AF488 and AF647 emission, respectively, are coincident due to
FRET. Inspection of Figure 2 demonstrates that the red signal
increases as a function of ANG-AF647 concentration; this indi-
cates that more ANG molecules are binding to the anti-ANG
Ab. Conversely, the green droplet signature essentially decreas-
es because of energy transfer. Nevertheless, it must also be re-
alised that the red fluorescence signal is a convolution of fluo-
rescence from FRET and a background contribution due to
direct excitation of the acceptor fluorophore by the excitation
source and detector crosstalk (leakage of donor emission into
the acceptor or red detector). We have previously established
that crosstalk for this particular FRET pair is only 1.2 %,[14] and is
thus negligible. Accordingly, for precise determination of fluo-
rescence intensities, photon counts from the acceptor detector
were corrected by using the following relationship [Eq. (1)]:


I0A ¼ IA�
�


IAg �
C 0A


CAg


�
ð1Þ


Here IA and I0A are photon counts from the energy acceptor
(red) detector before and after correction. IAg represents the
photon counts measured by the energy-acceptor detector
when analysing only ANG-AF647 at a concentration of CAg, and
C 0A defines the concentration of ANG-AF647 in each experi-
ment. FRET efficiency (EFRET) is given by ref. [14] [Eq. (2)]:


EFRET ¼
I0A


I0Aþ ID


ð2Þ


Here ID defines photon counts originating from the energy
donor (green) detector. EFRET is plotted as a function of the con-
centration of ANG-AF647 in Figure 3 A. The EFRET value reflects
binding of ANG to the anti-ANG Ab and follows a saturation
binding model[20] [Eq. (3)]:


Figure 1. A) Schematic of FRET facilitated by protein–protein binding. B) Flu-ACHTUNGTRENNUNGorescence emission spectra of a mixture of anti-ANG Ab-AF488 and ANG-
AF647. The anti-ANG Ab-AF488 concentration was fixed at 10 nm, whilst the
ANG-AF647 concentration was varied (0, 50 and 200 nm). C) Image of drop-
lets generated within the microfluidic device. D) A schematic of the optical
setup used for fluorescence measurements.
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EFRET ¼ ðEFRETÞmax �
½A�


K D þ ½A�
ð3Þ


Here KD is the dissociation constant, and [A] is the concen-
tration of the ANG-AF647 that remains unbound. If the con-
centration of antibody, [Ab]0, is low relative to [A], then the
total concentration of A can be taken to be the same as the
unbound concentration, and the data in Figure 3 A can be
fitted directly to the above model. A nonlinear least-squares fit
of the data yields KD = 16.6�2.5 nm and (EFRET)max = 1.20�0.07.


High-affinity interactions often display the complication of
tight binding kinetics, which occurs when the total concentra-
tion of the binding partner cannot be assumed to be equal to
the unbound concentration. In this case, inspection of Fig-
ure 3 A shows that, at [A] = 10 nm, close to 50 % of the material
is bound. In these experiments, the initial concentration of an-
tibody was 10 nm, and therefore it is necessary to take into ac-
count the concentration of antibody, [Ab]0, by using the tight-
binding Equation (4), that is:


EFRET ¼ ðEFRETÞmax�
1�ð½Ab�0 þ ½A� þ K DÞ�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Ab�0 þ ½A� þ K DÞ2�4½Ab�0½A�


p
2 ½Ab�0


� ð4Þ


A nonlinear least-squares fit to this equation, for [Ab]0 =


10 nm, yields KD = 6.4�1.6 nm and (EFRET)max = 1.04�0.05.
Under the conditions used, the data are well modelled by the
tight-binding equation. Moreover, this model also gives an
(EFRET)max value that is close to the expected maximum of 1.0.


The results from the droplet-based microfluidic device were
compared to values obtained by using more conventional
measurements performed in solution. Bulk fluorescence polari-
zation (FP) measurements were performed on a Beacon 2000
polarization spectrometer (Panvera, Madison, WI, USA). Fig-
ure 3 B illustrates the binding of fluorescein-labelled angioge-
nin (ANG-FITC) with anti-ANG Ab by fluorescence polarization
(mP) plotted as a function of the total concentration of anti-
ANG Ab. Data were modelled by using Equation (5):[21]


P ¼ Pmin þ DP
½anti-ANG Ab�


K D þ ½anti-ANG Ab� ð5Þ


Here P, DP and [anti-ANG Ab] are the measured polarization,
the total change in polarization and the total concentration of


Figure 2. Example fluorescence burst scans recorded over a time period of
1 s with a 50 s bin time. The concentration of the anti-angiogenin antibody
labelled with Alexa Fluor 488 (anti-ANG Ab-AF488; light grey trace) was
fixed at 10 nm, while the concentration of angiogenin labelled with Alexa
Fluor 647 (ANG-AF647; dark grey trace) was varied from A) 0.6 nm to
B) 3.0 nm to C) 6.6 nm.


Figure 3. Binding of angiogenin (ANG) with anti-angiogenin antibody (anti-
ANG Ab) by A) droplet-based microfluidic experiments and B) bulk fluores-
cence polarization measurements (grey line: non-tight binding fit, black
dotted line: tight binding).
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anti-ANG Ab, respectively. A nonlinear least-squares fit of the
data yields KD = 9.0�1.5 nm, Pmin = 123.6�1.3 mP and DP =


74.4�3.3 mP. These experiments utilized 1.3 nm ANG-FITC,
which is low enough not to deplete the concentration of anti-
ANG Ab significantly. Importantly, it can be seen that the KD


values extracted from the droplet-based binding experiments
are comparable with data generated from the bulk-fluores-
cence polarization measurements, thus confirming that drop-
let-based measurements reach equilibrium prior to the acquisi-
tion of fluorescence data.


The obtained data points in Figure 3 B were also fitted to a
Hill equation so as to assess the existence of multiple binding
sites[21] [Eq. (6)]:


P ¼ Pmin þ DP
½anti-ANG Ab�n


ðK DÞn þ ½anti-ANG Ab�n ð6Þ


A Hill coefficient (n) of 1.0 indicates a single binding site and
a value significantly different from 1.0 indicates either coopera-
tivity or multiple binding modes. The nonlinear least-squares
fit yields KD = 8.7�2.0 nm, Pmin = 123.9�1.6 mP, DP = 73.0�
6.7 mP and n = 1.04�0.18, thus showing that the data are con-
sistent with a single class of binding site.


AF488 labelling sites in the anti-ANG Ab were determined
by pepsinolysis or disulfide bond cleavage of the anti-ANG Ab-
AF488. Pepsin was used to digest the Fc portion of whole IgG
to yield FACHTUNGTRENNUNG(ab’)2 fragments.[20] Figure 4 B and C shows SDS-PAGE
images of anti-ANG Ab-AF488 after incubation with a reducing
agent (2-mercaptoethanol) or after digestion with pepsin. The
results suggest that the AF488 labelling sites in the anti-ANG
Ab are in the heavy chain of FACHTUNGTRENNUNG(ab’)2 fragments. The protein-to-
dye ratios for ANG-AF647, anti-ANG Ab-AF488 and ANG-FITC
were also calculated to be 0.35, 2.0 and 0.28, respectively.


The effects of modification of either ANG or anti-ANG Ab by
the fluorescent labels on the biological and enzymatic activi-
ties were examined by nuclear translocation, ribonucleolytic
and Western blot assays. Nuclear translocation of the ANG-
AF647 in human umbilical vein endothelial (HUVE) cells was
observed to be the same as in the native ANG (Figure 5 A).ACHTUNGTRENNUNGActivity toward poly(C) was determined by measuring the rate
of formation of perchloric acid-soluble products.[22] It was ob-
served that the ribonucleolytic activity of ANG-AF647 is also
comparable to that of native ANG (Figure 5 B). Both the native
ANG and ANG-AF647 were specifically recognised by either
anti-ANG Ab-AF488 or native anti-ANG Ab, and the activity of
equal amounts of ANG-AF647 and native ANG toward anti-
ANG Ab-AF488 or the native anti-ANG Ab is essentially the
same (Figure 5 C). These results indicate that the modification
of ANG by the fluorophore AF647 does not alter its biological
or enzymatic activity and that the modification of anti-ANG Ab
by the fluorophore AF488 does not alter its binding activity or
its recognition of ANG.


In summary, we have successfully demonstrated FRET-based
analysis of protein–protein interactions in thousands of picoli-
tre-sized droplets. Extracted KD values of ANG and anti-ANG Ab
from the droplet-based microfluidic experiments (KD = 6.4�
1.6 nm) are shown to agree closely with data obtained from


Figure 4. A) Reduction and digestion scheme for preparing F ACHTUNGTRENNUNG(ab’)2 and
heavy/light chain fragments from IgG antibodies. B) Coomassie staining and
C) fluorescence detection of SDS-PAGE of anti-ANG Ab-AF488 after incuba-
tion with 2.9 mm 2-mercaptoethanol (2-ME) or after digestion with pepsin.
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bulk-fluorescence polarization measurements (KD = 9.0�
1.5 nm). Importantly, the use of AF488 and AF647 as acceptor
and donor in FRET analysis, does not affect the biological and
enzymatic activity of ANG or the binding activities of anti-ANG
Ab to ANG. This validates the use of labelled ANG and anti-
ANG Ab for monitoring protein–protein interactions in droplet-
based microfluidic systems. We expect that such an experi-
mental platform will have significant applicability in the high-
throughput analysis of protein–protein interactions. Indeed in
vitro compartmentalization within aqueous microdroplets com-
bined with high-sensitivity fluorescence detection has the ca-
pacity to allow the rapid and facile probing of interactionsACHTUNGTRENNUNGbetween large chemical/peptide libraries and potential targets
under a variety of experimental conditions. Current studies are
exploring the application of this platform technology to the
screening of angiogenin inhibitors, which inhibit interactions
between angiogenin and anti-angiogenin antibodies, together
with large combinatorial peptide libraries.[23]


Experimental Section


Expression and purification of angiogenin (ANG): E. coli strain Ro-
setta (DE3)pLysS, carrying the ANG gene, was used for expression
of angiogenin.[24] Isolated inclusion bodies were dissolved in guani-
dine hydrochloride (GdnHCl; 6 m), Tris/HCl (100 mm, pH 8), EDTA
(1 mm), NaCl (100 mm) and reduced DTT (DTTred; 10 mm). Solu-
tions of inclusion bodies were diluted for refolding to 0.2 mg pro-
tein per mL in a Tris/HCl buffer (100 mm, pH 8) containing DTTred
(0.5 mm), GdnHCl (0.3 m), EDTA (1 mm), GSSG (0.3 mm) and GSH


(1.5 mm), and were then incubated for 24 h at 4 8C. Once
folding was judged to be complete, the solution was
concentrated by ultrafiltration and then loaded onto a
cation-exchange FPLC column packed with SP-sepharose
Fast Flow (GE Healthcare Life Sciences, USA) and equili-
brated with Tris/HCl (25 mm, pH 8). The collected frac-
tions from the FPLC column were dialysed against water
and lyophilised. The purified ANG was characterized by
various analytical methods, including N-terminal se-
quencing, mass spectrometry, circular dichroism and bio-
assays.


Production and purification of anti-angiogenin anti-
body (anti-ANG Ab): The anti-ANG Ab was purified from
rabbit serum by injecting the rabbit with ANG and wait-
ing for an immune reaction, as previously described.[25]


Fluorescence labelling : The purified ANG and anti-ANG
Ab were labelled with Alexa Fluor 647 (AF647) and Alexa
Fluor 488 (AF488), respectively, by using an Alexa Fluor
488/647 protein-labelling kit (Invitrogen) according to
the manufacturer’s protocol. The Alexa Fluor-conjugated
proteins were purified by using a SephadexTM G-25
column (GE Healthcare). For FP experiments, ANG was la-
belled with fluorescein by using a FluorotagTM FITC con-
jugation kit (Sigma). Protein solutions were assessed for
labelling efficiency by using predetermined extinction
coefficients for the fluorophores at their respective ab-
sorbance maxima and 280 nm, as described in the tech-
nical bulletin (Invitrogen, Sigma).


Pepsinolysis : The anti-ANG Ab-AF488 (5 mg) was incu-
bated with pepsin (4 mL of 1 mg mL�1) in sodium acetate


buffer (0.1 m, pH 4.0) for 6 h at 37 8C. The reaction was terminated
by adding nondenaturing condition sample buffer (Tris-HCl
(63 mm), glycerol (10 %) and Bromophenol blue (0.01 %), pH 6.8). F-ACHTUNGTRENNUNG(ab’)2 fragments from IgG after pepsinolysis were size-separated by
electrophoresis on SDS-poly acrylamide gels (12 %) and stained
with Coomassie Blue. The locations of AF488 in IgG were alsoACHTUNGTRENNUNGvisualized by fluorescence.


Nuclear translocation of ANG-AF647 in HUVE cells : Human um-
bilical vein endothelial (HUVE) cells were trypsinized, seeded at 5 �
103 cells per cm2 on a 18 � 18 mm cover glass placed in six-well cul-
ture plates, and cultured in EGM-2 (Lonza, Basel, Switzerland) for
24 h. After being washed with prewarmed PBS, HUVE cells were
cultured in EBM-2 (Lonza) supplemented with fetal bovine serum
(FBS; 1 %) for 12 h. The cells were washed three times with pre-
warmed (37 8C) EBM-2 (Lonza) supplemented with FBS (1 %). A
washed cover glass was mounted in a modified chamber posi-
tioned on the platform of a inverted-laser confocal microscope
(TCS SP2 AOBS, Leica). To incubate cells in prewarmed (37 8C) EBM-
2 with AF647 (1 mg mL�1) conjugated angiogenin (ANG-AF647), ex-
change of the 0.5 mL chamber volume was achieved with manual
volume replacement by pipetting from the above. After 30 min,
the chamber was washed with prewarmed (37 8C) EBM-2, and then
fluorescence was observed with a confocal-laser scanning micro-
scope (TCS SP2 AOBS).


Enzymatic assay : The ribonucleolytic activities of the native ANG
and ANG-AF647 were determined by measuring the rate of forma-
tion of perchloric acid-soluble products in poly(C) precipitation
assay.[23] Briefly, serial dilutions of ANG or ANG-AF647 were incubat-
ed with poly(C) (60 mL of 2 mg mL�1) in HEPES (30 mm, pH 7) for
4 h at 37 8C. The reaction was terminated by chilling the mixture
on ice and adding cold perchloric acid (3.4 %, 700 mL). After 10 min


Figure 5. A) Nuclear translocation of ANG-AF647. i) fluorescein fluorescence, ii) transmis-
sion and iii) merged images. B) Ribonucleolytic activities of ANG (&) and ANG-AF647 (*).
C) i : SDS-PAGE of RNase A, ANG and ANG-AF647 and their Western blot analysis by ii :
anti-ANG Ab and iii : anti-ANG Ab-AF488.
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on ice, the samples were separated in a centrifuge at 22 000 g for
10 min at 4 8C. The supernatant of each sample was measured at
an absorbance of 280 nm. All readings were corrected for the ab-
sorbance of blanks that lacked ANG or ANG-AF647. The assays
were carried out in duplicate.


Western blot analysis : The native ANG and ANG-AF647 were size-
separated by electrophoresis on SDS-poly acrylamide gels (15 %)
and transferred electrophoretically to a poly(vinylidene difluoride)
membrane. Nonspecific binding was blocked by PBS containing
skimmed milk (5 %) for 3 h at 25 8C. The membrane was immuno-
blotted with the native anti-ANG Ab or anti-ANG Ab-AF488 for
12 h at 4 8C and then exposed to a horseradish peroxidase-conju-
gated secondary antibody (1:2000 dilution in PBS) for 1 h at 25 8C.
Immunoreactive spots were visualized by using an enhanced
chemiluminescence (ECL) detection system.


Droplet-based binding experiments : A polydimethylsiloxane
(PDMS) microfluidic device with three aqueous inlets was used in
the protein FRET experiments that conceptual antigen–antibody in-
teractions are superimposed on. The completed microfluidic device
was placed onto a controllable stage (ProScan IITM, Prior Scientific
Instruments Ltd. , Cambridge, UK) of the microscope. Precision sy-
ringe pumps (PHD 2000, Harvard Apparatus, Edenbridge, UK) were
used to deliver reagent solutions at flow rates ranging from 0.1 to
1.5 mL min�1 using gas-tight syringes (2.5 mL for oil and 1 mL for
aqueous solutions; SGE Analytical Science, SGE Europe Ltd. , Milton
Keynes, UK). Perfluorodecalin/1H,1H,2H,2H-perfluorooctanol (10:1,
v/v) was used as the continuous oil phase for all experiments. All
liquids were filtered by using 0.2 mm syringe filters (Pall Corpora-
tion, East Hills, USA) before use. Two protein solutions and PBS
buffer were introduced separately through the three aqueous
inlets. Accordingly, on-line dilution can be performed by changing
the relative flow rates of three aqueous streams (from 0.1 to
1.1 mL min�1), but keeping the total aqueous flow rate constant to
maintain the droplet size. Fluorescence measurement of droplets
was carried out by using a custom-built confocal laser integrated
with an Olympus IX71 microscope. This confocal setup consists of
a 488 nm diode laser, as an excitation source, and a dual detection
system. The laser beam was aligned into the microscope body by
using beam-steering optic mirrors. The beam was then reflected
by a dichroic mirror (z488rdc, Chroma Technology Corp. , Rocking-
ham, USA) into a 60 � water immersion objective (Olympus) and
then tightly focused onto the microfluidic channel. The fluores-
cence was collected by the same objective, spectrally filtered from
the excitation light by using an emission filter (z488Lp, Chroma
Technology Corp.), and then passed through a 75 mm pinhole
(Thorlabs, Ely, UK). The fluorescence signal was further separated
by another dichroic mirror (630dcxr, Chroma Technology Corp.) to
be detected simultaneously by two avalanche photodiode detec-
tors (AQR-141, EG&G, Perkin–Elmer). The reflected light (green fluo-
rescence), filtered by an hq540/80 m emission filter (Chroma Tech-
nology Corp.), was detected by the first (donor) detector. The
transmitted light (red fluorescence), filtered by an hq640Lp emis-
sion filter (Chroma Technology Corp.), was detected by the second
(acceptor) detector. Data were collected from the detectors by
using a multifunction DAQ device for data logging (PCI 6602, Na-
tional Instruments, Newbury, UK), which was controlled by using a
programme written in LabView (National Instruments). Data were
collected over a period of 60 s (or 1200 droplets). Binding data
were generated by using measurements from a series of reactions
in which the concentration of the ANG-AF647 was varied, whilst
keeping the anti-ANG Ab-AF488 concentration constant at 10 nm.


Values of KD were determined through analysis of the binding data
using GraFit (Erithacus Software Ltd. , Horley, UK).


Bulk spectroscopic measurements : Fluorescence-emission spec-
trum measurements were performed on a Luminescence Spec-
trometer (Perkin–Elmer). Anti-ANG Ab-AF488 (10 nm) was titrated
with ANG-AF647 (1–200 nm), and the fluorescence emission (exci-
tation at 488 nm) was monitored. Fluorescence-polarization meas-
urements were performed on a Beacon 2000 polarization spec-
trometer (Panvera, USA). Fluorescein-labelled angiogenin (ANG-
FITC, 1.3 nm) was titrated with anti-ANG Ab (0.01–100 nm), and the
fluorescence polarization was monitored. Values of KD were deter-
mined through analysis of data by using GraFit (Erithacus Soft-
ward).
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Photochemical Regulation of Restriction Endonuclease Activity


Douglas D. Young,[a] Jeane M. Govan,[a] Mark O. Lively,[b] and Alexander Deiters*[a]


To elucidate biological processes, precise control over these
processes is required. Light represents an ideal external control
element because it can be easily regulated in a spatial and
temporal fashion, and conveys spatiotemporal control of bio-
logical activity to the system under study.[1] The photochemical
regulation of oligonucleotide function through the installation
of light-removable protecting groups (caging groups) on
either the phosphate or the nucleotide base has recently re-
ceived considerable attention.[2–4] Important applications of this
technology involve the transient disruption of DNA hybridiza-
tion to photochemically control DNAzyme activity, the poly-
merase chain reaction, antisense activity, as well as inhibition
of transcription.[4, 5] In this context, we demonstrated that a
single caging group installed on one base of a typical oligonu-
cleotide 20-mer still enables DNA–DNA and DNA–RNA hybridi-
zation, but could disrupt processing of the oligomer by poly-
merases and inactivate the catalytic ability of DNAzymes.[2] As
a result, we became interested in exploring other biologically
relevant processes with photocaged DNA that do not involve
perturbation of hybridization. Due to the prevalence of DNA–
protein interactions both in vivo and in vitro,[6] we hypothe-
sized that it might be feasible to photochemically control such
an interaction for restriction endonucleases by the incorpora-
tion of our 6-nitropiperonyloxymethyl (NPOM)-caged thymi-
dine nucleotide (Scheme 1) into DNA. Very few studies have
been conducted on the effects of unnatural nucleotides on the
fidelity and functionality of restriction enzymes. Those that
have, primarily involve the effects of endogenous base muta-
tions (for example, methylation events) that do not drastically
affect hydrogen bonding and base pair recognition. In many of
these cases, the catalytic capabilities of the restriction endo-ACHTUNGTRENNUNGnucleases are dramatically decreased, if not abrogated.[7, 8]


Restriction endonucleases are enzymes that are capable of
the site-specific recognition and cleavage of double-stranded
DNA (dsDNA). Based on their unique activity, they have been
employed extensively in molecular biology and have facilitated
the development of recombinant DNA technology and cloning.
To date over 3500 restriction enzymes have been identified,
and the number that are commercially available is growingACHTUNGTRENNUNG(>600).[9] There are three major classes of restriction enzymes,
which differ in their use of cofactors, their target sequence,


and the location of the cleavage site relative to their targetACHTUNGTRENNUNGsequence. The most commonly employed restriction endonu-
cleases are from the type II family, which typically only require
Mg2 + as a cofactor, recognize a 4–8 base dsDNA sequence,
and cleave directly within that sequence. Based on their exten-
sive use in the manipulation of DNA and the site-specific
mechanism of action,[8] we investigated the photochemical
regulation of these enzymes using our developed nucleobase-
caging technology.


Thus, we designed a DNA construct that possesses multiple
restriction sites and thymidine residues at various positions rel-
ative to the site of cleavage (Table 1). Ideally, this should afford
a means to probe the effects of the caging group on restric-
tion endonuclease recognition and function. The EcoRI, BglII,
and BamHI sites were selected for this study because theyACHTUNGTRENNUNGrepresent commonly employed restriction endonucleases and
have thymidine residues at various positions. The noncaged
DNA and its complement were synthesized and an initial study
was performed to demonstrate the efficient cleavage of the
substrate by the three enzymes (see the Supporting Informa-
tion). Additionally, to ensure that hybridization to the comple-
mentary sequence was occurring despite the presence of the
caging group, the melting temperature (Tm) of each caged oli-
gonucleotide Tn in presence of the complementary strand was
determined on a BioRad MyiQ RT-PCR thermocycler by con-


Scheme 1. NPOM caged, 5’-dimethoxytrityl (DMT)-protected thymidine
phosphoramidite and its incorporation into synthetic DNA. The caged DNA
can be effectively decaged through a brief irradiation with UV light at
365 nm.
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ducting a sequence of three heating and cooling cycles
(Table 1). It appears that the presence of a single caging group
reduces the melting temperature of this DNA sequence by ap-
proximately 5 8C, whereas 2–3 caged thymidines reduce the
melting temperature by 9–18 8C; however, hybridization was
detected for all constructs, and in no case was the disruption
sufficient enough to prevent hybridization at 37 8C, the tem-
perature at which the restriction enzyme assays were conduct-
ed.


Initially we explored the propensity of the caging group to
inhibit EcoRI function based on the position of the caged thy-
midine residue relative to the site of cleavage using oligomers
T0–T3, T5, and T2,3,6. The complementary sequence was end la-
beled with 32P, and hybridized with the corresponding oligo-
mer. The resulting double-stranded DNA, both nonirradiated
and irradiated (5 min, 25 W, 365 nm), was digested with the re-
striction enzyme for 1 h at 37 8C following the manufacturers
protocol. The cleavage was then analyzed by polyacrylamide
gel electrophoresis (Figure 1).


There was no cleavage of dsDNA in the absence of restric-
tion enzyme (Figure 1, lane 1), whereas the absence of any
caged nucleotide resulted in complete cleavage of substrate T0


within 1 h (Figure 1, lane 2). The T1 construct contains a single
caged thymidine two bases upstream of the EcoRI cleavage
site. Interestingly, digestion of the nonirradiated substrate
leads to a mixture of cleaved and uncleaved substrate
(Figure 1, lane 3) ; this suggests that the reaction is inhibited by
the presence of the caging group. Upon irradiation of T1, com-
plete enzymatic cleavage is observed (Figure 1, lane 4). Sub-
strates T2, T3, and T2,3,6 possess either one or two caging
groups within the recognition site of the enzyme, which are
either 3 or 4 residues downstream from the cleavage site. The
nonirradiated double-stranded oligonucleotides are completely
resistant to EcoRI; however, complete cleavage is observed
after brief UV irradiation, which removes the caging groups
(Figure 1, lanes 5–10; Figure 2). Substrate T5 possesses a caging


group outside the enzymatic recognition and cleavage site;
this had no effect on DNA digestion and did not slow the rate
of cleavage (Figure 1, lanes 11–12). Conversely, substrate T4 af-
fords complete cleavage, albeit at a slower rate (see the Sup-
porting Information). This suggests that the caging group does
not significantly affect the general binding of the enzyme to
the substrate, but instead might inhibit specific recognition of
the restriction site. Identical results were observed when label-
ing the caged DNA strand followed by digestion under identi-
cal conditions (data not shown).


To thoroughly assess the binding of the enzyme to the sub-
strate we conducted a gel-shift assay to ascertain the different
binding constants for the caged and noncaged dsDNA. Oligo-
mers T0 and T2 were hybridized with the radioactively labeled
complement, followed by incubation with EcoRI (1 h, 37 8C) at
different concentrations in the absence of Mg2 + to prevent
cleavage activity. This takes advantage of the strong depend-
ence of cleavage activity but not binding on Mg2+ .[10, 11] The


Table 1. Synthesized caged restriction enzyme templates.[a]


DNA Sequence Tm [oC]


T0 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 68.0�0.7
T1 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 62.8�1.1
T2 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 62.5�0.8
T3 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 62.5�0.7
T4 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 63.5�0.4
T5 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 63.3�0.3
T2,3,6 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 50.8�1.2
T4,5 5’-GGGTGAATTCAGATCTGGATCCAAAAG-3’ 59.5�0.7


[a] Melting temperature of noncaged and caged DNA–DNA hybrids; T de-
notes the caged thymidine.


Figure 1. EcoRI digest of caged constructs. Six substrates with caging
groups in different positions were digested with EcoRI (1 h, 37 8C) to assess
the ability of the caging group to inhibit enzymatic activity. Reactions were
irradiated at 365 nm (25 W) for 5 min. Time courses for the digestions are
shown in the Supporting Information.


Figure 2. Quantitiative measurement of the EcoRI DNA cleavage with differ-
ent caged substrates. Reactions were irradiated at 365 nm (25 W) for 5 min.
All digests were performed in triplicate and the error bars represent the
standard deviation.
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samples were then analyzed by polyacrylamide gel electropho-
resis for the presence of a gel shift, and quantitated by using
ImageQuant software. The data were plotted (see the Support-
ing Information) and analyzed to determine binding constants
of 0.54 mm for the noncaged substrate, T0, and 0.71 mm for the
caged substrate, T2. These values are in agreement with litera-
ture binding constants that were obtained under similar condi-
tions (i.e. , no Mg2+).[8, 11] This suggests that it is feasible for the
enzyme to bind the DNA substrate irrespective of the presence
of a caging group, albeit at what appears to be a slightly
lower affinity. The mechanism of action of many type II restric-
tion endonucleases involves initial non-specific binding to
DNA, followed by electrostatic-influenced scanning for theACHTUNGTRENNUNGrestriction site, and ultimately site-specific cleavage.[8] Thus, our
results suggest that the caging group does not significantlyACHTUNGTRENNUNGinhibit the non-specific binding (based on the gel-shift assay),
but does appear to affect the specific recognition of the bind-
ing site (based on the cleavage assays). Additionally, because
in some cases the caged thymidine is located outside of the
recognition site of the enzyme, it does not directly inhibit the
recognition of the substrate but leads to a slower cleavage of
the substrate. We speculate that this might be a result of steric
interference of enzyme recognition as it scans the DNA for the
target sequence. This hypothesis is consistent with literature
reports of the crystal structures of restriction enzymes as the
active site of restriction endonucleases is often responsible for
base pair recognition, and the presence of the caged thymi-
dine would represent a significant perturbation of this
event.[12]


We next investigated the cleavage reaction of BglII. Here, we
employed oligomers T3–T5 and T4,5 to probe the effect of the
caging group. Oligomer T4 possesses a caging group within
the enzyme recognition site that is three nucleotides down-
stream from the cleavage site. The T5 oligomer is also caged
within the enzyme recognition site five bases downstream
from the cleavage site; however, it is located directly in the
cleavage site of the opposite strand. Finally, both residues are
caged in the T4,5 oligomer. As a control oligomer T3 was also
used, which contains a caging group outside the recognition
site of this enzyme. As with the EcoRI digest, each double-
stranded DNA was digested for 1 h at 37 8C, then analyzed by
polyacrylamide gel electrophoresis (Figure 3, and see the Sup-
porting Information). As observed with EcoRI, the digestion of
the substrate with BglII can be regulated photochemically by
the installation of caged bases. A single caged thymidine com-
pletely inhibits enzymatic cleavage if it is located within the
enzyme recognition site as observed with the T4 and T5


double-stranded DNA. This principle logically extends to theACHTUNGTRENNUNGinstallation of two caging groups, in the case of T4,5, in which
enzymatic activity is abrogated completely prior to irradiation.
In all cases, enzymatic activity is restored upon brief irradiation
with UV light at 365 nm (Figure 3). However, complete deacti-
vation of the substrate towards cleavage is not observed in
the case of T3. The degree of DNA cleavage was again analyzed
by quantification using ImageQuant software.


Next we examined the application of the nucleobase caging
methodology towards the regulation of BamHI on the same


substrate. In this investigation we employed the T4–T5 and T2,3,6


oligomers. Here, only the T2,3,6 oligomer possessed a caging
group within the recognition site of the enzyme, three bases
upstream of the cleavage site. Oligomer T5 contained a caging
group outside of the recognition site, two bases upstream of
the cleavage site. The T4 oligomer was used as a control caged
sequence, in which the caging group was located substantially
further away from the enzyme recognition and cleavage site.
Again, the enzymatic digestions were incubated for 1 h at
37 8C, prior to analysis by gel electrophoresis and quantifica-
tion using ImageQuant (Figure 4). As observed for the other
enzymes, deactivation of DNA cleavage strongly depends on
the proximity of the caging group to the cleavage site with
complete inhibition in the case of a caged thymidine located
directly in the recognition site of BamHI. In all cases, DNA
cleavage could be activated by a brief irradiation with UV light
of 365 nm. Based on these observations the photochemical
regulation of restriction endonuclease activity appears to be
generally applicable, as digestion could be regulated by light
irradiation for all three enzymes.


Finally, we prepared a substrate for digestion that possessed
a restriction site for TaqaI, a hyperthermophilic restriction en-
donuclease with an optimal activity at 65 8C. We were interest-
ed in exploring the scope of the technology by using this
enzyme, which is active at high temperatures where DNA hy-
bridization is weaker.[13, 14] We examined enzymatic activity at
the optimal temperature, and we also probed the enzymatic
activity at 37 8C. The caged substrate was again hybridized
with its radioactively labeled complement, then subjected to a
2 h digestion (Figure 5).


Figure 3. Quantitative assessment of the BglII DNA cleavage with different
caged substrates. Reactions were irradiated at 365 nm (25 W) for 5 min. All
digests were performed in triplicate and the error bars represent the stan-
dard deviation.
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Interestingly, in the case of TaqaI, the presence of one
caging group in P4 was found to actually activate enzymatic
cleavage of the substrate at 37 8C. At this temperature the
noncaged substrate P0 remains uncleaved because the enzyme
is not active (Figure 5, lane 1); however, the caged substrate
prior to irradiation affords a substantial amount of substrate
cleavage (Figure 5, lane 3). This activation is abrogated upon ir-
radiation because very little substrate cleavage is observed in
the absence of a caging group (Figure 5, lanes 2 and 4). This


unexpected result might occur due to the fact that
this enzyme possesses a different mechanism of
action than the previously employed endonucleases,
and base modifications have little effect on enzyme
binding to the DNA target sequence.[13] Whereas only
the complementary strand is labeled in Figure 5,
both strands are cleaved in the presence of the
caging group (see the Supporting Information). At
the optimal temperature, the caging group has no
effect on enzymatic cleavage because virtually all
substrate is cleaved irrespective of the presence of a
caging group (Figure 5, lanes 4–6). This is most likely
due to the ability of the TaqaI enzyme to ignore base
modifications.[13] To ascertain if this effect is specific
to the enzyme, or if this substrate is simply prone to
non-enzyme-specific degradation as a result of the
caging group, we conducted the enzymatic digest
with the caged substrate and a variety of restriction
endonucleases (see the Supporting Information).
However, this effect was only observed in the pres-
ence of the TaqaI enzyme, and no other enzyme was
capable of cleaving the substrate even after 24 h of
incubation.


Based on the enzymatic digests and measured
binding constants, we have developed a working hy-


pothesis for the role of the caged thymidine residue on restric-
tion endonuclease activity (Figure 6). It appears that the en-


zymes are capable of non-specifically binding the caged DNA
substrate and subsequently scanning for the restriction site.[8]


This is confirmed by gel-shift assays (see the Supporting Infor-
mation), as EcoRI was indeed able to bind DNA, despite the
caging of the restriction site. However, the presence of a
caging group inhibits proper identification of this site as
dsDNA cleavage is prevented. This is confirmed by the enzy-
matic digest experiments that demonstrate that the degree of
substrate cleavage is dependent upon the position of the
caging group relative to the restriction site. Upon irradiation
with UV light, the caging group is ACHTUNGTRENNUNGremoved, affording site-spe-
cific binding and DNA cleavage by the restriction endonu-
clease (Figure 6).


Figure 6. Schematic representation of light-triggered DNA cleavage by re-
striction endonucleases: A) the restriction enzyme binds to the DNA and
scans it for the restriction site, which is blocked by a caging group; B) UV ir-
radiation removes the caging group and this allows access to the restriction
enzyme; C) the enzyme finds the restriction site and cleaves it ; this leads to
D) DNA degradation.


Figure 4. Quantitative assessment of the BamHI DNA cleavage with different caged sub-
strates. Reactions were irradiated at 365 nm (25 W) for 5 min. All digests were performed
in triplicate and the error bars represent the standard deviation.


Figure 5. Investigation of the effect of a caging group on the hyperthermo-
philic restriction enzyme, TaqaI. Reactions were irradiated at 365 nm (25 W)
for 5 min.
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In summary, we have effectively demonstrated both the acti-
vation and deactivation of restriction endonucleases via theACHTUNGTRENNUNGinstallation of a photolabile protecting group on the DNA sub-
strate of these enzymes. These results suggest that the inter-
play of enzyme recognition and cleavage inhibition gives rise
to this phenomenon. Based on the developed model, it ap-
pears that the caging group can prevent enzyme cleavage
when located directly in the enzyme recognition site; however,
enzymatic recognition can be affected even when the caging
group is located in proximity to the binding site, decreasing
the rate of catalysis. Gratifyingly, in all cases, normal endonu-
clease activity is completely restored upon the photochemical
removal of the caging group. These results indicate the possi-
bility of a differential digestion of two cleavage sites with the
same restriction enzyme prior and after light irradiation. More-
over, protection of restriction sites by photocaging groups
might have implications on the stability of caged DNA in a cel-
lular environment.


Experimental Section


Light-activated restriction enzyme digests : Oligonucleotides
were end labeled by using g32P-ATP (MP Biomedicals, Solon, OH,
USA) and T4 kinase (New England Biolabs) at 37 8C for 1 h, and
then purified by using TE Midi Select-D, G25 microcentrifuge spin
columns (Shelton Scientific, Peosta, IA, USA). The g32P-end-labeled
substrate (10 mL, 1 nmol) was incubated with its complementary
strand (10 mL, 1 nmol) at 90 8C for 1 min, and then gradually cooled
to 4 8C over 2 h. The dsDNA construct (2 mL, 0.1 nmol) was then
subjected to an enzymatic digest (50 mL total volume) according to
the manufacturer’s protocols with the appropriate buffer (New
England Biolabs). Upon completion, the enzyme was deactivated
(70 8C, 20 min) and digests were analyzed on a polyacrylamide gel
(20 %, 400 V, 40 min). Acrylamide gels were visualized by using a
Storm phosphorimaging system, and radioactive band intensities
were quantified by using Image Quant 5.2.
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Synthesis and Investigation of Tryptophan–Amphotericin B Conjugates


Andreas Zumbuehl,[a] Pasquale Stano,[b] Marc Sohrmann,[b] Rolf Dietiker,[b] Mathias Peter,[b] and
Erick M. Carreira*[a]


Amphotericin B (1) is a powerful antifungal agent used in the
clinic to treat serious fungal infections.[1] The mechanism of
action of amphotericin B (AmB) remains enigmatic and its
most prominent feature—pore formation in the fungal mem-
brane—could represent only a part of a more complex mecha-
nism.[2] In the context of our interest in this molecule,[3] we
have synthesized a series of tryptophan–amphotericin B conju-
gates with the aim of generating compounds with enhanced
membrane localization properties, based on intriguing effects
that have been reported for tryptophan at the interfacial re-
gions of proteins and small oligopeptides. Herein, we demon-
strate that such conjugates can exhibit greater selectivity for
ergosterol-containing vesicles over cholesterol-containing
counterparts when compared to the parent molecule ampho-
tericin B. Additionally, the effect of the tryptophans is manifest
in the observation of faster K+ efflux from sterol-free lipo-
somes; this indicates that the suggested anchoring effect due
to the tryptophans can compensate for the sterol requirement
that has traditionally been invoked in understanding channel
formation in amphotericin. The lack of correlation between K+


efflux in liposome assays and activity in yeast is striking and
suggests that the biological activity of AmB and its derivatives
might be more complex than the simple models discussed to
date.


Naturally occurring tryptophan-rich peptides, such as tritrpti-
cin,[4] indolicidin,[5] and lactoferricin B[6] have been shown to
possess important antimicrobial activity. These interesting bio-
molecules are conformationally ill-defined in solution, and re-
quire lipophillic–hydrophilic interfaces to undergo proper fold-
ing. Consequently, in membranes, including biological and
abiological ensembles, such as vesicles, these peptides display
well-defined tertiary structures facilitated by localization atACHTUNGTRENNUNGinterfacial domains.[7] In studies of these peptides, the trypto-
phan residues have largely been found on the extracellular
side of the biological membrane,[8] and make what are be-
lieved to be crucial interactions at the membrane–water inter-
face region.[9] Moreover, indole and other tryptophan conge-
ners are found in proximity to the glycerol and bridge the tail
and head groups in 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) lipids. This interesting feature of tryptophans


has been recently employed as a convenient means of sizing a
population of vesicles with random diameter into a set of uni-
sized liposomes.[10]


We have recently reported the synthesis of an aminohexano-
yl piperazinyl–amphotericin B conjugate (2) with a readily ac-
cessible synthetic handle to attach groups to amphoteri-
cin B.[3c] We reasoned that it would be fundamentally interest-
ing to investigate the properties of tryptophan–amphotericin
compounds as a means to explore the effect of such conju-
gates on activity. For such molecules, one might hypothesize
that the indole moiety would enhance the membrane binding
and anchoring of amphotericin B (1) and lead to channel for-
mation in the absence of sterols. In such a scenario, it was an-
ticipated that tryptophan oligomers would be more effective
than a single and/or no tryptophan.


The synthesis depicted in Scheme 1 commences with 6-ami-
nohexanoyl piperazinyl derivatized amphotericin B (2), which
was prepared on the multigram scale (2 g) from 1.[3c] Fmoc-
protected tryptophan hydroxysuccinimide active ester was
condensed with 2 (pyridine, DMF) and deprotection was con-
ducted with piperidine in DMSO to afford 3. The bi- and tri-
tryptophan conjugates 4 and 5, respectively, were then pre-
pared in an iterative fashion.


To assess the pore-inducing potency of newly synthesized
amphotericin B conjugates we employed an assay in which
vesicles are prepared with K+ inside and a solution of Na+


ions (outside).[3c] The vesicles were prepared from POPC, a syn-
thetic mimic of the egg yolk phosphocholine,[11] with or with-
out admixed ergosterol (5 mol %) or cholesterol (5 mol %). Pore
formation was measured by the observation of an induced K+


efflux from the vesicles—an event that can be recorded by
using K+-selective electrodes. Each conjugate was dissolved in
a minimal amount of DMSO and added to a vesicle suspen-
sion. As shown in Figure 1, K+ efflux induced by the different
compounds was recorded at two different concentrations
(10 mm : solid line; 1 mm : dashed line).[12]


As anticipated on the basis of prior work,[13] in our assay am-
photericin B induced only slow K+ efflux in nonsterol contain-
ing POPC vesicles (Figure 1 A) when compared to cholesterol
(Figure 1 E) and ergosterol (Figure 1 I) containing membranes.
All of the tryptophan–amphotericin B conjugates were as
active as amphotericin B (1) in sterol free POPC vesicles at the
highest concentrations (10 mm ; Figure 1 B–D). At 1 mm, the ben-
eficial effects of the tryptophan conjugates become apparent.
The bi- and tritryptophan–amphotericin B conjugates 4 (Fig-
ure 1 C) and 5 (Figure 1 D) displayed K+ release that clearly sur-
passed the efflux induced by native amphotericin B. This sug-
gests that the effects of 1 and tryptophan, vis-�-vis its suggest-
ed role in biological membranes, can indeed be combined,
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and that the tryptophan effect can be potentiated by using
tryptophan oligomers.


In cholesterol-containing vesicles amphotericin B induced
rapid K+ release at 10 and 1 mm (Figure 1 E). This trend was
found again for the tritryptophan–amphotericin B conjugate 5
(Figure 1 H). The mono- and bitryptophan–amphotericin B con-
jugates 3 and 4 were less active (Figure 1 F and G).


In the case of ergosterol-containing membranes all com-
pounds tested induced immediate full release of trapped K+ at
both 10 and 1 mm (Figure 1 I–L). At the lower concentration
used, the monotryptophan–amphotericin B conjugate (3)
showed high selectivity for ergosterol- over cholesterol-con-
taining membranes or sterol-free membranes.


We then tested all compounds for inhibition of growth of
the yeast Saccharomyces cerevisiae. Only 3 was active at a mini-
mal inhibitory concentration of 20 mm (native amphotericin B
was active at 1 mm). None of the other compounds was toxic
up to a concentration of 100 mm, as was the tripeptide (W3),


which was used as a control.[14] These results are particularly in-
teresting given the fact that at 1 mm all tryptophan–amphoteri-
cin B conjugates (3, 4, and 5) display K+ efflux from vesicles
containing the fungal sterol, ergosterol, similar to amphoteri-
cin B. It is therefore noteworthy that 3 is the only active conju-
gate that is, at the same time, selective for the ergosterol-con-
taining membrane of S. cerevisiae (compare Figure 1 F, J).[15]


In conclusion, we have prepared tryptophan–amphotericin B
conjugates and have shown that they posses unexpected
properties; the results suggest that the membrane-anchoring
effect of tryptophan and the pore-inducing effect of amphoter-
icin B (1) can act synergistically in K+ efflux assays involving
liposomes. It is particularly noteworthy that in sterol-free vesi-
cles the effect increases with each tryptophan attached, which
gives compounds that display greater differentiation for ergo-
sterol- over cholesterol-containing membranes. In pure POPC
vesicles the tritryptophan–amphotericin B (5) has even a
higher pore-inducing activity than native 1. Most strikingly,
however, is the lack of correlation between K+ efflux in lipo-
some assays and minimum inhibitory concentration (MIC) stud-
ies in yeast. These observations suggest that the biologicalACHTUNGTRENNUNGactivity of AmB and their derivatives might be more complex
than indicated by the simple models discussed to date.


Experimental Section


Liposome preparation : The appropriate lipids (POPC, POPC/cho-
lesterol 95:5, mol %/mol %, POPC/ergosterol 95:5, mol %/mol %)
were dissolved in CH2Cl2 in a round-bottom flask (250 mL) and the
solvent was removed under reduced pressure (ca. 40 kPa) in a Ro-
tavapor (B�chi, Switzerland). The thin lipid film was dried, over-
night, at high vacuum, then hydrated with a KCl (150 mm), HEPES
(5 mm, pH 7.4) buffer, in order to obtain a liposome suspension
with an approximate overall lipid concentration of 3 mm in the
case of POPC and 5 mm in the cases of POPC/cholesterol and
POPC/ergosterol. The suspension was sonicated under nitrogenACHTUNGTRENNUNGatmosphere for 30 min in a bath sonicator (Bandelin Sonorex
RK100H, 140 W, 35 kHz). Then the liposomes were sized by extru-
sion (The Extruder�, Lipex Biomembranes, Inc. , Vancouver, Canada),
that is, the suspension was passed through two (stacked) poly-
carbonate membranes (Nuclepore� Whatman) of 400 nm, 200 nm,
and finally 100 nm pore size (ten times for each pore size).
The resultant “100 nm” unilamellar liposomes (generally about
30 mL) were dialyzed (Spectra/Por� Membranes MWCO 3500;
Spectrum) three times against NaCl (150 mm ; 600 mL), HEPES
(5 mm, pH 7.4) buffer. The actual phospholipid concentration was
determined by measuring the inorganic phosphate, and then the
suspension was diluted with NaCl (150 mm), HEPES (5 mm, pH 7.4)
buffer to 1 mm overall lipid concentration (phospholipid + sterols).
For each efflux measurement this liposome suspension (10 mL)
was placed in a small beaker.


After recording the amphotericin-induced potassium efflux, lipo-
somes were lysed by adding sodium cholate (172 mg). The result-
ing reading, which was taken after 0.5 h, was used to quantify the
100 % K+ release.


Ion-selective electrode (ISE) membrane preparation and poten-
tiometric measurement : The membrane components (typically
300 mg of total mass) were dissolved in THF (3.0 mL) during ap-
proximately 2 h and poured into a glass ring (37 mm inner diame-


Scheme 1. A) Fmoc-Trp-OSu, pyr, DMF, 1 h, 56 %; B) pip, DMSO, 1 h, 90 %;
C) Fmoc-Trp-OSu, pyr, DMF, 0.75 h, 71 %; D) pip, DMSO, 0.5 h, 85 %; E) Fmoc-
Trp-OSu, pyr, DMF, 0.5 h, 91 %; F) pip, DMSO, 0.5 h, 37 %.
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ter) fixed on a glass support. After overnight evaporation of the
solvent at room temperature, 5 mm disks were punched from the
mother membrane (thickness, about 240 mm) and glued with THF
to a plasticized PVC tubing (inner diameter 4 mm), which was me-
chanically fixed to a 1000 mL pipette tip. The membranes contained
valinomycin (about 3.1 mg, 9.2 mmol kg�1), DOS (about 150 mg),
PVC (about 150 mg), KTFPB (about 1.1 mg, 4.2 mmol kg�1), ETH 500
(about 3.1 mg, 8.9 mmol kg�1). The inner solution consisted of KCl
(10�3


m). The ISEs were conditioned, overnight, in KCl (10�3
m).


Potentiometric measurements were performed with a 16-channel
electrode monitor (Lawson Labs, Inc. , Malvern, PA, USA) in magnet-
ically stirred solutions at ambient temperature (20–22 8C). Activity
coefficients were obtained from the Debye–H�ckel approximation
and electromotive force (EMF) values were corrected for liquid-
junction potentials with the Henderson equation. The reference
electrode was a Metrohm double junction Ag/AgCl reference elec-
trode (Metrohm AG, CH-9010 Herisau, Switzerland; No. 6.0729.100)
with KCl (3 m) as reference electrolyte and LiOAc (1 m) as bridge
electrolyte. After each efflux measurement the reference electrode
was washed twice with H2O and twice with LiOAc (1 m) then re-ACHTUNGTRENNUNGfilled with LiOAc (1 m). This introduced an error in the absolute
value measured, but reduced the drift to approximately
1 mV min�1.


Prior to selectivity measurements, the ISEs were conditioned, over-
night, in NaCl (10�2


m). The sequence of the investigated ions was:
Na+ , H+ , K+ . For each of these ions, the membrane was condi-
tioned in the corresponding chloride solution (10�2


m ; during 0.5 h)
after which calibration curves were determined. The logarithmic se-
lectivity coefficients were: �4.11�0.04 and �4.35�0.1 (SD, n = 3),
for Na+ and H+ , respectively.


MIC assays : We determined the minimal drug concentration re-
quired to prevent the growth of S. cerevisiae as follows. For each
amphotericin conjugate, several stock solutions (100x) were pre-
pared in DMSO. Each stock solution was then diluted 1:100 in YPD
agar medium that had cooled to 50 8C before 3 mL of the mixture
was poured into small Petri dishes. Wild-type yeast cells (BY4741, a
derivative of S288C) were grown in YPD medium, and approxi-
mately 104, 103, 102, and 10 cells were spotted on each plate.
Colony formation was scored after incubation at 30 8C for 36–48 h.
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Eosin Y-Sensitized Artificial Photosynthesis by Highly Efficient Visible-Light-
Driven Regeneration of Nicotinamide Cofactor
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Mimicking natural photosynthesis is an attractive way
to achieve a new form of renewable energy by using
sunlight.[1] During the photosynthetic process, photon
energy is absorbed by dye-sensitized photosystems
and stored as chemical energy, which is then used for
the synthesis of carbohydrates through the Calvin
cycle. It is subsequently regenerated by a recycling
process between light and dark reactions. For artificial
photosynthesis, the photoinduced electron-transfer
reaction should occur with a man-made light-harvest-
ing antenna that can fulfil the role of both photosys-
tems in natural photosynthesis. The efficient regener-
ation of nicotinamide or flavin cofactor is critical for
the conversion of solar energy into fine chemicals be-
cause an oxidoreductase, working as a counterpart of
the Calvin cycle, requires a stoichiometric amount of
cofactors as redox equivalents.[2] Therefore, in order to
develop an artificial photosynthetic system, it is im-
portant to identify an efficient means of photoin-
duced electron transfer, especially in the visible-light
range.[3]


Herein we report a new self-assembled dyad for
the visible-light-driven regeneration of a nicotinamide
cofactor that involves Eosin Y (EY, 2,4,5,7-tetrabromo-
fluorescein; Figure S1 in the Supporting Information),
a dye photosensitizer. In the field of solar energy con-
version, EY has been applied to the development of organic–
inorganic hybrid dye-sensitized solar cells (DSSC),[4, 5] and pho-
tocatalytic hydrogen production with the support of conduc-
tive matrices and platinum catalysts.[6, 7] It is a promising photo-
sensitizer that exhibits high quantum yields for DSSC devices,
and its quantum efficiency for hydrogen evolution was report-
edly much higher than other organic dyes, such as merocya-
nine and coumarin, when sensitized by visible light.[7]


We first employed the photoelectrochemical property of EY
for the photoinduced electron-transfer reaction in an artificial
photosynthetic process for l-glutamate synthesis, as illustrated
in Figure 1 A. The visible-light-driven electron-transfer reaction
was conducted between EY and an electrochemical mediator,


(pentamethyl-cyclopentadienyl-2,2’-bipyridine-aqua) rhodium-ACHTUNGTRENNUNG(III) (M = [Cp*RhACHTUNGTRENNUNG(bpy)H2O]2+ , Cp* = C5Me5, bpy = 2,2’-bipyri-
dine), for nonenzymatic NADH regeneration in the presence of
a sacrificial electron donor, triethanolamine (TEOA). The organ-
ometallic compound, M, has been applied as a hydride transfer
mediator for the indirect regeneration of NADH in chemical
and electrochemical systems due to its high selectivity for the
regeneration of enzymatically active cofactors.[8] Unlike other
mediators like methyl viologen, M is nontoxic for enzymes and
it does not require a secondary enzyme for selective regenera-
tion of enzymatically active cofactor.[8d]


According to our analysis, NAD+ was not reduced to NADH
at all in the dark stage, whereas irradiation with visible light of
the same reaction medium triggered rapid NADH generation
(Figure 1 B). In the visible-light-induced NADH regeneration
that was carried out with various concentrations of EY and
0.25 mm M, the rate of photocatalytic NADH reduction was
proportional to the concentration of EY, and the reaction
reached its maximum yield (71 %) within 30 min of light irradia-
tion with 5 mm EY. The initial turnover frequency for NADH re-
generation was estimated to be 1690 h�1 with 1 mm EY. We fur-
ther performed EY-sensitized enzymatic photosynthesis of l-
glutamate by glutamate dehydrogenase (Figure 1 C). A control
experiment that was conducted in the absence of light result-


Figure 1. A) Schematic illustration of Eosin Y-sensitized artificial photosynthesis with
l-glutamate dehydrogenase, B) photoregeneration of NADH (with 1 mm NAD+), and
C) photoenzymatic synthesis of l-glutamate by glutamate dehydrogenase with Eosin Y
concentrations of 10 mm (EY, EY + M) and 50 mm (EY* + M), respectively.


[a] S. H. Lee, D. H. Nam, J. H. Kim, Prof. C. B. Park
Department of Materials Science and Engineering
Korea Advanced Institute of Science and Technology
373-1 Guseong-dong, Yuseong-gu, Daejeon 305-701 (Korea)
Fax: (+ 82) 42-350-3310
E-mail : parkcb@kaist.ac.kr


[b] Dr. J.-O. Baeg
Advanced Chemical Technology Division
Korea Research Institute of Chemical Technology (KRICT)
100 Jang-dong, Yuseong-gu, Daejeon 305-343 (Korea)
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ed in a null yield of l-glutamate. It is notable that l-glutamate
was not produced without M ; this indicates the critical role of
M in the photoenzymatic synthesis. In addition, M alone (i.e. ,
without EY) was not photoactive, and no conversion was ob-
served for the single-mediator system. When the both media-
tors, that is, EY and M were present together, yields of 57.9
and 81.4 % were obtained after 40 min of reaction with EY con-
centrations of 10 mm (EY + M) and 50 mm (EY* + M),
respectively. Prolonged (80 min) reactions resulted in
the maximum conversions of approximately 90 % in
both experiments. Figure 2 A shows the turnover fre-
quency of EY in the photoenzymatic synthesis of l-
glutamate compared to previously reported organic,
organometallic, and semiconductor sensitizers. The
turnover frequency of EY was 15 times higher than
Ru ACHTUNGTRENNUNG(bpy)3 and 382 times higher than PEG–chlorophyl-
lide. Also, the turnover number of NAD(P)+ (Fig-
ure 2 B) was estimated to be at least ten times higher
in the EY-sensitized photoenzymatic sys ACHTUNGTRENNUNGtem.[3, 9]


The superior performance of EY in the photoenzy-
matic synthesis is attributed to its complexation with
M that was observed to guide the excited electrons
of EY to the catalytic center of M. To investigate the
interaction between EY and M, we observed the
spectral changes of EY absorbance in the presence of
M under various concentrations at pH 7.0. According
to our observation, the onset and peak of EY absorp-
tion red-shifted with the increasing concentration of
M (Figure 3 A). We attribute the pH-independent ab-
sorbance change in Figure 3 A to the molecular inter-
action between EY and M by the binding of carboxyl
group of EY with the metal center of M. The carboxyl
group of EY is known to form complexes with metal
ions like Zn2+ .[10] Previously, EY was reported to un-
dergo the red-shift of absorbance with decreasing
pH by the change in the ionization state (that is, pro-
tonation) of EY’s carboxyl group.[11]


We also observed the red-shift of emission maxi-
mum and the decrease of EY’s fluorescence intensity
when the concentration of M was increased (Fig-
ure 3 B). According to Moser and Gr�tzel,[11] the emis-
sion spectrum of EY red-shifted because of the polar-
izability and electronegativity of metal cations when
bound to metallic materials, such as TiO2. The de-
crease of emission intensity in Figure 3 B implies that
the radiative decay of excited electrons was inhibited
by M. The excited electrons of EY were reported to
be transferred to the conduction band of matrix ma-
terials, such as semiconducting oxide nanoparticles
(for example, ZrO2, Al2O3, TiO2), with quenched fluo-
rescence when adsorbed onto the surface of matri-
ces.[12] We further confirmed the formation of the EY–
M complex by using FTIR analysis (Figure S2), which
shows that the Rh�O bond in M was changed from
H2O to EY.


We further examined the electrochemical proper-
ties of EY and M with cyclic voltammetry (CV) and


linear sweep voltammetry (LSV) by using a glassy carbon elec-
trode at pH 7.0 in a phosphate buffer (100 mm). The reduction
peak potential of M was estimated at �0.70 V and a reductive
current of EY resulted from �1.0 V in a solution that only con-
tained EY (Figure 4 A). The CV voltammogram changed when
the two components were present in solution; the reduction
of mixture was observed at �0.75 V with a cathodic shift of M


Figure 2. Performance of Eosin Y-sensitized visible-light driven enzymatic synthesis of
l-glutamate compared to previous reports (Ru ACHTUNGTRENNUNG(bpy)3,[9a] PEG–chlorophyllide,[9b]


W2Fe4Ta2O17
[3]) in terms of A) photosensitizer turnover frequency and B) NAD(P)+ turnover


number. For detailed information about reaction conditions, please refer to the Support-
ing Information.


Figure 3. The change in A) absorbance and B) fluorescence of Eosin Y (5 mm) in the pres-
ence of M in various concentrations.


Figure 4. Cyclic voltammograms of A) M (250 mm) and Eosin Y (50 mm) solutions and
B) mixture of two components in the presence and absence of NAD+ (1 mm). The poten-
tial was scanned at 100 mV s�1.
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reduction, which can be also interpreted as an
anodic shift of EY reduction (Figure 4 B). Results of
LSV experiments showed substantial changes in the
reduction peak potentials of EY and M (Figure S3).
These results suggest a coreduction reaction of EY
and M through the intermediate EY–M complex. Ac-
cording to a previous report,[4] the co-reduction reac-
tion occurred with an anodic shift in the CV voltam-
mogram when EY and a stabilizing component, such
as Zn ACHTUNGTRENNUNG(NO3)2, were present in a solution.


To confirm the catalytic interaction between the
EY–M complex and NAD+ , the voltammetric meas-
urements were performed in the presence of NAD+ .
As shown in Figure 4 A, the catalytic effect of M re-
sults in the strongly increased rate of M reduction in
the presence of NAD+ . The EY–M complex also ex-
hibited a strong increase in reduction peak current
with NAD+ , implying a mediation system that con-
sisted of EY and M was able to catalyze the reduction
of NAD+ (Figure 4 B). The absence of oxidation peak
indicates that the EY–M complex follows the electro-
chemistry of M (i.e. , two-electron reduction followed by chemi-
cal protonation). As an electron acceptor in the complex, M
also suppressed the reduction and oxidation peaks of EY ap-
pearing on an Au electrode (Figure S4).


The photoelectrical behavior of EY should account for the
catalytic activity of the EY–M complex because the excited
electron of EY could be easily transferred to M. According to
Goux et al. ,[10] the photoelectrical property of EY in the hybrid
DSSC comes from the excitation of electrons from HOMO to
LUMO in EY, followed by the transfer of the excited electrons
onto the conduction band of semiconducting matrices. Once
the electron of EY at the known HOMO (1.09 V)[6] is excited to
the LUMO (�1.02 V, from Figure S3), it should cascade into M
through the intermediate state of EY–M without radiation
(e.g. , fluorescence) as illustrated in Figure S5. The successive
transfer of electrons from TEOA to EY should result in the elec-
trical reduction of M. The electrically reduced M, [Cp*Rh ACHTUNGTRENNUNG(bpy)] ,
would be chemically protonated in aqueous media, followed
by its catalytic reaction with NAD+ . Based on our results, we
suggest that EY and M form a coupled intermediate to transfer
electrons to NAD+ , as illustrated in Scheme 1. During the pho-
toinduced electron transfer cycle, EY and M were reversibly
bound together through the metal center of M (Rh2 +) and the
ionized carboxyl group of EY. The vicinity and potential gradi-
ent between the photosensitizer (EY) and the electrocatalytic
center (M) enabled an efficient transfer of electrons to regener-
ate NADH with high turnover rate and frequency.


In summary, EY was first introduced as a molecular photo-
sensitizer for visible-light-driven regeneration of NADH in the
presence of M and sacrificial electron donor. An efficient regen-
eration of NADH with a high turnover rate was achieved
through a new photosensitizer–electron relay dyad (EY–M)
whose components bound to each other. Photochemical re-
generation of the nicotinamide cofactor, coupled with enzy-
matic reaction catalyzed by glutamate dehydrogenase, was


successfully conducted as a model dye-sensitized artificial pho-
tosynthetic system.


Experimental Section


Materials : All chemicals, including EY, TEOA, and NAD+ , were pur-
chased from Sigma–Aldrich in the purity over reagent grade and
were used without further purification. EY (1 mm) was dissolved in
deionized H2O and used as a stock solution for all experiments.


Synthesis of [Cp*Rh ACHTUNGTRENNUNG(bpy)Cl]Cl : The hydridorhodium complex, M,
was synthesized by the method of Kçlle and Gr�tzel (Figure S6). A
mixture of RhCl3·3H2O (200 mg) and hexamethyldewarbenznen
(HMDB, 40 mg) in MeOH (6 mL) was stirred at 65 8C under N2 for
15 h. The mixture was allowed to cool to room temperature, and
the solvent was removed under vacuum. The residue was washed
with Et2O to remove excess hexamethylbenzene; this left oily red
crystals, which were extracted with CHCl3. The solution was dried
over anhydrous MgSO4, evaporated under reduced pressure, and
the residue was recrystallized from CHCl3/benzene. Upon addition
of 2,2’-bipyridine (2 equiv), the suspension cleared almost immedi-
ately, and a yellowish solution was formed. From this sample,
[Cp*RhACHTUNGTRENNUNG(bpy)Cl]Cl was precipitated upon the addition of Et2O. Yield:
120 mg (70 %, based on compound 1). 1H NMR (300 MHz, CDCl3):
d= 9.11 (d, 2 H; H-3,3’), 8.84 (d, 2 H; H-6,6’), 8.27 (t, 2 H; H-5,5’), 7.81
(t, 2 H; H-4,4’), 1.75 ppm (s, 15 H, Cp*) ; the spectrum is shown in
Figure S7.


Photochemical reaction : The photochemical regeneration of
NADH was performed within a quartz reactor under an argonACHTUNGTRENNUNGatmosphere at room temperature. A 400 W W-halogen lamp
equipped with a 420 nm cut-off filter was used as a light source.
Eosin Y-sensitized photoregeneration of NADH was carried out as
follow: After 1 h of incubation without light (light-off), the reactor
was exposed to light (light-on) at pH 7.0. The reactor was com-
posed of NAD+ (1 mm), M (0.25 mm), TEOA (15 % w/v), and phos-
phate buffer (100 mm) with different concentrations of EY. The
photoenzymatic reactors for photosynthesis of l-glutamate were
composed of Eosin Y (10 mm for EY and 50 mm for EY*), M (0.5 mm),
NAD+ (0.2 mm), a-ketoglutarate (5 mm), ammonium sulfate


Scheme 1. The catalytic cycle of M during the Eosin Y-sensitized, nonenzymatic photo-
chemical regeneration of NADH involving two electron-transfer reaction between M and
Eosin Y.
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(100 mm), and glutamate dehydrogenase (40 U), based on a phos-
phate buffer (100 mm), with TEOA (15 % w/v ; pH 8.0). Reactions
were carried out under varied conditions, including the absence of
M or EY.


Analysis : Spectrophotometric and spectrofluorometic experiments
were performed with the BioSpec-mini (Shimadzu Co., Japan) and
RF-5301PC (Shimadzu Co., Japan), respectively. In both measure-
ments, Eosin Y (5 mm) was used with various concentrations of M.
The fluorescence spectra were obtained with excitation wave-
length of 400 nm. Voltammetric experiments were performed with
a single-cell compartment configured with a 3-electrode system: a
glassy carbon or Au disk (working diameter 2 mm), a platinum wire
(counter) and an Ag/AgClsat’d KCl (reference, 0.197 V versus normal
hydrogen electrode) connected to a potentiostat/galvanostat
(EG&G, model 263 A). M (0.25 mm), Eosin Y (50 mm) and NAD+


(1 mm) were used in a phosphate buffer (100 mm) at pH 7.0. The
concentration of NADH was measured spectrophotometrically
through its absorbance at 340 nm. High-performance liquid chro-
matography (LC-20A prominence, Shimadzu Co.), equipped with
an Inertsil C18 column (ODS-3V, length, 150 mm), was used for the
analysis of enzymatic reactions. Samples were eluted by phospho-
ric acid (0.085 %) with flow rate of 1.0 mL min�1 and detected at
210 nm. The FTIR spectra ware obtained with a FTIR microscope
(IFS 66v/s, Bruker Opitcs). Samples were spread on Au-coated sub-
strates and dried overnight before measurement.
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Monoclonal Antibodies with Orthogonal Azaspiracid Epitopes


Michael O. Frederick ,[b, d] Sandra De Lamo Marin,[c] Kim D. Janda,[c] K. C. Nicolaou ,[b, d] and Tobin J. Dickerson*[a]


An incident of human illness with diarrhetic shellfish poisoning
(DSP)-like symptoms reported in the Netherlands in 1995 was
eventually traced back to mussels, Mytilus edulis, harvested
from Killary Harbour, Ireland.[1] The causative toxins of this out-
break were found to be the azaspiracids (1–11, Table 1),[2]


which have been proposed to originate from the dinoflagellate
Protoperidinium crassipes. Through heroic efforts, and with
minute amounts of material, the Yasumoto and Satake group
proposed a structure for azaspiracid-1;[4] however, total synthe-


sis found the originally proposed structure to be incorrect,[5]


and degradative and synthetic efforts found the structure to
be as depicted in Table 1.[6] Containing a trioxadispiroacetal
system fused onto a tetrahydrofuran ring (ABCD domain) and
an azaspiro ring system fused onto a 2,9-dioxabicyclo ACHTUNGTRENNUNG[3.3.1]-ACHTUNGTRENNUNGnonane system (FGHI domain), the azaspiracids represent a
unique toxin both in terms of structure and toxic effects.[1, 7]


While initially postulated to resemble diarrhetic shellfish poi-
soning, further study demonstrated that azaspiracid poisoning
(AZP) has become a widespread problem throughout Europe,[8]


with the potential to become a worldwide phenomena.
Indeed, various analogues of azaspiracid have since been de-
tected in waters off of western Europe, Morocco, and eastern
Canada.[2] As a result, detection methods have been sought to
ensure the safety of the seafood in which the azaspiracids are
often found. Currently, the EU regulatory limit for azaspiracids
is 0.16 mg per g of total shellfish tissue,[9] meaning a limit of de-
tection for a given method should be less than that level, yet
retain the ability to test for all members of the azaspiracid
family. The current methods for detecting and quantifying
azaspiracids are mass spectrometry and mouse toxicity
assays,[10] but these methods are less desirable due to the re-
quired amounts of azaspiracid needed as a reference, or the
use of animals. Additionally, studies have suggested that the
azaspiracid reference test has, at best, a 50 % chance of detect-
ing the toxin at the EU regulatory limit.[2] Immunodiagnostics
provide an alternative platform that can be readily and cost ef-
fectively implemented in high-throughput screening scenarios.
Recently, the Forsyth and Miles groups have reported the isola-
tion of polyclonal ovine antibodies from a synthetic hapten
consisting of the azaspiracid FGHI domain that could recognize
the parent toxin.[11] However, since these antibodies are poly-
clonal, a detection kit using solely this polyclonal sera is not
ideal (vide infra). We hypothesized that monoclonal antibodies
with distinct recognition epitopes could be generated by
using the entire azaspiracid molecule for immunization. These
antibodies would serve as the foundation of a general azaspir-
acid detection method for all members of this class of marine
toxins while not requiring authentic samples of the molecule
as a standard.


Monoclonal antibodies with orthogonal epitopes can be em-
ployed in antibody-based capture assays (that is, “sandwich”
assays). These assays require two distinct antibody populations
for detection. The first antibody is immobilized onto the solid
support and serves to capture the desired analyte out of solu-
tion, while the second is conjugated to a suitable reporter
enzyme (for example, horseradish peroxidase or alkaline phos-
phatase) that allows for secondary signal amplification through
substrate turnover (Scheme 1). It is desirable for the first anti-
body to be monoclonal as all bound antigen is uniformly dis-
played; this maximizes the recognition and, consequently, the


Table 1. Structure of azaspiracids-1 through -11 (1–11).


R1 R2 R3 R4


1: azaspiracid-1 H H Me H
2: azaspiracid-2 H Me Me H
3: azaspiracid-3 H H H H
4: azaspiracid-4 OH H H H
5: azaspiracid-5 H H H OH
6: azaspiracid-6 H Me H H
7: azaspiracid-7 OH H Me H
8: azaspiracid-8 H H Me OH
9: azaspiracid-9 OH Me H H


10: azaspiracid-10 H Me H OH
11: azaspiracid-11 OH Me Me H
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output signal that results from addition of the secondary de-
tection antibody. The secondary antibody need not be mono-
clonal, but a monoclonal antibody can further enhance theACHTUNGTRENNUNGanalytical signal provided that the capture and detection anti-
bodies have orthogonal epitopes.


Small molecules such as the azaspiracids are inherently non-
immunogenic and therefore require covalent coupling to aACHTUNGTRENNUNGcarrier protein to elicit an immune response. In many cases,
coupling of a small molecule to carrier proteins is achieved
through the addition of a nonnative functionality that can be
chemically reacted with the side chains of the carrier (e.g. , Lys
residues). This requirement can be difficult to fulfill in the case
of complex natural products, particularly when a semisynthetic
route for the preparation of modified material is not readilyACHTUNGTRENNUNGapparent. Fortunately, examination of the azaspiracid structure
reveals that no modification of the parent molecule is required
for coupling, as the terminal carboxylic acid can be exploited
in standard N-hydroxysuccinimide (NHS)-based coupling proce-
dures. By using this handle, we coupled synthetically prepared
azaspiracid-1[6] to bovine serum albumin (BSA) and keyhole
limpet hemocyanin (KLH) through carrier protein lysine resi-
dues; the former immunoconjugate was to be used in anti-
body screening procedures, while the latter was used to immu-
nize mice for antibody production.[12]


Surprisingly, mice immunized with 1-KLH were found dead
~1 day after immunization. The toxic effects were reproduci-
ble, with all animals (n = 4) succumbing from immunization
across two groups. This finding was particularly intriguing as,
to our knowledge, there are no reported examples of potent
toxicity resulting from administration of the immunoconjugate
of a toxic molecule. Indeed, it is this exact premise that has
formed the basis of many immunodiagnostics, and immuniza-
tion has been previously utilized for the generation of antibod-
ies against a wide range of potentially toxic molecules, with
immunoassays for various pesticides providing an illustrative


example.[13] There are three scenarios which could be applied
to this phenomenon: slow release of noncovalently bound
azaspiracid from the carrier protein, in vivo degradation of the
azaspiracid hapten into a pharmacologically active fragment,
or toxicity resulting from the action of the azaspiracid immu-
noconjugate itself. To address the former possibility, all pro-
teins were sterile filtered and extensively dialyzed multiple
times prior to injection, yet this did not diminish the toxicity.
Dialyzed immunoconjugates were then purified by size exclu-
sion chromatography and analyzed for 1 by ESI-TOF MS. Only
trace levels of 1 were detected, correlating to an injection of
~75 ng of uncoupled 1 in any single immunization. Given that
the known lethal dose of 1 is ~4 mg for a 20 g mouse, the ob-
served immunoconjugate toxicity cannot be attributed solely
to residual azaspiracid-1 from the coupling reaction.


The molecular weight of KLH ranges from 4.5 � 105–1.3 �
107 Da as a result of aggregation state, and as such, it is ex-
tremely difficult to determine the exact number of azaspiracid
molecules present on this protein. The extent of immunocon-
jugate coupling is generally estimated by MS analysis of the
corresponding BSA immunoconjugate; this provides a lower
limit for hapten copy number. In the case of 1-BSA, it was de-
termined that six azaspiracid moieties were coupled. Using this
number, it was estimated that at least 1.2 mg of azaspiracid-1
was administered with each injection, albeit covalently conju-
gated to a carrier protein that by itself has no reported toxicity.
It is likely that at least ten times this amount of azaspiracid
was injected as KLH is known to display hundreds of surface
lysine residues available for coupling. Thus the quantity of
toxin immobilized on KLH does exceed the lethal dose. While
this phenomenon is certainly of interest, we turned our atten-
tion away from the mechanism of toxicity and instead focused
on vaccination strategies that would allow for anti-1 antibody
isolation.


Scheme 1. Schematic depiction of antibody-based azaspiracid detection systems. A) Assay in which the capture antibody (bottom) is monoclonal and, thus,
all azaspiracid molecules are uniformly oriented so as to maximize the analytical signal. B) System in which the capture antibody (bottom) is polyclonal. In
this system, multiple conformations of the molecule can be displayed to the detection antibody, compromising the output signal, particularly in cases where
the capture and detection antibodies share a common epitope (far right).
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Immunoconjugate toxicity is an unprecedented phenomen-
on and presents a significant roadblock to the procurement of
monoclonal antibodies. Additionally, azaspiracid has been
shown to result in necrosis of B and T lymphocytes in lym-
phoid organs, including the spleen, thymus, and Peyer’s patch-
es;[14b] this raises concern that the generation of high antibody
titers would be difficult, if not impossible. We speculated that
if the dose per injection could be reduced, titers against aza-ACHTUNGTRENNUNGspir ACHTUNGTRENNUNGacid-1 still could be obtained; thus, we next turned to alter-
native immunization protocols. Empirically, we determined that
a tenfold reduction in the amount of 1-KLH in each injection
(10 mg immunoconjugate/mouse/injection) mixed with Ribi ad-
juvant system (RAS) could be tolerated by mice without toxici-
ty; however, even though the pronounced mortality was abro-
gated with this lower dose, the animals continued to display
signs of reaction to the conjugate (for example, fur ruffling).


At this dose, appreciable titers could be observed after 21
days (1:1600–1:3200 per mouse) by employing a standard regi-
men of initial immunization, followed by a single booster injec-
tion in RAS at day 14. While the titer obtained was not suitable
for monoclonal antibody production, this data did validate our
hypothesis that a dose reduction could result in antibody titers
against 1-KLH. In order to increase the titer, the mice were
boosted again with 10 mg of 1-KLH in a suspension of alum ad-
juvant at day 35, and then bled at day 42. At this stage, anti-
body titers had increased slightly (1:3200–1:6400 per mouse).
After an additional month, animals were again boosted with
10 mg of 1-KLH in alum, at which point the titers had ceased to
increase. At this time, spleens were harvested and used to gen-
erate antibody-secreting hybridomas.


Despite the low dose immunization protocol required by the
toxicity of the immunoconjugate, a relatively large panel of 67
antibodies were obtained (Table 2). Roughly half of these anti-
bodies showed good titer against the 1-BSA immunoconjugate
(�1:6400); this demonstrates the overall specificity for the
hapten across the entire panel. In general, most antibodies
within the panel bound both 1 and 2 with high affinity (Kd app<


1 mm) with the tightest binding observed for mAbs 6B11 and
9E8, both of which bound azaspiracid-1 with a relative binding
affinity of 0.2 mm (Table 2). These two antibodies also displayed
good binding for azaspiracid-2, as expected based upon the
structural similarity of these two molecules (Table 2).


In order to select antibodies with orthogonal azaspiracid epi-
topes, each antibody must be characterized so as to identify a
pair that can bind simultaneously to antigen. With most small
molecules, this is an extremely difficult task as the sheer size of
the antibody molecule inherently prevents a second antibody
from binding due to steric hindrance. In the case of azaspir-ACHTUNGTRENNUNGacid, we felt that provided the epitopes of the two antibodies
did not overlap, the molecule was of sufficient size to have
one antibody bind to some portion of the ABCDE ring system,
while a second antibody could recognize the FGHI ring system.
To test this hypothesis, the panel of monoclonal antibodies
was screened for binding to the FGHI fragment 12 of azaspir-ACHTUNGTRENNUNGacid by competition ELISA (Figure 1). This region was selected


for study as it is conserved across all known members of the
azaspiracid class of molecules and has previously been shown
to be immunogenic;[11] this suggests that this could be a domi-
nant epitope within the panel, and antibodies with this epi-
tope could serve as capture reagents in a sandwich assay.
Binding of a given monoclonal antibody to the FGHI fragment
implies that the epitope of the antibody is at least partially
contained within the FGHI ring system, whereas weak or no


Table 2. Ten tightest binding monoclonal antibodies procured from
murine immunization of 1-KLH.


mAb Isotype Kd app 1[a]


(mm)
Kd app 2[a]


(mm)
Kd app 12[a]


(mm)


2G2 kg2a 0.6 0.6 9.4
2H3 kg2a 0.6 0.6 2.4
2H6 kg2a 0.3 0.8 >50
6B11 kg2a 0.2 0.3 18.8
8F4 kg2a 0.6 0.6 2.4
9A12 kg2a 0.6 0.8 >50
9E8 kg2a 0.2 0.6 >50
10G2 kg2a 0.3 0.4 50
14H7 kg1 0.6 0.8 4.7
15D7 kg2a 0.6 0.8 >50


[a] Kd app determined by competition ELISA. In all cases, the ELISA plate
was coated with 1-BSA and the desired small molecule competing anti-
gen was added at a range of concentrations from 50 nm to 50 mm. Kd app


values are defined as the concentration of competing antigen that results
in half-maximal OD400.


Figure 1. A) Molecular structure of FGHI fragment 12 used in competition
ELISA screening. B) Representative competition ELISA data using the FGHI
fragment and mAb 8F4.
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binding indicates the epitope must reside within the ABCDE
domain. Screening of the ten antibodies that bound 1 or 2 the
tightest showed that six antibodies possessed a FGHI epitope,
while four others possessed an epitope that was comprised of
some portion of the ABCDE domain (Table 2).


Given the differences between the molecular structure of 12
and 1, we cannot discount the possibility that the nonnative
carboxylic acid prevents binding of a given mAb to 12, thereby
biasing our results. Therefore, the epitopes of these antibodies
were also assessed in a direct binding assay where 12 was co-
valently bound to amino-modified microtiter plates through
the carboxylic acid moiety to generate an electronically neutral
amide linkage. In agreement with the competition ELISA ex-
periments, mAbs 2H6, 9A12, and 9E8 showed extremely poor
binding to the FGHI epitope presented by 12, while mAb 2H3
possessed the highest titer for 12. Interestingly, while mAb
15D7 was deemed a poor binder by competition ELISA, the
direct binding assay showed high titer for 12, indicating that
the carboxylic acid moiety does indeed interfere with the abili-
ty of this mAb to bind its antigen.


The results of this study demonstrate the application of the
total synthesis of complex and scarce natural products to the
preparation of reagents that have utility in clinically relevant
diagnostics. Despite the relatively small size of the azaspiracids,
antibodies were generated that have nonoverlapping epitopes,
a primary requirement in the development of a sandwich
ELISA-based detection system. Furthermore, the ability to
select antibodies against multiple regions of this small mole-
cule from a single immunization also argues that the azaspira-
cid molecular structure has sufficient in vivo stability to be rec-
ognized and processed by the immune system. By using the
entire natural product as the hapten, antibodies could be gen-
erated from a single fusion against mutually exclusive epi-
topes. These antibodies can now be utilized in a combinatorial
fashion for the development of an optimized and efficient
assay for a potent marine toxin that poses a threat to public
health. The results of these studies will be reported in due
course.


Experimental Section


Immunoconjugate preparation : Azaspiracid-1 (5 mg) was treated
with 3-sulfo-N-hydroxysuccinimide (1.3 equiv) and 1-(3-dimethyl-ACHTUNGTRENNUNGaminopropyl)-3-ethylcarbodiimide hydrochloride (1.3 equiv) for
24 h in DMF. This reaction was then added to solutions (5 mg mL�1)
of KLH and BSA in PBS (50 mm, pH 7.4), respectively, and allowed
to react 24 h at 4 8C. After reaction, unreacted azaspiracid was re-
moved by dialysis (50 000 molecular weight cut-off filter) against
PBS.


Murine immunizations : All studies were reviewed and approved
by the Scripps Institutional Animal Care and Use Committee. A
group of two mice (129GIX+, eight weeks of age) were injected in-
traperitoneally with 1-KLH (10 mg) in PBS which had been premixed
with Ribi adjuvant system (RAS, 100 mL, 200 mL total volume). After
two weeks, all mice received a booster injection identical to the in-
itial immunization. Mice received two additional booster injections
of 1-KLH (10 mg) in PBS that had been premixed with alum (100 mL,
200 mL total volume) at days 35 and 70. One month later, an injec-


tion of 1-KLH (10 mg) was administered intravenously, and the ani-
mals were then sacrificed and the spleens removed. Hybridoma
generation followed from this point as per literature procedures.[12]


Competition ELISA experiments : An ELISA plate (96-well, CoStar,
New York, USA) was coated overnight at 4 8C with 1-BSA or 1-KLH
(125 ng) and then blocked with blocking buffer (4 % skim milk
powder in PBS, 50 mL) for 1 h at 37 8C. Typically, a 1:1000 dilution
(25 mL) of the desired monoclonal antibody in blocking buffer con-
taining serial dilutions of competing antigen was then added and
incubated 1 h at 37 8C. After washing, a 1:1000 dilution (25 mL) of a
goat-anti-mouse/horseradish peroxidase conjugate in blocking
buffer was added and incubated for 1 h. The plate was developed
with the colorimetric reagent 2,2’-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid (ABTS) for 20 min and the absorbance measured on
an ELISA plate reader at 400 nm. The Kd app was defined as the con-
centration of competing antigen that resulted in one-half of the
optical density measured in the absence of competing antigen.
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Steric Constraints Dependent on Nucleobase Pair Orientation Vary in
Different DNA Polymerase Active Sites


Frank Streckenbach, Gopinath Rangam, Heiko M. Mçller, and Andreas Marx*[a]


The integrity of the genome relies heavily on the ability of
DNA polymerases to efficiently catalyze selective DNA synthe-
sis in a template-directed manner during DNA replication,
repair and recombination. DNA
polymerases involved in DNA
replication achieve selective in-
formation transfer to the off-
spring according to the Watson–
Crick rule with intrinsic error
rates as low as one mistake
within one million synthesized
nucleotides.[1] On the other
hand, recently discovered DNA
polymerases involved in DNA
repair, translesion synthesis (TLS)
and somatic hypermutation ex-
hibit strikingly low fidelity.[2]


Geometric factors are widely
cited to significantly contribute
to DNA polymerase selectivity.
Thus, replicative high-fidelity
DNA polymerases are believed
to mostly select the canonical
nucleotide based on the close
steric complementarity of the
nascent base pair to the active
site of the enzyme.[1] In contrast,
TLS DNA polymerases possess
flexible and more solvent-acces-
sible active sites.[1, 2] This model
of varied active-site tightness
was probed by functional stud-
ies of DNA polymerases with tail-
ored nucleotide analogues. Kool
et al. have employed increasing-
ly larger thymidine analogues to
investigate sterics and polar effects within the active site
acting on the nucleobase.[3] They used nonpolar nucleobase
surrogates with a limited ability to form hydrogen bonds.
Moreover, the size of these compounds increased incremental-
ly through halogen substitution of the oxygens of thymidine.
We have developed and utilized 4’-alkyl-modified thymidines


with increasing steric bulk for probing steric effects on DNA
polymerase function (Figure 1 A).[4] We employed alkyl groups
to minimize the potential effects of the modification on hydro-


gen bonding patterns and nucleotide confirmation. Both ap-
proaches suggest varied contributions of steric effects on DNA
polymerase selectivity.


One long-known but poorly understood feature of DNA
polymerases is that enzyme selectivity can also vary depending
on the orientation of the nascent nucleobase pair.[1d, 5, 6] Only a
few mechanistic insights into the origin of this observation
have been obtained in the past.[6] Similarly to mismatch pro-ACHTUNGTRENNUNGcessing,[7] varied conformations of the enzyme–substrate com-
plex imposed by subtle degrees of geometric difference of the
nascent nucleotide pairs might cause the observed effects.
Herein, we describe the first investigations and insights along
these lines by employing new steric probes.


Figure 1. A) Size-augmented 2’-deoxynucleoside-5’-triphosphates as steric probes. B) Models showing the increas-
ing steric demand of the 4’-residues (blue) for the six nucleoside derivatives visualized by a Connolly surface by
using SYBYL 7.2 MOLCAD module. C) Graphic representation of the distances of the van der Waals radii between
DNA and protein for KlenTaq DNA polymerase. The separated surfaces were calculated from PDB files (1QSY for
dATP, 1QTM for TTP) by using SYBYL 7.2 (Tripos). View of the nascent base pair (incoming and templating nucleo-
tides). The blue sphere illustrates the modification position. The distance–colour scale is given in the figure.
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Until now, only 4’-alkylated thymidines were employed in
functional studies of DNA polymerases (Figure 1). Figure 1 CACHTUNGTRENNUNGillustrates the position of the modification as a blue sphere
inside the active site of a KlenTaq DNA polymerase (PDB ID:
1QSY, 1QTM). A graphical representation of the two comple-
mentary nascent base pairs dA-TTP/T-dATP is depicted. In
order to investigate steric effects on DNA polymerases as a
function of nucleotide pair orientation, we synthesized the
complementary deoxyadenosines (dA). Indeed, by employing
the T- and dA-derived steric probes in functional DNA poly-
merase studies, varied actions of DNA polymerases on these
steric probes were observed.


First, we set out to synthesize the respective steric probes
dARTP (Figure 1). We developed a route that allows the effi-
cient synthesis of the corresponding TRTP analogues as well.
Our approach is based on a strategy we recently developed
for the synthesis of 4’-methyl- and 4’-ethyl-2’-deoxyuridines.[8]


Following a similar strategy allowed for the synthesis of the
target compounds (Scheme 1). Starting from the intermediates
2 a/b, which are readily available on multigram scale, we suc-
cessfully introduced the respective nucleobase by Vorbr�ggen
glycosylation to yield 3 a/b-A/T.[9] Next, saponification and de-


oxygenation of the 2’-hydroxyl group followed by cleavage of
the protection groups yielded 1 a/b-A/T. We note that, for the
successful hydrogenolysis of the benzyl ethers in 4 a/b-A, basic
conditions were required in order to suppress side reactions
that occur to a significant extent in the absence of NaOH. The
corresponding triphosphates were synthesized employing
standard conditions.[10]


In order to gain insight into potential effects of these modifi-
cations on the sugar conformations, we performed conforma-
tional analysis based on 3JH,H values deduced from 1D 1H NMR
spectra recorded in D2O as described by Altona and co-workers
(Table S1 in the Supporting Information).[11] Unmodified nucleo-
sides were found to adopt about 60–70 % of the southern con-
formation [(S)-type], while 1 a/b-A/T were found to adopt ap-
proximately 50 % of the (S)-type conformations; this indicates
that 4’-alkylation had only a moderate impact on sugar pucker-
ing in solution in general. We also note that the observedACHTUNGTRENNUNGeffects on the conformational equilibria are independent of
the nature of the nucleobase.


Next, we tested the effect of probes dARTP and TRTP on the
exonuclease-deficient variant of the Klenow fragment of Es-
cherichia coli DNA polymerase I (KF�), a relatively high-fidelity
enzyme extensively used as a model in investigations of intrin-
sic DNA polymerase mechanism and function. In addition, DNA
polymerase IV of Sulfolobus solfataricus P2 (Dpo4), a member
of the error-prone, Y-family, TLS polymerases, was investigated.
To monitor polymerase function, we used a gel-based single
nucleotide insertion assay, in which a 24 nt primer was de-
signed to hybridize with a corresponding 36 nt template
strand that codes for the insertion of the respective canonical
dNTP adjacent at the primer 3’ end. To gain initial insights, we
studied nucleotide insertion qualitatively with different con-
centrations of the respective dNTP analogues (Figure 2). In ac-
cordance with earlier studies, we found that TRTPs were sub-
strates for KF� and were incorporated opposite the canonical
dA. The same was found for the corresponding dARTPs. We
note that, under the applied conditions (concentrations in the
range of KM), the gel analysis showed higher levels of incorpo-
ration for the modified substrates, probably reflecting the
higher kcat values (Table 1). For both TRTPs and dARTPs, incor-
poration opposite noncanonical templates was significantly di-
minished as expected. Steady-state kinetic analysis[11] of the
matched cases showed that dAHTP was more efficiently pro-
cessed than was THTP in absolute values (see Table 1). Interest-
ingly, the opposite was observed for the size-augmented nu-
cleotides. To some extent, size augmentations were better tol-
erated in the thymidines TRTP (relative efficiencies 4’-alkyl/4’-H)
than they were in their dARTP counterparts (see the relativeACHTUNGTRENNUNGefficiencies in Table 1). This effect was most significant for the
bulkiest, 4’-ethylated analogues. However, for each nucleotide,
the differences between 4’-methylation and 4’-ethylation were
small. A partly different picture was observed for Dpo4. Again,
alkylated TRTPs were processed more efficiently than were the
corresponding dARTP analogues in terms of relative efficiency,
while unmodified dAHTP again yielded a higher absolute
value. When comparing the relative incorporation efficiencies
of dNMeTPs by both enzymes, it was evident that the error-


Scheme 1. Synthesis of modified nucleotides. a) Thymine, N,O-bis(trimethyl-
silyl)acetamide, TMSOTf, CH3CN, reflux, 2 h, 62 % (Me)/61 % (Et) ; N6-Benzoyl-ACHTUNGTRENNUNGadenine, TMSOTf, CH3CN, 0 8C, 1 h, 55 % (Me)/48 % (Et); b) NaOMe, MeOH, RT
1–12 h; c) PhOCSCl, DMAP, CH3CN, RT, 1 h; d) nBu3SnH, AIBN, toluene, reflux,
1 h, 72 % (TMe)/56 % (TEt)/73 % (AMe)/78 % (AEt) after three steps; e) 10 % Pd/C,
H2, THF/EtOH, reflux, 24 h, followed by TBAF, THF, RT, 7 h, 61 % (TMe)/63 %
(TEt) ; 10 % Pd/C, H2, THF/EtOH, 1 N NaOH, reflux, 5–10 d, 94 % (AMe)/98 %
(AEt) ; f) i) POCl3 in POACHTUNGTRENNUNG(OMe)3, (proton sponge for T) 0 8C -> RT, 2–4 h, ii) Bu3N,
(Bu3NH)2H2P2O7 in DMF, 0 8C, 15 min, iii) TEAB buffer, 40 min, 25 % (TMeTP)/
41 % (TEtTP)/9 % (dAMeTP)/11 % (dAEtTP). For details, see the Supporting Infor-
mation.
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prone Dpo4 processed the bulkier nucleotides with higher rel-
ative ACHTUNGTRENNUNGefficiencies than did KF�.


Interestingly, Dpo4 was able to incorporate the TR residues
opposite noncanonical template dG and T with measurable ef-
ficiencies under single completed hit conditions.[12] The corre-
sponding dARTP analogues were processed significantly more
selective, and only minor amounts of incorporation products
were observed opposite noncanonical templates.


The results presented are interesting in many respects. First,
the observation that the error-prone TLS DNA polymerase
Dpo4 more efficiently incorporated the size-augmented nucle-
otides than the more selective KF� is consistent with the
model that high-fidelity DNA polymerases form more rigid
binding pockets that tolerate less geometric deviation while
low-fidelity enzymes exhibit more flexibility, which leads to de-
creased fidelity. This is in agreement with earlier findings. Sec-
ondly, for both enzymes, we found that the incorporation of


unmodified dAH is more efficient
than was TH. However, the oppo-
site was found for the size-aug-
mented probes. It appears that
the bulkier purine dAR nucleo-
tides were subject to more steric
constraints within the active site
of the enzymes than were the TR


pyrimidines. These different
properties might well be the
cause for the observation that
the selectivity of nucleotide in-
corporation might vary depend-
ing on the nascent nucleotide
pair orientation. This assumption
is further corroborated by the
finding that the size-augmented
TRTPs are more efficiently incor-
porated opposite noncanonical
template nucleotides than their
adenosine counterparts did.
Structural investigations show
that the sugar moiety of the in-
coming dNTP is fully embedded
within the substrate binding
pocket of DNA polymerases and
is an integral part of substrate
recognition processes.[1, 7, 13]


Hence, editing of the incoming
dNTP sugar might provide the
enzyme with additional paths to
achieve canonical base-pair for-
mation through the indirect
readout of aberrant sugar con-
formations.


In conclusion, through the de-
velopment of novel steric probes
and their employment in func-
tional DNA polymerase studies,
we have gained new insights


into the complex mechanisms that govern DNA polymerase
substrate recognition. These findings provide experimental evi-
dence that packing of the nucleotide sugar residue varies
within the orientation of the nascent nucleotide pair as well as
in different polymerase families. These findings also support
the model of varied active site tightness as a cause for the
varied selectivity observed among different DNA polymerases.
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Figure 2. Nucleotide insertion catalyzed by KF� and Dpo4: A) Primer/template sequence. B) Reactions catalyzed
by KF�. C) Reactions catalyzed by Dpo4. Conditions: Primer/template complex (150 nm), KF�/Dpo4 (10 nm), 37 8C,
15 min matched/45 min mismatched. In each case, the nucleotide concentrations [mM] are shown in the figure.
Further experimental details are described in the Supporting Information.
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Table 1. Steady-state kinetic analyses of nucleotide insertion by KF� and Dpo4[a]


DNA Template Nucleotide KM kcat kcat/KM Relative
polymerase N[b] [mm] ACHTUNGTRENNUNG[min�1] [mm


�1 min�1] efficiencyACHTUNGTRENNUNG(alkyl/H)


KF� dA TTP 0.05�0.01 6.04�0.15 12 1000 1
TMeTP 3.50�0.44 10.9�0.6 3 110 0.03
TEtTP 2.45�0.19 14.8�0.6 6 080 0.05


T dATP 0.02 8.28�0.34 414 000 1
dAMeTP 1.29�0.09 11.0�0.2 8 530 0.02
dAEtTP 1.90�0.31 10.1�0.5 5 320 0.01


Dpo4 dA TTP 5.36�0.66 18.5�0.8 3 450 1
TMeTP 4.79�0.28 10.1�0.2 2 110 0.61
TEtTP 12.5�0.59 6.72�0.14 538 0.16


T dATP 3.96�0.48 22.6�0.8 5 710 1
dAMeTP 11.8�2.2 9.17�0.78 777 0.14
dAEtTP 11.4�1.4 5.21�0.26 457 0.08


dG TTP 807�123 8.32�0.47 10.3 1
TMeTP 274�33 0.81�0.05 2.96 0.29
TEtTP 233�36 0.29�0.01 1.24 0.12


T TTP 877�122 5.80�0.27 6.61 1
TMeTP 372�68 0.71�0.06 1.91 0.29
TEtTP 160�24 0.19�0.01 1.19 0.18


[a] The data shown represent averages derived from experiments repeated three times. [b] Primer-template
substrates used: 5’-GTG GTG CGA AAT TTC TGA CAG ACA primer (24 nt) ; 3’-CAC CAC GCT TTA AAG ACT GTC
TGT NCT GTC TGC GTG template (36 nt).
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Dolastatins 10 and 15 are potent cytotoxic agents,[1] derivatives
of which, named TZT-1027 (auristatin PE) and cematodin/syn-
thadotin, respectively, are in phase II cancer clinical trials.[2]


Major structural differences between dolastatin 10 and dolasta-
tin 15 include the C-terminal residues and the presence of
modified internal amino acid residues through the apparent in-
corporation of acetate units in dolastatin 10; this is presumably
produced by the alternating action of polyketide synthases
and nonribosomal peptide synthetases (Figure 1). Whereas the
dolastatins were originally isolated from the sea hare Dolabella
auricularia, overwhelming circumstantial evidence has beenACHTUNGTRENNUNGaccumulated that the dolastatins are actually produced by cya-
nobacteria and then sequestered through diet.[3] In particular,
dolastatin 10[4] and the closely related compounds symplosta-
tin 1,[5] symplostatin 3,[6] and malevamide D[7] were isolated
from cyanobacteria of the genus Symploca, as was bela-ACHTUNGTRENNUNGmide A,[8] which may be considered a truncated dolastatin 15
analogue with an internal deletion. Unnatural target molecules
that contain features of both dolastatins 10 and 15 have been
made synthetically with the goal of generating new diversity
around these scaffolds and gaining insight into the structure–
activity relationship (SAR) for these mitotic inhibitors by using
synthetic organic chemistry.[9] Here we report the isolation,
structure determination, biological activity, and mechanism of
action of a dolastatin 10/15 hybrid, symplostatin 4 (1),[10] which
has the same planar structure as the recently reported antima-
larial compound gallinamide A (Figure 1).[11, 12] Motifs from both
the dolastatin 10 and dolastatin 15 structures reappear in the
structure of compound 1 (Figure 1). Intriguingly, the same cya-
nobacterium also produces largazole,[13] which exerts a funda-
mentally different mode of action through inhibition of histone
deacetylases (HDACs).[14] We tested the hypothesis that both
molecules might be coproduced to exert cooperative effects
on target cells ; this can be exploited for anticancer combina-
tion therapy.


A sample of the marine cyanobacterium Symploca sp. was
collected from Key Largo (Florida Keys) and extracted withACHTUNGTRENNUNGorganic solvents. Cytotoxicity-guided fractionation included


solvent partitioning, normal-phase chromatography, and then
reversed-phase HPLC; this yielded largazole, the more potent
cytotoxin, and symplostatin 4 (1), the only other cytotoxic
agent in this extract, as a colorless, amorphous solid.


Figure 1. Structures of dolastatin 10, its cyanobacterial analogues symplosta-
tins 1 and 3 and malevamide D, as well as dolastatin 15, its truncated ana-
logue belamide A and the hybrid-like symplostatin 4 (1) and gallinamide A.
All compounds except dolastatin 15 have been isolated from cyanobacteria.
Characteristic features for each compound are indicated.
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The molecular formula of 1 was determined to be
C31H52N4O7 by HR-ESI/APCI-MS ([M+H]+ , m/z 593.3921). A de-
tailed analysis of 1H NMR, 13C NMR, COSY, HSQC and HMBC
spectroscopic data in CDCl3 (Table 1) revealed that 1 is a depsi-


peptide consisting of leucine, 2-hydroxyisocaproic acid, 4-
amino-pent-2E-enoic acid, N,N-dimethyl isoleucine, and a sub-
stituted pyrrolinone. Sequencing of the three most C-terminal
units was readily achieved by using HMBC spectroscopy. At the
N terminus, the 2-hydroxyisocaproic acid unit was connected
as shown by NOESY correlations between the NH of leucine
and the a-proton (H19) of the hydroxy acid. By default theACHTUNGTRENNUNGhydroxy acid had to be linked through an ester bond to the
terminal N,N-dimethyl isoleucine unit ; this established the
structure as depicted for 1. The NMR spectroscopy-derivedACHTUNGTRENNUNGsequence was confirmed by tandem ESI mass spectrometry
(Figure 2).


The absolute configuration of 1 was determined by chiral
HPLC analysis and comparison of retention times with authen-


tic standards. Acid hydrolysis (6 n HCl, 110 8C, 24 h) liberated l-
leucine, N,N-dimethyl-l-isoleucine, and (S)-2-hydroxyisocaproic
acid. To determine the absolute configuration at C4 and C10
we carried out ozonolysis followed by oxidative work-up and
acid hydrolysis as above to liberate two equivalents of alanine.
One intense additional peak for l-alanine and lack of a peak
for d-alanine in the chromatographic profile of the acid hydro-
lyzate compared with the previous profile indicated that the
configuration in 1 was 4S,10S.


Compound 1 was assayed for cancer cell growth inhibitory
activity against two human cancer cell lines. It was moderately
active against HeLa cervical carcinoma cells and slightly less
active against HT-29 colon adenocarcinoma with IC50 values of
12 and 53 mm, respectively. Symplostatin 4 (1) shares structural
features of both the potent cytotoxins dolastatins 10 and 15,
including an N,N-dimethyl amino acid residue on the N termi-
nus, which is present in both dolastatins, a substituted pyrroli-
none on the C terminus similar to the one in dolastatin 15, and
a dehydrated statine-like unit through acetate incorporation
into the backbone as in dolastatin 10 (Figure 1). This structural
resemblance to dolastatins 10 and 15 prompted us to investi-
gate whether the cellular effects of 1 and dolastatins 10 and
15 are similar. Because dolastatins 10 and 15 are potent disrup-
tors of microtubule polymers[15] we examined the effects of
symplostatin 4 (1) on cellular microtubules by indirect immu-
nofluorescence in A-10 embryonic rat smooth-muscle cells, the
cytoskeleton of which is easy to visualize.[16] Even though A-10
cells were relatively insensitive to the effects of symplostatin 4
(1), starting at 50 mm the cellular microtubules network ap-
peared clearly disrupted (Figure 3). Complete microtubule de-
polymerization was not achieved even at 100 mm. For compari-
son, the dolastatin 10 homologue symplostatin 1 (N,N-Me2-Ile
instead of N,N-Me2-Val) showed similar effects already at 1 nm


(data not shown), in agreement with published data.[16] Be-
cause microtubule disruption is expected to prevent the for-
mation of a functional mitotic spindle and consequently mito-
sis we carried out DNA content analysis by flow cytometry.ACHTUNGTRENNUNGExposure of HT-29 cells to symplostatin 4 (1) resulted in a pro-
nounced accumulation of cells harboring 4N content of chro-
mosomes after 18 h (Figure 4), indeed indicating cell cycle
arrest in the G2/M phase due to prevention of mitosis as antici-
pated. However, this effect was again less severe than ob-


Table 1. NMR spectroscopy data for symplostatin 4 (1) in CDCl3 at
600 MHz (1H) and 150 MHz (13C).


C/H no. dH (J in Hz) dC, mult. HMBC[a]


1 – 169.7, qC –
2 5.03, s 93.0, CH 1,4
3 – 180.7, qC –
4 4.59, q (6.5) 55.7, CH 1, 2, 3, 5, 7
5 1.48, d (6.5) 17.1, CH3 3, 4
6 3.86, s 58.7, CH3 3
7 – 164.2, qC –
8 7.39, d (15.6) 122.4, CH 7, 9, 10
9 6.96, dd (15.6, 5.0) 148.2, CH 7, 8, 10, 11
10 4.70, m 46.2, CH 8, 9, 11, 12
11 1.30, d (6.9) 19.9, CH3 9, 10
10-NH 6.37, d (5.7) – –
12 – 171.0, qC –
13 4.45, br dd (7.8, 7.8) 52.0, CH 12, 14, 15
14a 1.67, m 40.9, CH2 15, 16, 17
14b 1.62, m – 15, 16, 17
15 1.66, m 24.7, CH –
16 0.95, d[b] 22.91,[c] CH3 14, 15
17 0.93, d (6.3) 21.5, CH3 14, 15
13-NH 7.14, br s – –
18 – 169.4,[d,e] qC –
19 5.19, dd (9.3, 4.2) 74.7,[d] CH 18, 20, 21
20a 1.82, m 40.8, CH2 18, 23
20b 1.63, m – 18, 21, 23
21 1.65, m 24.5, CH 18
22 0.94, d[b] 22.89,[c] CH3 20, 21
23 0.91, br d (5) 21.8, CH3 20, 21
24 – 174.7,[e] qC –
25 3.57, br s 72.0, CH –
26 1.99, br m 33.8, CH –
27a 1.63, m 26.1,[d] CH2 25, 28, 29
27b 1.31, m – –
28 0.96, t[b] 11.1,[d] CH3 26, 27
29 1.03, br d (5.3) 15.1,[d] CH3 –
30a/b 2.79, br s (6 H) 41.7,[d] CH3 � 2 –


[a] Protons showing HMBC correlations to the indicated carbon. [b] J not
deduced due to signal overlap. [c] Interchangeable. [d] Broad signal.
[e] Tentative assignment (signal in the 13C NMR spectrum without HMBC).


Figure 2. Fragmentation pattern of symplostatin 4 (1) by ESI-MS/MS.
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served for symplostatin 1[16] and secondary modes of action
cannot be excluded.


Symplostatin 4 (1) is several magnitudes less potent than
dolastatins 10 and 15 in all of the performed assays (cancer
cell viability, effects on microtubules and cell cycle arrest) yet
consistently causes similar phenotypes. The reduced potency
can be attributed to several structural features (or lack there-
of),[17] particularly in the three most N-terminal units.[18] First,
the additional methylene group in the N-terminal unit is ex-
pected to slightly reduce activity because it is known that the
N-terminal residue is critical for activity and that substitution
of N,N-dimethyl valine with N,N-dimethyl isoleucine as in sym-
plostatin 1 has resulted in only little loss of activity.[4, 16] Second,
the valine unit in dolastatins 10 and 15 is crucial for potent ac-
tivity, and this residue is replaced by 2-hydroxyisocaproic acid
with a more labile ester linkage, which would also affect the
relative conformational freedom around that bond compared
to the amide bond. Third, while the isobutyl sidechain in 1
compared with isopropyl in dolastatin 15 and sec-butyl in do-
lastatin 10 might not be a major reason for reduced activity,
the lack of N-methylation at that position in 1 compared with
dolastatins 10 and 15 might play a role. However, it has been
reported that the corresponding N-demethyl analogue (dola-


ACHTUNGTRENNUNGisoleuine unit) of dolastatin 10 showed equal in vivo antitumor
activity against P388 leukemia in mice.[19] One more character-
istic feature of 1 compared with dolastatin 10 is the nature of
the acetate-derived unit, which formally corresponds to an
elimination product of a statine-like unit. Such hybridization
change from sp3 to sp2 in the corresponding dolaproine unit
of dolastatin 10 resulted in a ~30-fold reduction in cytotoxicity
and approximately fourfold reduction of the inhibitory effect
on tubulin polymerization.[18b] Thus, we expect that this modifi-
cation might also have contributed to reduced activities in our
assays. Nevertheless, symplostatin 4 (1) retained moderate ac-
tivity.


An intriguing fact is that the symplostatin-4-producing Sym-
ploca sp. also produced another structurally and mechanistical-
ly distinct cytotoxin, largazole, which prevents cancer cell
growth through another epigenetic mechanism involving the
inhibition of histone deacetylases (HDACs) upon metabolicACHTUNGTRENNUNGactivation by thioester hydrolysis.[13, 14] Interestingly, HDAC in-
hibitors and tubulin agents such as paclitaxel (which stabilizes
polymerized microtubules) show promise for combination
therapy.[20] A synergistic response with paclitaxel has been re-
ported for trichostatin A and suberoylanilide hydroxamic acid
(SAHA), two HDAC inhibitors that do not discriminate well be-
tween enzyme isoforms. Cooperativity has been proposed to
be due to inhibition of HDAC6,[20a] the enzyme that deacety-
lates a-tubulin; however, largazole shows selectivity for class I
over class IIb enzyme HDAC6.[14] We tested the effect of simul-
taneous treatment of HT-29 cells with symplostatin 4 (1) and
largazole at concentrations that would be largely ineffective if
administered as single agents (~ IC10). The combination of both
compounds was synergistic in reducing cancer cell viability
(Figure 5 A and B). Cell viability was reduced to 67�3 %, which
is less than the effect expected for an additive (zero inter-ACHTUNGTRENNUNGaction) response of the single agents (Loewe additivity)[21] of
72�2 % (p = 0.05, Figure 5 B). With respect to cell growth, co-
treatment resulted in 54�4 % cell growth, which is less than
the calculated additive (zero interaction) value of 60�2 % (p =


0.05, Figure 5 C). The mechanism of synergy is likely different
than for the combination of paclitaxel and SAHA,[20a] because
largazole is not a potent HDAC6 inhibitor.[14] However, there is
evidence that HDAC inhibitors also increase the chemosensitiv-
ity of cancer cells to anticancer drugs that act by other mecha-
nisms.[22]


Chimeric structures derived from dolastatins 10 and 15 have
been synthesized previously that retained potent cytotoxicity
and activity against tubulin polymerization.[9] The structure of
symplostatin 4 (1) and other dolastatin 10 or 15 analogues
from Symploca spp. illustrates that these cyanobacteria have
the potential to execute combinatorial biosynthesis; however,
to date two or more dolastatin 10- and 15-related compounds
have not yet been reported from the same collection or strain,
perhaps because there would be no competitive advantage to
the cyanobacterium. In contrast, other cyanobacteria such as
Nostoc spp. have yielded numerous secondary metabolites
with repeating motifs from the same strain.[23] In addition to
being structural analogues of each other, the Anabaena metab-
olites called laxaphycins exert unusual biological synergism.[24]


Figure 3. Effects of symplostatin 4 (1) on microtubules. A-10 cells were treat-
ed with A) vehicle (EtOH) or B) symplostatin 4 (50 mm) for 18 h and microtu-
bules were visualized by indirect immunofluorescence with a monoclonal
anti-b-tubulin antibody.


Figure 4. Effect of symplostatin 4 (1) on the cell cycle distribution. HT-29
cells were treated with A) vehicle (EtOH) or B) symplostatin 4 (50 mm) for
18 h, then fixed, stained with propidium iodide and analyzed by flow cy-ACHTUNGTRENNUNGtometry.
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There is an urgent need not only to discover new chemo-
therapeutic agents, but also to fully exploit the potential of ex-
isting drugs, for example through combination therapy. How-
ever, there has often been a lack of rationale in the selection
of coadministered agents. Recent genomic approaches are
proving useful to make more educated choices.[25] HDAC inhib-
itors appear particularly promising as adjunct therapy.[26] Our
data demonstrate that cyanobacteria have evolved cooperative
strategies by coproducing chemical defense agents that sensi-
tize cells to the respective other agent. However, obviously in-
tended target organisms differ from our experimental cellular
systems. It is widely recognized that natural products play an
essential role in drug discovery,[27] and particularly the microbi-
al diversity in the ocean is an emerging vast resource for
future drugs.[28] Here, marine cyanobacteria additionally dem-
onstrate that they can guide us to design effective “rational”
drug cocktails by employing “biomimetic” treatment strategies.


Combinatorial biosynthesis meets combinatorial pharmacology
in cyanobacteria. Further exploration of both concepts, cyano-
bacterial style, is warranted.


Experimental Section


General experimental procedures : 1H, 13C and 2D NMR spectros-
copy data were recorded on a Bruker Avance II 600 MHz spectrom-
eter equipped with a 1 mm triple resonance high-temperature su-
perconducting cryogenic probe by using residual solvent signals
(dH 7.26, dC 77.0 ppm) as internal standards. The HSQC experiments
were optimized for 1JCH = 145 Hz, and the HMBC experiment for
nJCH = 7 Hz. LC–MS/MS data were obtained by using an Agi-
lent 1100 equipped with a ThermoFinnigan LCQ by ESI (positive
mode). HRMS data was obtained by using an Agilent LC-TOF mass
spectrometer equipped with an ESI/APCI multimode ion source de-
tector (UCR Mass Spectrometry Facility, Department of Chemistry,
University of California at Riverside). Authentic standards of ala-
nine, leucine, and 2-hydroxyisocaproic acid isomers for chiral analy-
sis were obtained from Sigma and N,N-dimethyl isoleucines synthe-
sized as described.[29]


Extraction and isolation : A sample of Symploca sp. was collected
from Pillars, Key Largo (Florida Keys, USA) in August 2003, freeze-
dried, extracted with MeOH/EtOAc (1:1), and fractionated as de-
scribed previously. [13] Briefly, the resulting lipophilic extract (0.29 g)
was partitioned between hexanes and 80 % aq MeOH. The aq
MeOH layer was concentrated and fractionated by silica gel chro-
matography by using CH2Cl2 containing increasing amounts of
iPrOH followed by MeOH. The fraction that eluted with 5 % iPrOH
was then subjected to reversed-phase HPLC (YMC-pack ODS-AQ,
250 � 10 mm, 2.0 mL min�1; UV detection at 220 and 254 nm) by
using a MeOH/H2O linear gradient (40–100 % for 75 min and then
100 % MeOH for 10 min). Compound 1 eluted at tR 57.5 min
(0.6 mg) and largazole at tR 61.5 min (1.2 mg).


Symplostatin 4 (1): colorless, amorphous powder; [a]20
D =�53 (c =


0.06, MeOH); 1H NMR, 13C NMR and HMBC data, see Table 1; IR
(film) nmax = 2919, 2850, 1726, 1690, 1676, 1658, 1628, 1180, 1153,
1132, 1031, 890 cm�1; UV (MeOH) lmax (log e): 210 (3.81), 250 (3.69);
HR-ESI/APCI-MS m/z calcd for C31H53N4O7: 593.3914 [M+H]+ , found:
593.3921.


Determination of absolute configuration : A sample of com-
pound 1 (50 mg) was suspended in 6 n HCl (0.5 mL) and heated at
110 8C for 24 h. The hydrolyzate was concentrated to dryness and
subjected to chiral HPLC analysis. Amino acids were analyzed by
using column 1 (Phenomenex Chirex phase 3126, N,S-dioctyl-d-
penicillamine, 4.60 � 250 mm, 5 mm; solvent, 2 mm CuSO4 in 95:5
H2O/MeCN; flow rate, 0.75 mL min�1; detection at 254 nm). The re-
tention times (tR, min) for standard amino acids were as follows: l-
Me2-Ile (17.4), d-Me2-Ile (18.0), l-allo-Me2-Ile (19.0), d-allo-Me2Ile
(19.9), l-Leu (53.2), d-Leu (66.2). Components in the hydrolyzate
eluted at tR 17.4 min (l-Me2-Ile) and 53.2 min (l-Leu). Hydroxy
acids were analyzed on column 2 (Chiral Technologies, Chiralpak
WH, 4.60 � 250 mm, 5 mm; solvent, 2 mm CuSO4 ; flow rate
0.75 mL min�1; detection at 254 nm). The retention times (tR, min)
for the standards were as follows: (S)-(�)-2-hydroxyisocaproic acid
(17.3), (R)-(+)-2-hydroxyisocaproic acid (20.8). 2-Hydroxyisocaproic
acid in the hydrolyzate eluted at tR 17.3 min, indicating the S con-
figuration. To assign the other two stereocenters a sample of com-
pound 1 (50 mg) was dissolved in CH2Cl2 (4 mL) and subjected to
ozonolysis at room temperature for 30 min. The solvent was
evaporated, and the residue was treated with H2O2/HCO2H (1:2,


Figure 5. Cooperative effects of symplostatin 4 (S4) and largazole (LZ) on
HT-29 cell viability and growth. A) Dose-response curves from duplicate
measurements were recorded for single agents and the fitted equations es-
tablished. An iterative approach was used to find the inhibition that satisfied
the Loewe additivity combination index equation for two agents (x, y): (dx/
Dx) + (dy/Dy) = 1 (zero interaction), in which dx and dy are the concentrations
of the two agents used in combination and Dx and Dy are isoeffective con-
centrations of the two agents.[21] B) Cell viability and C) cell growth upon
treatment with individual agents (largazole, blue; symplostatin 4, green) and
in combination (red). Error bars indicate standard deviation (n = 4). For the
expected response (zero interaction; gray), mean and standard deviation
were calculated from the duplicate dose–response curve pairs (n = 4), which
each yielded a zero interaction value. Statistical significance was assessed by
t-test (p = 0.05).
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0.6 mL) at 70 8C for 20 min. The solvent was evaporated, and the
resulting oxidation product was hydrolyzed with 6 n HCl (0.5 mL)
at 110 8C for 24 h. The hydrolysis product was concentrated to dry-
ness and analyzed by chiral HPLC by using column 1. When com-
pared to the profile without prior ozonolysis, the HPLC profile
showed one intense new peak for l-Ala (tR 8.5 min) but no peak
corresponding to d-Ala (tR 10.2 min).


Cell culture : Cells were purchased from ATCC, culture medium
from Invitrogen, and fetal bovine serum (FBS) from HyClone
(Logan, UT, USA). Cells were propagated and maintained in DMEM
medium (high glucose) that was supplemented with 10 % FBS at
37 8C humidified air and 5 % CO2.


Cell viability assay : HT-29 and HeLa cells were plated in 96-well
format and incubated at 37 8C (5 % CO2) for 24 h and then incubat-
ed with single compounds or binary compound mixtures (1 %
EtOH). After 48 h of incubation the cell viability was quantified by
using an MTT-based assay kit according to the manufacturer’sACHTUNGTRENNUNGinstructions (Promega). Antiproliferative effects were assessed as
follows: 100 � T/C = % cell viability, and 100 � (T�T0)/ ACHTUNGTRENNUNG(C�T0) = % cell
growth [T = absorbance in treated wells (48 h); T0 = absorbance at
time zero; C = absorbance in control wells (48 h)] . Dose–response
curve fitting was done by using Xlfit Excel, MathlQ version 2.2.2
(IDBS Ltd.). Additive values were calculated based on Loewe addi-
tivity (see Figure 5).[21]


Indirect immunofluorescence : A-10 cells (1 � 105cells per coverslip)
were grown on glass coverslips for 24 h, then treated with sym-
plostatin 4, vehicle control (EtOH), or positive control (symplosta-
tin 1) and incubated for 18 h. Cells were then fixed with MeOH
(�20 8C, 10 min), blocked for 20 min (10 % sheep serum in 0.1 %
Tris-buffered saline with Tween (TBST)), and incubated for 2 h with
monoclonal anti-b-tubulin antibody (T-4026, Sigma). Following a
series of washes, the cells were incubated with FITC-conjugated
sheep anti-mouse IgG (F-3008, Sigma) for 1 h. The coverslips were
washed, the nuclear material was stained with 4’,6-diamidino-2-
phenylindole (DAPI, 15 mg mL�1) and examined and photographed
by using a Zeiss Upright Microscope.


Cell cycle analysis : To investigate the effect of symplostatin 4 on
cell cycle progression, HT-29 cells were treated with 50 mm sym-
plostatin 4 or vehicle control for 18 h. The cells were fixed with
70 % EtOH (�20 8C, 30 min), the RNA digested with RNase A and
DNA stained with propidium iodide. The DNA content was ana-
lyzed by using a FACS Calibur System (BD Biosciences, San Jose,
CA).
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Synthesizing artificial cell models not only contributes to devel-
opment of a new technology for crafting novel bioreactors but
also facilitates understanding of the general principles of living
matter. An essential step towards this end is the reconstitution
of minimum gene expression systems in synthetic vesicles and
monitoring their expression profiles in real time. Ideally, the
gene expression systems should be constructed with defined
factors (no black box), and the expression profiles of individual
cell models should be analyzed independently, because geneti-
cally identical living cells sometimes show significant variability
in their gene expression profiles.[1] To achieve such objectives,
the capability to construct well-defined gene expression sys-
tems in artificial cell models (for example, giant liposomes;
that is, lipid vesicles with diameters in the 10–100 mm range)
has thus been recognized as an important experimental chal-
lenge.[2] Various methodologies to generate giant liposomes—
such as natural swelling,[3] electroformation,[4] microfluidics,[5] or
microjetting[6]—have been proposed. However, the capacity to
encapsulate gene expression systems in giant unilamellar lipo-
somes by these techniques remained challenging: only 10–
30 % of liposomes encapsulate desired biomacromolecules in
the natural swelling method, for instance. Szostak and his col-
leagues successfully incorporated nucleotides or RNA inside
model protocell compartments, but the obtained vesicles were
small, with no defined shape and no phospholipid in the mem-
brane.[7]


In contrast, it has recently been shown that phospholipid-
coated water-in-oil microdroplets[8] can be used as precursors
to generate giant unilamellar liposomes capable of encapsulat-
ing gene expression systems.[9] Using this principle, Libchaber
et al. were able to encapsulate cell-extracted transcription/
translation systems in liposomes, which maintained gene ex-
pression for about four days.[9a] However, they used a centrifu-


gation strategy to collect liposomes, which resulted in low
yields of vesicle production and a dispersion of generated lipo-
somes in the water solution.


To overcome the above issues, we have developed a
method in which a large number of individual giant liposomes
encapsulating well-defined transcription/translation systems
can be generated and tracked simultaneously in real time. It is
based on the spontaneous transfer of water-in-oil microdrop-
lets through an oil/water interface. Under optimized condi-
tions, hundreds of liposomes can be generated and localized
below the interface, which allows for real-time determination
of their gene expression profiles by confocal microscopy. We
applied the methodology to investigate the dynamics of gene
expression systems reconstituted from purified components
inside the generated liposomes.


Figure 1 shows the principle of our methodology. A reconsti-
tuted gene expression or translation system is assembled at
4 8C and emulsified in mineral oil containing egg yolk l-a-
phosphatidylcholine phospholipid (egg PC). The emulsion is
added to an oil phase containing egg PC, situated above a
water phase in an observation chamber at 37 8C (Figure 1 A),
where transcription/translation can proceed. Within a minute,
most of the droplets have spontaneously transferred though
the oil/water interface to form liposomes just below the inter-
face, which is consistent with previous observations.[9b, 10] Inter-
estingly, most generated liposomes remain attached to the in-
terface, which enables the simultaneous characterization of a
large number of liposomes by confocal microscopy (Figure 1 B).
For the reconstituted gene expression system we used PURE-
SYSTEM, a commercially available cell-free transcriptional and
translational system reconstituted with purified protein fac-
tors.[11] PURESYSTEM offers various advantages: 1) it is com-
posed of purified components with a well-defined concentra-
tion, 2) it is adapted for protein synthesis in liposomes,[12] and
3) both DNA and RNA fragments can be used as templates be-
cause the system is free of RNase. To obtain a large number of
stable giant liposomes that contained PURE solutions, we ini-
tially optimized the buffer conditions of “inside” and “outside”
solutions (Experimental Section; see also Figure S1 in the Sup-
porting Information). Under these conditions, a water-in-oil
emulsion containing PURE solution spontaneously transferred
through the oil/water interface, leading to the formation of
hundreds of stable liposomes with sizes in the 1–100 mm
range. Once encapsulated, the reconstituted system couldACHTUNGTRENNUNGeffectively express proteins in the liposomes. As an example,
DNA fragments coding for a recombinant green fluorescent
protein (GFPuv) had been transcribed and translated after 1 h
incubation at 37 8C whereas no fluorescence was observed in
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the absence of the template DNA (Figure 1 C), indicating that
transcription and translation reactions had successfully pro-
ceeded in the liposomes.


We next studied the possibility of monitoring gene expres-
sion in the generated liposomes in real time. We first used
DNA fragments coding for enhanced green fluorescent protein
(EGFP) as templates. A large number of liposomes were ob-
tained below the interface, and gene expression was moni-
tored by confocal fluorescence microscopy. Figure 2 shows
typical time-lapse images of EGFP expression in liposomes and
shows that EGFP is expressed simultaneously in many lipo-
somes. A weak fluorescence can be detected at ~15 min. With
time, the fluorescence progressively increases to reach a pla-
teau after 75–90 min. Notably, there is significant variability in
the levels of expression in the individual liposomes, although
they encapsulate the same genetic material.


To quantify the gene expression profile in each individual
liposome, we developed an image analysis program that de-
tected individual liposomes and measure their sizes and their
fluorescence intensities. By encapsulating various known
amounts of GFP in giant liposomes, we demonstrated that
fluorescence intensity as determined by confocal microscopy is
a direct measurement of GFP expression and that it can be
used to quantify the absolute amount of synthesized GFP (Fig-
ure S2). Figure 3 shows the real-time gene expression profiles
in many individual liposomes encapsulating DNA or RNA tem-
plates coding for different proteins (EGFP or GFPuv).


Regardless of template nature (DNA, RNA) and sequence
(EGFP or GFPuv), similar features can be observed: 1) there is a
significant variability in the gene expression levels between in-
dividual liposomes, 2) the average curves of individual gene
expression profiles (thick red curves) have general shapes simi-
lar to those measured in bulk conditions (insets), and 3) al-
though there is a weak tendency for larger liposomes to have
higher levels of expression, there is no significant correlation
between gene expression level and liposome size. The differ-


ence between the average curves for EGFP–DNA and GFPUV–
DNA (Figure 3 A and C) are likely attributable to the different
maturation times of the two proteins. It is also interesting to
compare the profiles of EGFP expression for DNA and RNA
templates. The liposomes containing PURE solution and EGFP
mRNA started to express detectable fluorescence after 10 min
incubation and reached a plateau after 60 min. Conversely, the
liposomes containing EGFP DNA started to express fluores-
cence after ~15 min incubation, and their intensity reached a
plateau around 75–90 min. This shows that EGFP expression
can be measured independently in real time for DNA and
mRNA templates, which allows one to distinguish between the
contributions of transcription and translation in the gene ex-
pression process. We then repeated the experiment for differ-
ent concentrations of DNA (from 0.01 to 100 mg mL�1) and
mRNA templates (from 25 to 1000 nm). The general profile
shapes were similar to those shown in Figure 3 A and B. EGFP
production increased on average with an increase in template
concentration and tended to saturate at high concentrations
(Figure S3 in the Supporting Information). The variability be-
tween individual gene expression profiles was observed both
with DNA and with mRNA templates, indicating that variability
emerges at both transcription and translation steps.


In this communication we have shown what is, to the best
of our knowledge, the first real-time monitoring of gene ex-
pression in a large number of individual giant liposomes en-
capsulating purified genetic material. Our method is based on
the spontaneous transfer of water-in-oil microdroplets that en-
capsulate reconstituted gene expression systems through an
oil/water interface. Using this technique, we established real-
time gene expression profiles from DNA and mRNA templates
coding for different proteins. Strong variability among the lipo-
somes was observed at both transcriptional and translational
levels, whereas the averaged profiles of individual liposomes
were similar to those measured in the bulk solution.


Figure 1. Experimental protocol. A) Principle of the experiment. B) Droplets spontaneously transfer through the oil/water interface to form giant liposomes
encapsulating the reconstituted gene expression system. Most of the formed liposomes are immobilized just below the interface. C) Confocal transmission
(left) and fluorescence (right) image of a giant liposome expressing a recombinant green fluorescent protein (GFPuv). DNA template concentration is
50 mg mL�1. The scale bar is 20 mm.
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Experimental Section


DNA, RNA, and protein preparation : See the Supporting Informa-
tion.


In vitro translation assay : In vitro translation reactions encapsulat-
ed in liposomes were carried out with PURESYSTEM classic II 96
(Post Genome Institute, Co., Ltd. Japan). PURESYSTEM is composed
of solution A and solution B. We prepared solution A in house.
Briefly, solution A contains Hepes/KOH (pH 7.6, 100 mm), l-glutamic
acid monopotassium salt (200 mm), spermidine (4 mm), MgACHTUNGTRENNUNG(OAc)2


(26 mm), dithiothreitol (DTT; 2 mm), tRNA mix (112 OD mL�1), 10-
formyl-5,6,7,8-tetrahydrofolic acid (20 mg mL�1), ATP (4 mm), GTP
(4 mm), CTP (2 mm), UTP (2 mm), creatine phosphate (40 mm), and
the 20 standard proteinogenic amino acids (0.6 mm). Solution B
contains ribosome and various protein factors, such as T7 RNA
polymerase and IF 1–3, EF-G, EF-Tu, EF-Ts, RF 1–3, and RRF.


Preparation of phospholipid-containing mineral oil : An l-a-phos-
phatidylcholine (egg PC, Avanti Polar Lipids) solution (10 mm in
chloroform/methanol 2:1, v/v) was poured into a glass test tube.
The organic solvent was then evaporated under nitrogen flow and
dried under vacuum for 10 min to leave a thin film at the bottom
of the test tube. Mineral oil (500 mL, Nacalai Tesque, Inc. , Japan)


was then added onto the film in the test tube prior to ultrasonica-
tion for 60 min at 50 8C. After ultrasonication, the solution was im-
mediately mixed by vortex for 20 s. For all experiments, the phos-
pholipid solution was used within a few hours. The final phospho-
lipid concentration in mineral oil was 0.75 mm.


Preparation and observation of the oil/water interface : The ob-
servation chamber was made of poly(dimethylsiloxane) (PDMS)
with a cylindrical hole (about 4 mm in diameter and about 5 mm
depth) bound to a clean microscope cover glass slide. The “out-
side” solution (10 mL) was spread at the bottom of the chamber to
make a thin layer and topped with mineral oil (10 mL) containing
egg PC (0.75 mm). The chamber was placed on the temperature-
controlled stage of an inverted Axiovert 100 microscope (Zeiss)
fitted with a LSM 510 module for confocal microscopy (Zeiss) and
a thermocontrol unit (Tokai Hit, Japan) and was incubated for
~10 min at 37 8C prior to initiation of the translation reaction.


Preparation of liposomes with gene expression reactants :
“Inside” PURESYSTEM solution (2.5 mL) was emulsified in mineral oil
(50 mL) by pipetting up and down. The obtained W/O emulsion
was added right after its preparation into the observation chamber
above the first two layers. Within one minute, the W/O droplets
had spontaneously transferred to form liposomes at the oil/water


Figure 2. Time-lapse confocal fluorescence images of liposomes encapsulating the EGFP (enhanced green fluorescent protein) expression system. The DNA
template concentration is 200 mg mL�1, and the focal plane is just below the oil/water interface. t = 0 corresponds to the introduction of the emulsion in the
observation chamber at 37 8C and also to the initiation of the reaction. Liposomes were generated within one minute after micro-droplet introduction. Over-
all, there is �1 min uncertainty in the time determination of expression in liposomes.
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interface. The PURESYSTEM solution was kept on ice until emulsifi-
cation, and gene expression was initiated in the observation cham-
ber maintained at 37 8C. To generate stable liposomes at the oil/
water interface, “outside” and “inside” solutions were composed as
follows. 1) “Outside” solution: Solution A (5 mL), deionized water
(4.6 mL), pure mix (0.4 mL). 2) “Inside” solution: Solution A (5 mL), de-
ionized water (2 mL), solution B (2 mL), template DNA or RNA (1 mL).


Image analysis : Custom-built image analysis software was created
on a Matlab platform. The liposome detection was based on shape


analysis of intensity profiles in each microscopy image. The pro-
gram can follow movement of each liposome (due to the fluctua-
tions of the interface) from one picture to the other by a test in lip-
osome position and size. A few liposomes (aggregated, nonspheri-
cal, etc…) were not detected by this technique, but all detected
liposomes effectively correspond to real liposomes. We successfully
detected ~80 % of the generated liposomes.
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Figure 3. Fluorescence intensities of proteins expressed in liposomes from:
A) DNA coding for EGFP (100 mg mL�1), B) RNA coding for EGFP (1 mm), and
C) DNA coding for GFPuv (100 mg mL�1) as a function of time. Each thin line
corresponds to an individual liposome with a color indicating the liposome
diameter (color bar). The thick red lines correspond to the averages of indi-
vidual curves. Insets : fluorescence intensities as a function of time measured
in bulk conditions.
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Bipartite Tetracysteine Display Requires Site Flexibility for ReAsH
Coordination


Jessica L. Goodman,[b] Daniel B. Fried,[b] and Alanna Schepartz*[a]


Fluorescence is an essential tool for monitoring molecular in-
teractions, cellular localization, and pathway activation both in
vitro and in vivo. The development of “profluorescent” bis-ACHTUNGTRENNUNGarsenical dyes in 1998 advanced this field in a significant way
because these dyes provide an alternative labeling strategy
that complements some of the limitations of labeling withACHTUNGTRENNUNGfluorescent proteins.[1] These small, cell-permeable dyes, 4,5-
bis(1,3,2-dithiarsolan-2-yl)fluorescein (FlAsH-EDT2, Figure S1 A in
the Supporting Information) and 4,5-bis(1,3,2-dithiarsolan-2-yl)-
resorufin (ReAsH-EDT2, Figure S1B) are not fluorescent in the
1,2-ethanedithiol (EDT)-bound form.[1, 2] Fluorescence occurs
upon thiol–arsenic ligand exchange of EDT for a tetracysteine
motif (Cys-Cys-Pro-Gly-Cys-Cys), and this permits temporal fluo-
rescent control.[1] Recently, we reported that the central Pro-
Gly in the tetracysteine motif could be replaced with one or
more folded protein domains without a significant loss in bis-ACHTUNGTRENNUNGarsenical affinity or brightness; we refer to this technique as
“bipartite tetracysteine display”.[3] By using a set of well-charac-
terized model systems, we showed that bipartite tetracysteine
display supports fluorescence-based differentiation between
folded and unfolded protein states and can detect protein–
protein interactions in live cells. The model constructs that
were evaluated in our initial report shared two features: the di-
cysteine motifs were located near the protein N and/or C ter-
mini, and the structures were primarily a-helical. Here we ask
whether bipartite display also functions effectively within the
context of two more complex protein architectures, p53 and
EmGFP, in which the requisite tetracysteine motif is introduced
into loops and b-strands.


We selected p53[4–6] to evaluate the feasibility of intramolec-
ular bipartite display between adjacent protein loops, in large
part because of the functional relevance of alternatively folded
conformational states of this oncogenic protein.[4–7] To investi-
gate bipartite display between adjacent intramolecular b-
strands we selected emerald green fluorescent protein
(EmGFP) because of its robust b-barrel fold.[8] We emphasize
that for our binding experiments we monitored intramolecular
bipartite display under stringent in vitro binding conditions


that recapitulate a complex cellular environment replete with
competing protein and small-molecule thiols. We find that
under these conditions, only those constructs in which the
thiols are located within flexible regions as defined by crystal-
lographic Ca B-factors[9] greater than 20 bound ReAsH with
high affinity and generated fluorescent complexes. WithoutACHTUNGTRENNUNGexception, these regions are located within protein loops. By
contrast, under the competitive binding conditions that char-
acterize the intracellular milieu, no construct in which the
thiols are located within b-strands bound ReAsH detectably.
We conclude that site flexibility, as evaluated by crystallograph-
ic B-factors, is an excellent metric for the design of proteins
that function effectively in bipartite tetracysteine display by
using ReAsH.


Two criteria were applied to select positions at which Cys–
Cys motifs could be introduced into loops of p53 (endogenous
residues 94 to 300) or Cys-Xaa-Cys motifs could be introduced
into the b-strands of EmGFP.[6] First, we identified those resi-
dues in each protein that are not conserved within their re-
spective protein family and are demonstrably robust to muta-
tion. Of this set, we selected sites that sampled a range of flexi-
bilities, as judged by the Ca B-factor values in the crystal struc-
tures (PDB IDs: 1TUP[6, 7] and 1EMA[10]). By using these criteria,
five distinct p53 bipartite variants were designed (Figure 1 A).
Our first design, p53-1, mimics our initial bipartite designs with
dicysteine motifs near the N and C termini (P92C, L93C, P301C,
G302C) and Ca B-factor values above 60. The other p53 var-
iants incorporated dicysteine pairs within loops. These include
p53-2 in which the B-factors at the Cys-bearing positions
(Y107C, G108C, D148C, S149C) range from 23.3–39.9, and p53-
3 (S116C, G117C, T123C, C124C), which has values between
10.2–21.2. In the case of p53-4, the B-factors at the Cys-bearing
positions (S96C, V97C, M169C, T170C) span a smaller range,
from 16.7–17.3, whereas in p53-5 (A129C, L130C, R290C,
K291C) they vary widely, 23.0–68.5.


The analogous criteria were applied to select positions at
which Cys-Xaa-Cys motifs could be introduced into adjacent b-
strands of EmGFP[8] (Figure 1 B). We elected to incorporate Cys-
Xaa-Cys motifs in the b-strands because of the alternate resi-
due presentation in pleated b-sheets. Not surprisingly, the Ca


B-factor values for the residues located within the b-strands of
EmGFP are significantly lower than those characterizing the
loops in p53. EmGFP-1 has Ca B-factor values at Cys-bearing
positions (D19C, D21C, K26C, S28C) that range between 15.6–
26.3. In greater contrast to p53, EmGFP-2 (E34C, D36C, K41C,
T43C), EmGFP-3 (R109C, E111C, R122C, E124C), and EmGFP-4
(N149C, Y151C, Y200C, S202C) have considerably smaller B-
factor ranges, 4.9–18.1, 12.7–15.2, and 8.6–18.3, respectively.[11]


Six of the eight p53 and EmGFP variants (p53-1, p53-2, p53-
3, EmGFP-1, EmGFP-2, and EmGFP-4) described above could
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be expressed in E. coli and were purified to homogeneity (see
the Supporting Information). We first used circular dichroism
(CD) spectroscopy to compare the secondary structures of the
expressed p53 and EmGFP variants to their respective wild-
type (wt) counterparts. The three p53 variants studied (p53-1,
p53-2, and p53-3) have CD spectra comparable to that of p53-
wt (Figure 2 A); this indicates that cysteine incorporation did
not dramatically alter protein secondary structure.[12] In con-
trast, only two (EmGFP-1 and EmGFP-2) of the three EmGFP
variants studied displayed CD spectra comparable to that of
EmGFP-wt[13] (Figure 2 B). EmGFP-4, although it could be ex-
pressed, showed significantly reduced green fluorescence rela-
tive to the other variants and was unstructured as judged by
CD. We note that the CD spectra of EmGFP-1 and EmGFP-2
showed a small reduction in b-sheet structure when compared
to EmGFP-wt. To characterize the differences between these
EmGFP variants more carefully, we recorded their fluorescence
spectra and compared them to EmGFP-wt; we reasoned that
chromophore formation was perhaps the most sensitive metric
of secondary structure in this system. This comparison revealed
that the fluorescence of EmGFP-1 and EmGFP-2 is comparable
to that of EmGFP-wt, and this provides additional evidence


that cysteine incorporation did
not significantly perturb the
EmGFP fold.


Next we set out to quantify
the affinity of ReAsH for each of
these variants in vitro under con-
ditions necessary to monitor
fluorescence in live cells. These
conditions (100 mm Tris, 75 mm


NaCl, 3.5 mm TCEP, 1 mm EDT,
pH 7.8) are distinguished by a
relatively high concentration of
EDT, which is essential to mini-
mize the binding of ReAsH to
numerous thiol-containing intra-
cellular proteins and small mole-
cules. Under these stringent
binding conditions, p53-1 bound
ReAsH with a Kd of 90�80 mm,
p53-2 bound ReAsH with a Kd of
21�3 mm, and p53-3 bound
ReAsH with a Kd of 35�6 mm


(Table 1, Figure 3 A, stringent). As
expected, p53-wt showed noACHTUNGTRENNUNGaffinity for ReAsH under these
conditions. These Kd values are
comparable to those previously
observed for our GCN4 and Jun
bipartite display variants, 28�7
and 10�7 mm, respectively.[3] We
also quantified the affinity of
these variants for ReAsH under
permissive conditions (100 mm


Tris, 75 mm NaCl, 3.5 mm tris(2-
carboxyethyl)phosphine (TCEP),


pH 7.8), which could be employed, for example, in an in vitro
screen for molecules that rescue p53 folding mutants. Under
permissive conditions (Figure 3 A, permissive) the three p53
variants showed improved affinity for ReAsH with Kd values of


Figure 1. Bipartite display designs for p53 (with ten native cysteine residues)[6, 7] and EmGFP (with two native cys-
teine residues). A) p53 bipartite display variants (PDB ID: 1TUP[7]), p53-1 (P92C, L93C, P301C, G302C), p53-2
(Y107C, G108C, D148C, S149C), p53-3 (S116C, G117C, T123C, C124C), p53-4 (S96C, V97C, M169C, T170C), and p53-
5 (A129C, L130C, R290C, K291C). p53-4 and p53-5 are shown in a dotted box because they did not express well
and therefore were not examined further. B) EmGFP bipartite display variants (PDB ID: 1EMA[10]), EmGFP-1 (D19C,
D21C, K26C, S28C), EmGFP-2 (E34C, D36C, K41C, T43C), EmGFP-3 (R109C, E111C, R122C, E124C) and EmGFP-4
(N149C, Y151C, Y200C, S202C). EmGFP-3 and EmGFP-4 are shown in a dotted box because EmGFP-3 did not ex-
press well and EmGFP-4 was unstructured. These variants were not examined in the ReAsH binding trials.


Figure 2. Circular dichroism (CD) spectra for p53 and EmGFP bipartite dis-
play variants. A) Wavelength-dependent CD spectra of 8.1 mm p53-wt (wild
type), 8.1 mm p53-1, 8.1 mm p53-2, and 8.1 mm p53-3. B) Wavelength-depen-
dent CD spectra of 25 mm EmGFP-wt, 25 mm EmGFP-1 and 25 mm EmGFP-2.
CD data were acquired at 25 8C in 100 mm Tris·HCl, 75 mm NaCl, and 3.5 mm


TCEP (pH 7.8) in the absence of competing dithiols (EDT). MRE = mean resi-
due ellipticities.
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2.0�0.7 mm for p53-1, 1.2�0.3 mm for p53-2, and 4.5�0.6 mm


for p53-3 (Table 1). These results represent the first example of
intramolecular bipartite display within loop structures in a
complex protein fold.


Although ReAsH bound with measurable affinity to both
p53 loop variants and the terminal dithiol variant (p53-1)
under stringent conditions, it did not bind detectably to either
EmGFP-1 or EmGFP-2 under these same conditions (Figure 3 B,
stringent). Additionally, increasing the ReAsH concentration
from 25 nm to 1 mm had no detectable effect under these con-
ditions. We next sought to evaluate if the EmGFP variants
could support ReAsH binding under permissive conditions
(100 mm Tris, 75 mm NaCl, 3.5 mm TCEP, pH 7.8) suitable for in
vitro assay development. Under these conditions, EmGFP-1
bound ReAsH (Figure 3 B, permissive) with a Kd of 4.5�0.9 mm,


although no ReAsH binding was detected for EmGFP-2
(Table 1). These results are consistent with our finding that bi-
partite designs require site flexibility for ReAsH coordination.


The utility of bipartite tetracysteine display will depend on
how easily and predictably the split Cys-Cys motif can be intro-
duced into proteins of complex structure. Our results suggest
that intramolecular bipartite display is most successful when
the Cys-Cys pairs are introduced into loops. In these constructs
we observe a direct correlation between ReAsH affinity and
site flexibility (Figure 4). In the case of p53, p53-2 has Ca B-
factor values ranging from 23.3–39.9, and binds ReAsH better
than p53-3, the relevant Ca B-factors of which range between
10.2–21.2. We note that the two p53 variants with Cys motifs
within loops bound ReAsH with higher affinity than p53-1 in
which the Cys motif is located at the protein N and C termini.
We attribute this difference to the larger distance between the
dicysteine motifs in p53-1. Our conclusion is further supported
by the results obtained by using EmGFP-1 (Ca B-factor values
of 15.6–26.3) and EmGFP-2 (4.9–18.1), whose relevant B-factors
vary significantly. EmGFP-1 only bound ReAsH under permis-
sive conditions, whereas EmGFP-2 showed no apparent affinity
for ReAsH under either binding condition. These results are
consistent with predictions based on relative bipartite site flex-
ibilities.


It is interesting to consider our results in the context of relat-
ed experiments by Krishnan and Gierasch, who recently de-
scribed intramolecular bipartite display between adjacent b-
strands in CRABP 1.[14] In these studies, several bipartite display
mutants were constructed in the b-strands of CRABP 1 (St1-2,
St1’-10, and St1-10) by using the same Cys-Xaa-Cys design. The
authors showed successful coordination of FlAsH to these var-
iants under relatively permissive conditions [50 mm 3-(N-mor-
pholino)propanesulfonic acid (MOPS), pH 7.3, 150 mm NaCl,
1 mm TCEP, 0.1 mm ethanedithiol (EDT)] , with Kd app values
greater than 43 mm. By using similar conditions (100 mm Tris,
75 mm NaCl, 3.5 mm TCEP, 0.1 mm EDT, pH 7.8), our EmGFP
variants showed minimal affinity for ReAsH (Kd>500 mm). We
note that the reported Ca B-factors at the locations of Cys sub-
stitution in CRABP 1 (PDB: ID 1CBI) do not correlate directly
with the affinity of these variants for FlAsH.[15] It might be that
our conclusions are restricted to use of ReAsH, or that the con-
siderably less-stringent binding conditions used in the experi-
ments of experiments of Krishnan and Gierasch (tenfold lower
EDT concentration) reduced the sensitivity for selective binding
to native protein structure.


Herein, we have shown that successful bipartite tetracys-
teine display requires site flexibility and proximity to support
high-affinity ReAsH binding under stringent conditions.[16] In
the case of p53, we successfully designed intramolecular loop
bipartite display variants that support ReAsH binding. Addi-
tionally, we found that despite our optimized design andACHTUNGTRENNUNGgeometry considerations, b-sheet bipartite display is not uni-
versally supportive of bisarsenical coordination. In our system,
ReAsH binding was partially supported only in the absence of
the dithiol competitor. From this study it is clear that ReAsH
coordination preferentially favors proximal bipartite tetracys-
teine sites with flexible geometries, primarily unstructured


Table 1. Kd values for bipartite design p53 and EmGFP variants under
stringent (1 mm EDT) and permissive (0 mm EDT) conditions.


Kd values [mm]
1 mm EDT 0 mm EDT


p53-1 90�80 2.0�0.7
p53-2 21�3 1.2�0.3
p53-3 35�6 4.5�0.6
EmGFP-1 >500 5�1
EmGFP-2 >500 >500


Figure 3. ReAsH binding trials. A) Measured fluorescence intensity (I) at
150 min for wild-type and mutant p53 variants under stringent (100 mm


Tris·HCl, 75 mm NaCl, 3.5 mm TCEP, 1 mm EDT, pH 7.8 binding buffer) and
permissive conditions (100 mm Tris·HCl, 75 mm NaCl, 3.5 mm TCEP, pH 7.8
binding buffer). B) Measured fluorescence intensity (I) at 150 min for wild-
type and mutant EmGFP variants under stringent (100 mm Tris·HCl, 75 mm


NaCl, 3.5 mm TCEP, 1 mm EDT, pH 7.8 binding buffer) and permissive condi-
tions (100 mm Tris·HCl, 75 mm NaCl, 3.5 mm TCEP, pH 7.8 binding buffer). A
concentration of 25 nm ReAsH was used for all trials. Three independent
trials were performed for each bipartite display variant.
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loops that are adjacent in space. Furthermore, our findings
suggest that b-sheet bipartite tetracysteine display is limited
by the defined strand geometry and the rigidity of the secon-
dary structure. Our results provide guiding principles for direct-
ing successful bipartite tetracysteine site designs to extend the
utility of this technique in probing structural transitions and
protein–protein interactions.


Experimental Section


Please see the Supporting Information for experimental details.
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Figure 4. Site flexibility of bipartite display designs in A) p53 (1TUP[7]) and B) EmGFP (1EMA[10]) as analyzed by B-
factor (B) values. The Kd values for the permissive conditions are listed for the respective bipartite display variants.
B-Factors are represented by using the B-factor putty option in PyMol,[17] in which small B-factor values (in the
range of 4 to 30) are defined by a narrow backbone with blue to green coloring, and larger B-factor values areACHTUNGTRENNUNGdefined by a wider backbone diameter with orange to red coloring (B-factor range of 40 to higher than 60).
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Spatio-Temporal Control of Cell Coculture Interactions on Surfaces


Eun-Ju Lee, Eugene W. L. Chan, and Muhammad N. Yousaf*[a]


Mammalian tissues are composed of various cell types that in-
teract with each other in a constantly changing dynamic mi-
croenvironment.[1–5] Cell behavior and function is determined
by a range of factors including soluble signals from cells of the
same type (autocrine signaling), as well as those from other
cell types (paracrine signaling),[6, 7] and physical-mechanical and
hydrodynamic forces.[8–10] There have been numerous reports
showing the critical role that cell–cell interactions play in mod-
ulating overall cellular or tissue function from cell growth, mi-
gration, and differentiation to embryonic development.[11–15]


For example, heterotypic cell interactions between parenchy-
mal cells and nonparenchymal neighbors alter cell growth, mi-
gration, and differentiation.[12] In cocultures of transgenic cells
and wild type cells, the release of regulatory signals by wild
type cells helps the transgenic cells restore their cellular func-
tion.[16] Furthermore, lineage commitment of mesenchymal
progenitor cells is directly influenced by cell signaling fromACHTUNGTRENNUNGadjacent cells.[17]


To study these complex events there have been several ap-
proaches to develop spatially controlled micropatterned cocul-
ture model systems to mimic inter- and intracellular inter-ACHTUNGTRENNUNGactions. These strategies include thermo-responsive polymer
surfaces,[18, 19] soft-lithography-generated substrates[20–22] and
patterned extracellular matrix (ECM) surfaces.[23] For temporal
control of cell culture, dynamic surfaces have been generated,
and for cocultures a micromechanical strategy has been em-
ployed.[24] Although there has been significant progress in de-
veloping patterned cell surfaces, there are no coculture model
substrates that are able to: 1) Reversibly control the interac-
tions between different cell populations that are in patterns on
molecularly defined surfaces and 2) Serially manipulate the sur-
face to control the duration of the cell interactions. These fea-
tures would allow for many new studies of cell–cell interac-
tions for a range of cell biological and physiological research
fields.


Herein we report a combined photochemical and electroac-
tive self-assembled monolayer (SAM)-based substrate strategy
to generate a coculture platform with spatial and temporal
control of cell–cell interactions. These substrates possess the
ability to present a variety of ligands on the surface for biospe-
cific interactions between the immobilized ligands and cell sur-
face receptors. Furthermore, the photopatterning step enables
the ligands to be immobilized in complex patterns and even
gradients. This feature provides additional flexibility to study


the role of ligand pattern (geometry) and presentation on co-
culture interactions on complex surfaces.


The general surface chemistry strategy to pattern, immobi-
lize, and release ligands is shown in Scheme 1. A hydroquinone
alkanethiol (1) that has been protected with a photolabile


group (nitroveratryloxycarbonyl or NVOC) is installed onto a
surface and then deprotected by using ultraviolet light (hn) to
generate the hydroquinone (H2Q, 2).[25] The hydroquinone is
redox active and can be converted to the quinone (Q) through
a mild electrochemical oxidation for subsequent immobiliza-
tion of oxyamine tethered ligands (R-ONH2).[26, 27] The interfacial
oxime conjugate is also redox active and can be made toACHTUNGTRENNUNGrelease the ligand through a mild reductive potential ; this re-
generates the hydroquinone.[28] The immobilization and release
of ligands is compatible with adhered cells and cell culture
conditions, and has no side reactions or adverse effects to the
cells.[26, 28]


For spatial and temporal control of coculture interactions we
combined the photoelectroactive surface chemistry strategy
with a microcontact printing (mCP) patterning method
(Scheme 2).[25, 29] We first used mCP to selectively pattern hexa-
decanethiols (HDTs) onto a gold surface to generate hydropho-
bic regions. The remaining bare gold regions were backfilled
with a mixed solution of tetra(ethylene glycol)-terminated al-ACHTUNGTRENNUNGkane ACHTUNGTRENNUNGthiols (EG4SH, 3) and NVOC-protected hydroquinone-ter-
minated alkanethiols (1) (99:1 ratio). The use of a high percent-
age of tetra(ethylene glycol)-terminated alkanethiols renders
the nonpatterned regions inert to nonspecific protein or cell
attachment.[30] Ultraviolet light was shone on this SAM surface
through a patterned photomask to selectively deprotect the
NVOC groups to hydroquinone groups. To facilitate cell adhe-


Scheme 1. Surfaces presenting NVOC-protected hydroquinone groups
(NVOC-HQ) are illuminated with ultraviolet light (365 nm). Photochemical de-
protection of the NVOC group reveals the hydroquinone (H2Q). Subsequent
oxidation of the hydroquinone results in the corresponding quinone (Q),
which can then undergo chemoselective ligation with aminooxy terminated
ligands (RONH2) to generate a stable and covalent oxime conjugate (Q-
oxime). The oxime is also redox active and can be reduced to regenerate
the hydroquinone with the simultaneous release of ligand through a mild
reductive electrochemical potential at pH 7.4. R represents rhodamine, and
the cell adhesive peptide GRGDS.


[a] E.-J. Lee, Dr. E. W. L. Chan, Prof. M. N. Yousaf
Department of Chemistry and the Carolina Center for Genome Sciences
University of North Carolina at Chapel Hill
Chapel Hill, North Carolina 27599-3290 (USA)
Fax: (+ 1) 919-962-2388
E-mail : mnyousaf@email.unc.edu
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Scheme 2. Schematic diagram of substrate preparation for dynamic coculture substrates. A glass coverslip was coated with Ti (3 nm) and then gold (12 nm)
by an electron-beam deposition method. A) To generate patterned surfaces, hexadecanethiols were microcontact printed onto the gold surface and the re-
maining bare gold regions were backfilled with a mixture of NVOC-HQ and EG4SH (1:99 ratio). B) The substrate was illuminated with UV light through a pat-
terned microfiche mask; this resulted in the selective deprotection of NVOC groups to reveal the electroactive hydroquinone. C) An adhesive protein, fibro-
nectin, was added to the substrate and only adsorbed to the hydrophobic microcontact-printed pattern. Cells were seeded onto the entire substrate but ex-
clusively adhered to the fibronectin-patterend regions. D) The patterned hydroquinone groups were then converted to reactive quinone groups through ap-
plication of a mild oxidative electrochemical potential. Addition of soluble RGD-ONH2 led to the installation of the adhesive peptide to the patterned quinone
region through the formation of a stable covalent oxime linkage. E) Addition of a second cell line generated patterned cocultures with exquisite spatial con-
trol. F) After a period of time, application of a mild reductive electrochemical potential causes breakage of the oxime linkage and release of RGD peptides;
this in turn causes one population of cells to release from the surface. This strategy allows for the analysis of both cell types through spatial and temporal
control of their interactions on a surface.
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sion to the microcontact printed regions, a fibronectin solution
(10 mm in PBS, 1 h) was added to the entire surface, but exclu-
sively adsorbed to the hydrophobic pattern.[31] The first fibro-
blast cell type was then seeded onto the surface and selective-
ly adhered and stayed confined to the fibronectin/microcon-
tact-printed regions. The hydroquinone groups in the photo-
patterned area were then electrochemically oxidized to qui-
nones. This oxidation is mild and rapid and is compatible with
cell culture conditions. The electroactive substrate allows for
the precise monitoring of the immobilization and release of li-
gands to and from the surface by cyclic voltammetry.[26, 27] Solu-
ble oxyamine-RGD (4) (50 mm, 1 h in PBS pH 7.4) was added,
and this installed the adhesive peptide onto the photopat-
terned area through the formation of an oxime linkage to the
quinone. Addition of the oxyamine-RGD allowed for the adher-
ence of a second cell type in a distinct pattern on the surface.
The RGD peptide ligand is derived from the extracellular
matrix protein fibronectin and is known to facilitate biospecific
cell adhesion through cell-surface integrin receptors.[32] This
coupling reaction is chemoselective and fast and can be car-
ried out in the presence of the first cell type pattern without
loss of cell function or pattern.[26] When a second cell type was
added, the cells selectively adhered only to the photopat-
terned RGD region. For temporal control, the second cell type
can be released from the pattern by a simple application of a
mild reductive electrochemical potential (�50 mV, 1 min in
serum-free medium, pH 7.4). The oxime linkage is broken and
the RGD ligand is released from the surface while the hydro-
quinone is regenerated. The second cell type then loses itsACHTUNGTRENNUNGattachment to the support and therefore is released from the
surface. This methodology is able to spatially and temporally
control cell–cell interactions on a molecularly defined surface
in various patterns and has the ability to immobilize and re-
lease a range of ligands (1–5) and cell types.


The photopatterning method provides an important feature
in that ligand molecules can be installed onto the surface in
virtually any geometric pattern and even complex patterns
such as gradients. By employing a photomask with a patterned


gradient design, a ligand gradient with control of pattern and
slope can be generated on the surface; this can elicit a com-
plex cellular response within the pattern on a coculture sur-
face. This particular flexibility allows complex cell–cell signaling
to be examined. Also, the role of patterned cocultures on cell
behavior can be studied in cases which each cell type pat-
terned might be undergoing discrete processes such as migra-
tion, growth, or differentiation, depending on the underlying
surface chemistry composition.[33, 34]


The characterization of a gradient surface generated by the
photopatterning strategy is shown in Figure 1. Fluorescence
microscopy was used to visualize a rhodamine-oxyamine (5)
immobilized gradient pattern.[25, 26] The slope was determined
from the fluorescent gradient pattern by using imaging soft-
ware and was in accord with the corresponding gradient slope
of the photomask. When the same procedure was used but in-
stead a RGD-oxyamine peptide was immobilized, seeded cells
first attached to the high density region of the gradient. The
cells then migrated and proliferated down the gradient until
the ligand density no longer supported migration or division.
The cells achieved this equilibrium or final resting position on
the gradient after approximately three days. Figure 1 C shows a
plot for the relative density with respect to the distance along
the gradient generated from ImageJ software. To extrapolate
the density along the gradient from this plot, we assume that
the maximum peptide density is 2.7 � 104 molecules per mm2


based on a 1 % NVOC hydroquinone monolayer that has been
completely modified to the peptide ligand on the surface. The
ligand density at 1 % NVOC hydroquinone was determined
based on integration of the area under the oxidative or reduc-
tive waves corresponding to the hydroquinone monolayer
after the photodeprotection of monolayer presenting only the
NVOC hydroquinone groups. By aligning the density plot with
the patterned cells (averaged over twelve experiments), we
can determine the minimum ligand density for supporting cell
adhesion along this particular gradient (ca. 0.16 % = 0.43 � 104


molecules per mm2).
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We observed that the slope of the gradient influences the
final position of the cells and found that the steeper the slope,
the higher the ligand density required to support adhesion.
Conversely, the shallower the slope, the lower the ligand densi-
ty required to support adhesion. Interestingly, our data show
that the minimum ligand density varies on each gradient.
Therefore, the cells are able to sense the slope and alter their
position based on the combination of slope and ligand density.
We are exploring how the spatial distribution (front to back) of
cellular focal adhesions, which connect the integrin receptors
to the extracellular RGD ligands, transduces the slope and den-
sity information to the actin cytoskeleton and induces cell po-
larity and directed cell migration.[25, 35] This strategy allows for
the immobilization of a variety of ligands to a patterned gradi-
ent surface to study a range of cellular behavior.


To demonstrate a dynamic coculture in which two cell lines
can be patterned in close proximity with different underlying
surface chemistries, we combined mCP with our electroactive
immobilization and release strategy. Figure 2 shows micro-
graphs of two different patterned cell lines. The microcontact
printed area (rectangular shape) contains a stably transfected
mouse fibroblast cell line expressing GFP-actin.[36] The photo-
patterned RGD region contains a nonfluorescent mouse fibro-
blast cell line. The spatial interactions between cocultures can
be precisely controlled by varying the pattern size, geometry
and distance of the two patterns by employing soft lithogra-
phy and photomasks. Temporal control over the coculture in-
teractions can be regulated by electrochemistry. After the two
cell types are patterned, one cell type can be selectively re-
leased by the application of a mild electrochemical potential ;
this releases the RGD ligands and therefore one of the pat-
terned cell types. This method allows for spatial and temporal
control of coculture interactions on surfaces that can be tail-
ored with a variety of ligands. Furthermore, thy ways in which
a ligand gradient influences cellular behavior and coculture
communication can also be explored.


In summary, we have generated a dynamic substrate with
spatial and temporal control of coculture interactions. This
strategy relies on a photopatterning and electroactive immobi-
lization and release strategy in combination with mCP. This
strategy is flexible in that ligands can be presented on the sur-
face in complex patterns and gradients to study the interplay
of ligand density, ligand affinity, pattern geometry, ligand slope
and distance between cocultures for a range of autocrine and
paracrine signaling studies. As a biotechnology platform, this
system may also allow for the modular patterning and ex-
change of multiple cell lines to a single surface for novel small
molecule and RNAi coculture screens.[37]


Experimental Section


Synthesis of alkanethiolates : NVOC-protected hydroquinone tet-
ra(ethylene glycol) alkanethiol, tetra(ethylene glycol) alkanethiol,
and rhodamine oxyamine were prepared as previously de-
scribed.[25, 26]


Solid-phase peptide synthesis : All peptides were synthesized
through automated solid phase peptide synthesis by using the
CS136XT Peptide Synthesizer (CS Bio Co., Menlo Park, CA, USA).


RGD-oxyamine (4): Fmoc (9-fluorenylmethoxycarbonyl)-protected
amino acids were used on Fmoc-Ser ACHTUNGTRENNUNG(tBu)-Rink Amide-MBHA resin.
The synthesized peptide was cleaved from the resin by agitation in
a solution of trifluoroacetic acid (TFA)/water/triisopropylsilane
(95:2.5:2.5) for 3 h. TFA was evaporated and the cleaved peptide
was precipitated in cold diethyl ether. The water-soluble peptide
was extracted with water and lyophilized. Mass spectral data con-
firmed the peptide product. MS (ESI) (m/z): [M+H+] calculated for
linear RGD-oxyamine (C25H45N11O11), 676.69; found, 676.5. [M+H+]
calculated for control scrambled peptide, GRD-oxyamine
(C25H45N11O11), 676.69; found, 676.4. [M+H+] calculated for control
soluble peptide RGD (C17H31N9O8), 490.48; found, 490.3.


Microscopy of surface immobilized rhodamine : Scotch tape (3M,
Minneapolis, MN, USA) was adhered to the monolayer. The result-
ing substrate was then cured at 85 8C for 20 min. The tape was


Figure 1. Characterization of a ligand gradient on a surface generated by
photopatterning and subsequent electroactive ligand immobilization. A) A
microfiche mask with gradient pattern. B) The fluorescent micrograph shows
the fidelity of surface patterning. First, UV illumination through the mask
was performed, and then electroactive conversion from the hydroquinone
to the quinone was carried out; this was followed by rhodamine-oxyamine
immobilization to generate the oxime conjugate. Imaging software was
used to calculate the gradient slope from the fluorescent image and corre-
sponds to the microfiche mask gradient. C) In parallel experiments RGD-
ONH2 was immobilized to the photodeprotected pattern to which cells bio-
specifically adhered through their integrin receptors (colors ; red, actin;
green, tubulin; blue, nuclei). By comparing the position of the cells at the
lowest end of the gradient with the slope profile generated from the fluo-
rescent gradient, the minimum required ligand density (G) for cell adhesion
can be determined. In this example, cell adhesion was greatly diminished
when the ligand density was reduced to 0.16 % from the highest ligand den-
sity used (see text for details).
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peeled from the substrate; this resulted in the transfer of the
monolayer from the gold substrate to the tape. The resulting
image was quantified by using fluorescent microscopy and Image
J software.


Microscopy of attached cell culture : Adherent cells were fixed in
paraformaldehyde (3.7 %) in phosphate buffered saline (PBS) for
ten minutes and then permeabilized with Triton X (0.1 %) in PBS
(PBST) for ten minutes. Cells were then stained with anti-tubulin
(1:1000) in PBS that contained goat serum (10 %) for one hour, fol-
lowed by staining with an Alexa 488-conjugated goat anti-mouse
antibody (1:100 in PBST), phalloidin-tetramethylrhodamine B iso-
thiocyanate (1:50 in PBST), and DAPI (1:300 in PBST) for one hour.
Substrates were rinsed with deionized water before being mount-
ed onto glass cover slips for microscopy. All optical and fluorescent
micrographs were imaged using a Nikon inverted microscope
(model TE2000-E). All images were captured and processed by
MetaMorph.


Preparation of monolayers : All gold substrates were prepared by
electron-beam deposition of titanium (3 nm) and then gold
(12 nm) on glass cover slips (75 mm x 25 mm). All gold-coated
glass substrates were cut into 1 cm2 pieces and washed with abso-
lute ethanol. The substrates were immersed in an ethanolic solu-
tion containing the alkanethiolates (1 mm) for 12 h, and then
cleaned with ethanol prior to each experiment.


Electrochemical measurements in cell culture : All electrochemical
experiments were performed by using a Bioanalytical Systems CV-
100W potentiostat (West Lafayette, USA). For RGD peptide immobi-
lization, electrochemical oxidation of the monolayer was per-
formed by applying an oxidative potential at 750 mV for 10 s in
PBS (pH 7.4). Addition of 50 mm RGD-ONH2 installed the peptide
onto the surface. For RGD peptide release from the surface, a re-
ductive potential of �50 mV was applied for 1 min in serum free
media (pH 7.4). A platinum wire was used as the counter electrode,
Ag/AgCl was used as a reference, and the gold/SAM substrate was
used as the working electrode.


Fabrication of photomasks : The photopatterns were designed
and drawn in PowerPoint. The patterns were then reduced 25
times and printed onto microfiches.


Photochemical deprotection of substrates : A substrate present-
ing NVOC-protected hydroquinone and tetra(ethylene glycol)
groups (1:99) was illuminated with ultraviolet light (100W Hg lamp,
Nikon) filtered through a band-pass filter (365 nm) for 30 min to
ensure complete deprotection of the NVOC groups to the corre-
sponding hydroquinone.


Figure 2. Spatial and temporal control of coculture interactions. A nonfluor-
escent fibroblast cell line and a GFP-actin transfected cell line are used to
demonstrate dynamic patterned cocultures. The microcontact-printed
region contains a GFP-actin transformed cell line and the photodeprotected
patterned RGD peptide gradient region with nonfluorescent fibroblasts.
A) Brightfield images show both cell lines adhered (top); however, only the
GFP-actin cell line is visible when visualized by fluorescence microscopy
(bottom). This shows that the combined method of microcontact printing
and photopatterning is effective to prepare a substrate with spatially con-
trolled cocultures. B) Upon application of a mild reductive potential, the
oxime linkage is broken and the RGD peptide ligands and adhered cells are
released. This strategy selectively releases only one cell type on the surface,
and allows for the spatial and temporal control of coculture interactions on
surfaces. Scale bar : 100 mm.
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Photopatterning of peptide ligands : UV illumination of a sub-
strate presenting NVOC-protected hydroquinone and tetra(ethyl-ACHTUNGTRENNUNGene glycol) groups (1:99) through a photomask for 30 min re-
moved the NVOC groups. The substrate was then oxidized electro-
chemically at 750 mV for 10 s to convert the hydroquinone to the
quinone in PBS buffer (pH 7.4). A RGD oxyamine solution (50 mm


in PBS) was added to the substrate for 1 hour to ensure complete
immobilization of the peptide ligands. The substrate was then
rinsed with water and dried before using for cell culture.


Cell culture : Swiss 3T3 fibroblasts were cultured in Dulbecco’s
Modified Eagle Medium (Gibco, Carlsbaad, CA, USA) supplemented
with calf bovine serum (10 %) and penicillin/streptomycin (1 %).
Cells were removed with a solution of trypsin (0.05 %)/EDTA
(0.53 mm), resuspended in serum-free culture medium (10 000
cells/mL), and plated onto the SAM substrates. After 2 h, the sub-
strates were placed in serum-containing media and maintained at
37 8C in a humidified 5 % CO2 atmosphere.
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A Highly Active Single-Mutation Variant of P450BM3 (CYP102A1)
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Cytochrome P450 (CYP) enzymes catalyse the oxidation of a
wide variety of endogenous and exogenous organic substrates,
most commonly by the haem-dependent insertion of an
oxygen atom from atmospheric dioxygen into an unreactive
carbon�hydrogen bond.[1] There is widespread interest in har-
nessing this valuable catalytic activity, particularly in P450BM3


(CYP102A1) from Bacillus megaterium, which is catalytically
self-sufficient. Applications include drug development and me-
tabolism,[2] the production of fine chemicals,[3] the degradation
of environmental contaminants[4] and the hydroxylation of
short-chain alkanes.[5] Site-specific mutagenesis and directed
evolution have been extensively employed as methods of re-
designing P450s to accept non-natural substrates and influ-
ence product profiles.[6] Several of the resulting variants have
contained proline mutations. Although proline is structurally
disruptive and can cause misfolding when incorporated, signifi-
cant successes have been forthcoming when this has been
avoided. Mutation A330P enhanced activity relative to wild-
type P450BM3 (WT), but also altered selectivity ;[7] an important
contribution to the evolution of P450BM3 into a propane hy-
droxylase was made by mutation L188P;[5b] and in CYP101A1
(P450cam) the L358P substitution[8] helped to increase the activi-
ty of variants towards propane and ethane, substrates towards
which the wild-type enzyme was inactive.[5a]


Against this background, we introduced proline residues at
a selection of targeted P450BM3 sites in the expectation that
this would create a number of inactive variants, but also some
with unexpected capabilities. One of these was Ile401, the resi-
due to the C-terminal side of the thiolato ligand to the haem
iron. Proline occurs naturally at this position in chloroperoxi-
dase and P450s such as CYP7A1, CYP101B1[9] and CYP121.[10]


The resulting mutant was approximately 50 % high-spin in Tris
buffer (50 mm, pH 7.4) and showed a 650 nm absorbance band
characteristic of type I substrate-bound spectra as well as the
usual a/b bands (Figure S1 in the Supporting Information).
I401P gave a similar kcat value to WT in the oxidation of lauric


acid (71 vs. 77 s�1, Table 1), but there was a tenfold reduction
in KM from 230 to 21 mm (Figure S2). This was reflected in the
in vitro NADPH consumption rate under steady-state turnover


conditions (100 nm enzyme, 1 mm substrate), which was
3812 nmol min�1 (nmol P450)�1—henceforth abbreviated to
min�1—as compared to 2777 min�1 for WT. Coupling andACHTUNGTRENNUNGregiospecificity were little changed, while peroxide formation
fell slightly.


To study the effect of the mutation in greater detail, we
truncated the I401P gene at residue 481 to detach the reduc-
tase domain. The reduction potential of the haem domain was
determined by equilibrium spectroelectrochemistry in the sub-
strate-free form at (�303�10) mV (Figure S3). This was
142 mV more oxidising than the (�445�15) mV potential de-
termined for WT under the same conditions—a difference
comparable to the shift induced in WT by arachidonic acid
binding (135 mV).[11] The crystal structure of I401P[12] showed a
number of unexpected features. The iron atom lay slightly to
the proximal side of the porphyrin ring rather than in-plane
(Figure 1 A) and was essentially 5-coordinate. The nearest
water molecule was 3.65 � distant, as compared to 2.6 � in
WT, consistent with the partially high-spin character of the
new variant, and at an S�Fe�O angle of 161.58. In this respect,
the structure resembled that of the N-palmitoylglycine com-
plex with WT.[13] The residues immediately to the proximal side
of the haem occupied positions similar to those found in WT
(Figure 1 A). On the distal side, conformational changes in the
I-helix close to the dioxygen binding site led to His266 adopt-
ing a position similar to that found in palmitoleic acid-bound
WT (Figure 1 B).[14]


Table 1. Kinetic and potentiometric parameters for I401P and WT
P450BM3.


In vitro oxidation of lauric acid I401P WT


KM [mm] 21 230
kcat [s�1] 71 77
NADPH rate [nmol min�1 per nmol P450] 3812 2777
coupling [%] 53 52
PFR [nmol min�1 per nmol P450] 2012 1439
peroxide [%] 9 14ACHTUNGTRENNUNG(w-1) hydroxylation [%] 36 34ACHTUNGTRENNUNG(w-2) hydroxylation [%] 31 29ACHTUNGTRENNUNG(w-3) hydroxylation [%] 33 37
leak rate [nmol min�1 per nmol P450] 455 28
reduction potential vs. SHE (pH 7.4) [mV] �303 �445


Coupling: percentage of NADPH utilised for product formation; PFR:
product formation rate. All data are means of at least three experiments
with standard deviations less than 5 % of the mean. The leak rate is the
NADPH rate in the absence of substrate.
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Because the NADPH consumption rate of WT with lauric acid
was already close to the kcat, the new variant gave a relatively
modest 37 % increase under steady-state conditions. With non-
natural substrates, by contrast, NADPH rate enhancements of
at least 400 % were recorded. Coupling efficiency also im-
proved significantly. With propylbenzene,[15, 7] the NADPH rate
was 4476 min�1 as compared to 894 min�1 for WT, and cou-
pling rose from 71 to 80 % to give a product-formation rate
(PFR) of 3578 min�1—one of the highest reported for this
enzyme with any substrate (Table 2). 3-Methylpentane, a small
branched alkane, gave a PFR of 1378 min�1 versus 28 min�1 for
WT, while (+)-a-pinene,[16] a substrate not metabolised by WT,
was oxidised at 238 min�1 with 73.5 % conversion to verbenol.


The PFR for the oxidation of the polyaromatic hydrocarbon,
fluorene to fluoren-9-ol[17] was 188 min�1 as compared to
0.1 min�1 for WT. The I401P mutation therefore functioned as a
powerful rate accelerator across a range of hydrophobic non-
natural substrates, while leaving product distributions broadly
similar to those given by WT (Tables S1–S5).


Partially high-spin iron centres are uncommon in substrate-
free bacterial P450s, but occur, for example, in CYP107H1
(P450BioI),


[18] CYP164A2[19] and the 1-12G variant of P450BM3.[20]


Single mutation P450M3 variants with substrate-free reduction
potentials and KM values for fatty acid substrates similar to
those of I401P are also known, F393A being an example,[11b, 21]


as are variants with low KM values and mixed spin-states, for
example, A82W.[22] I401P is unusual, however, in combining all
these attributes with an ability to deliver dramatic activity en-
hancements. To set its performance into context, the highest
previously reported PFR for a substrate not related to fatty
acids appears to be 2688 min�1 for our seven-mutation variant
RLYF/KT2 with propylbenzene.[7] The conformational features
that I401P shares with the substrate-bound form of the wild-
type enzyme, for example, the positioning of the axial water
molecule, might be significant in this regard, as they suggest
that substrate binding could require relatively little structural
reorganisation in the new variant. Crystal structures of Ala264
variants that resemble the substrate-bound conformation of
the enzyme have been published,[23] but these are inefficient
catalysts because ligation of the mutated residue to the haem
iron compromises kcat values. It seems unlikely that the lost hy-
drogen bond between the amide proton of the substituted
residue and the sulfur atom of the proximal thiolato ligand[24]


is central to the activity increase, given that the P450cam homo-
logue of I401P (L358P) scarcely altered NADH consumption
rates and had a more negative reduction potential than WT
P450cam (in the substrate-bound form).[8]


Although P450BM3 is one of the most active P450 cyto-
chromes known, the usefulness of the wild-type enzyme is lim-
ited by the fact that turnovers involving non-natural substrates
often have low NADPH consumption rates and are poorly cou-
pled. Activity-enhancing mutations allow the considerable cat-
alytic potential of this self-sufficient system to be more fully
exploited, particularly those that are effective across a range of
substrates. I401P has little impact on product profiles, and con-
tains only a single mutation, on the proximal side of the haem.
As such, it appears well-suited for combination with knownACHTUNGTRENNUNGselectivity-directing mutations, which potentially opens new
routes for the production of synthetically desirable end-prod-
ucts.
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Figure 1. Overlay of the crystal structures of the active-site regions of variant
I401P (in yellow, with water molecules in red) and WT (in grey, with water
molecules in blue; PDB ID: 1bu7); A) proximal side, B) distal side. The water
molecules in the I401P variant, unlike those in WT, form a hydrogen-bonded
chain.


Table 2. Activity data for the in vitro oxidation of non-natural substrates
by I401P and WT P450BM3.


WT I401P
N C PFR N C PFR


(+)-a-pinene 41 <0.1 <0.05 1229 19 238
fluorene 7.9 0.9 0.1 1057 18 188
3-methylpentane 126 22 28 2763 50 1378
propylbenzene 894 71 635 4476 80 3578


N: NADPH turnover rate; C: coupling; PFR: product-formation rate; rates
in nmol min�1 per nmol P450.
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Introduction


Prions are responsible for transmissible diseases where the
agent is a conformationally altered protein of the host organ-
ism. Examples of prion diseases are scrapie in sheep,[1] bovine
spongiform encephalopathy[2] (BSE) in cattle and new variant
Creutzfeldt–Jakob disease[3] in man. In contrast to these dis-
ease-related cases, the HET-s prion protein produced by the fil-
amentous fungus Podospora anserina is thought to be involved
in a specific function. In its prion form it plays a role in the pro-
grammed-cell-death phenomenon termed “heterokaryon in-
compatibility”,[4, 5] which can prevent different forms of parasit-
ism. The proteinase K-resistant core of the prion fibrils formed
by the C-terminal residues 218–289 is unstructured in solution
and forms infectious fibrils in vitro.[6] Earlier work showed that
HET-s ACHTUNGTRENNUNG(218–289) fibrils consist of four b-strands forming two
windings of a b-solenoid.[7] Recently, the structure of HET-s-ACHTUNGTRENNUNG(218–289) has been determined[8] on the basis of NMR-derived
intra- and intermolecular distance restraints.[9, 10] The HET-s-ACHTUNGTRENNUNG(218–289) prion exhibits a 13C line width of 0.25–0.5 ppm rival-
ling those of microcrystalline preparations.[11] This suggests
that the HET-sACHTUNGTRENNUNG(218-289) fibrils are highly ordered. On the other
hand, HRMAS experiments have shown that parts of HET-s-ACHTUNGTRENNUNG(218–289) are flexible.[12] Similar observations have been made
for amyloids formed by Tau,[13] a-Synuclein,[14] and the
Y145Stop variant of the human prion protein.[15]


Recent advances in hardware and methodology[16] have al-
lowed for molecular dynamics (MD) simulations of small fibrils
consisting of several monomer units on the nanosecond time-


scale.[17–21] Herein, we have performed simulations of a HET-s-ACHTUNGTRENNUNG(218–289) trimer in explicit solvent within a classical model
(GROMOS force field parameter set 45A3).[22] The starting con-
formation is shown in Figure 1 A and B. One of the key features
of amyloid fibrils is their structural stability. In this work, we
used MD simulations as a tool to probe the stability of the
solid-state NMR structure of HET-s ACHTUNGTRENNUNG(218–289) amyloids on a
10 ns timescale. Furthermore, we compared the conformation-
al dynamics observed in the simulation with results from two
complementary types of NMR experiments. In an 15N,13Ca corre-
lation experiment that is based on transfer mediated by dipo-
lar couplings, only rigid parts of the amyloid contribute to the
spectrum. In contrast, only flexible parts, in which dynamics
lead to an efficient scaling of dipolar couplings, give rise to
cross peaks in INEPT-based experiments.[23] The scaling of dipo-
lar couplings with a coupling constant wD is described by an
order parameter[24] S2 : The motionally averaged dipolar cou-


The three-dimensional structure of amyloid fibrils of the prion-
forming part of the HET-s protein [HET-s ACHTUNGTRENNUNG(218–289)] , as deter-
mined by solid-state NMR, contains rigid and remarkably well-
ordered parts, as witnessed by the narrow solid-state NMR line
widths for this system. On the other hand, high-resolution
magic-angle-spinning (HRMAS) NMR results have shown that
HET-s ACHTUNGTRENNUNG(218–289) amyloid fibrils contain highly flexible parts as
well. Here, we further explore this unexpected behaviour using
solid-state NMR and molecular dynamics (MD). The NMR data
provide new information on order and dynamics in the rigid
and flexible parts of HET-s ACHTUNGTRENNUNG(218–289), respectively. The MD
study addresses whether or not small multimers, in an amyloid
conformation, are stable on the 10 ns timescale of the MD run
and provides insight into the dynamic parameters on the


nanosecond timescale. The atom-positional, root-mean-
squared fluctuations (RMSFs) and order parameters S2 obtained
are in agreement with the NMR data. A flexible loop and the
N terminus exhibit dynamics on the ps–ns timescale, whereas
the hydrophobic core of HET-sACHTUNGTRENNUNG(218–289) is rigid. The high
degree of order in the core region of HET-s ACHTUNGTRENNUNG(218–289) amyloids,
as observed in the MD simulations, is in agreement with the
narrow, solid-state, NMR lines. Finally, we employed MD to pre-
dict the behaviour of the salt-bridge network in HET-sACHTUNGTRENNUNG(218–
289), which cannot be obtained easily by experiment. Simula-
tions at different temperatures indicated that the network is
highly dynamic and that it contributes to the thermostability
of the HET-s ACHTUNGTRENNUNG(218–289) amyloids.
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pling weff
D is given by (weff


D )2 = S2 w2
D. The order parameter S2 can


also be calculated from MD simulations and, therefore, the
simulations can provide an atomic-level understanding of the
large dynamical heterogeneity observed in the HET-sACHTUNGTRENNUNG(218–289)
fibrils ; while the core is very rigid, the loop of roughly a dozen
residues connecting the rigid b sheets b2b and b3a (see Fig-
ures 1 and 4 B) are highly flexible with an almost isotropic
motion on the NMR timescale.


A fascinating feature of HET-s ACHTUNGTRENNUNG(218–289) amyloids is the
abundant network of surface salt bridges. A full experimental
characterization is difficult, but our MD simulations at different
temperatures provide an atomic-resolution picture of the dy-
namic nature of the network and its role in fibril stability.


Results and Discussion


Figure 2 A shows a 15N,13Ca correlation spectrum of HET-s ACHTUNGTRENNUNG(218–
289) amyloid fibrils recorded on a 850 MHz spectrometer. The
experiment is based on dipole-mediated polarization transfer,
and therefore, only residues with high-order parameters[25, 26] S2


(on the NMR timescale of ms) give rise to signals. Typical ob-
served line widths were 0.9 ppm and 0.5 ppm for 15N and 13C,
respectively. Virtually all residues that are part of the triangular
core region (N226–L241 and N262–I277) of HET-s ACHTUNGTRENNUNG(218–289)
contribute to the spectrum. A detailed scheme of the side-
chain arrangement in the core region is given in Figure 1 C and
D for the two pseudo-repeats that form the two layers of the
b solenoid. The signal intensities for the resolved cross peaks
were extracted from the spectrum and are plotted in Fig-
ure 2 B. The most intense resonances were observed for resi-


dues E234 and K270, which are on top of each other in the
amyloid structure (Figure 1) and located at the ends of b-
strands b1b and b3b, respectively. For the numbering of the b-
strands see Figure 1 C and D. In general, high intensities were
observed for all residues that are located in b-strands with the
exception of the residues in b-strands b2b and b4b, which are
not part of the triangular core of the fibrils. These residues ex-
hibited smaller intensities especially at the ends that point
away from the hydrophobic core. No signals were observed for
residues in the N and C termini (except a rather broad cross
peak for W287) and the loop that connects the two layers;
this indicates that they are either dynamically or statically dis-
ordered.


Figure 3 shows results from a series of INEPT-based 13C-de-
tected 1H,13C HETCOR experiments. In this type of experiments
only relatively flexible residues with low-order parameters S2


values give rise to signals. The observed line widths for 1H and
13C were typically 0.15 ppm and 0.5 ppm, respectively. The 13C
line width was probably dominated by unresolved 13C–13C cou-
plings. Using a combination of 1H,13C, 1H, ACHTUNGTRENNUNG(13C),13C and
(1H),13C,13C correlation spectra, we could assign the observed
signals to specific amino acid types. We identified the follow-
ing spin systems: 1 � Ala, 1 � Glu,� 3 � His, 1 � Lys, 1 � Leu, 1 �
Met, 1 � Gln, 1 � Arg, 1 � Ser, 2 � Asp, 2 � Gly, 2 � Ile, 2 � Thr and
2 � Val. The corresponding chemical shift assignments are listed


Figure 1. A) Side view of a HET-s ACHTUNGTRENNUNG(218–289) fibril. All MD calculations were
performed on a HET-s ACHTUNGTRENNUNG(218–289) trimer. B) Top view. (C and D) Schematic rep-
resentation of the two windings in each HET-s ACHTUNGTRENNUNG(218–289) molecule: The first
winding [N226–V245, displayed in D)] of the b solenoid is located beneath
the second one [N262–Y281, displayed in C)] .


Figure 2. A) 15N,13Ca correlation spectrum of HET-s ACHTUNGTRENNUNG(218–289) amyloid fibrils.
The spectrum was recorded on a 850 MHz wide-bore spectrometer at a
probe temperature of �10 8C (corresponding sample temperature 5–10 8C)
and at 19 kHz magic-angle spinning. B) The cross-peak intensity in the
15N,13Ca correlation spectrum is plotted as a function of the residue number.
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in Table S1 in the Supporting Information. The assigned 13Ca


and 13Cb chemical shifts agree well with random-coil values
from the Biological Magnetic Resonance Data Bank. This shows
that the flexible parts are indeed unfolded. For His, one can
identify at least three overlapping signal sets, which most
probably represent the highly flexible C-terminal His-tag.


Notably, not all amino acid types that are present in the
HET-s ACHTUNGTRENNUNG(218–289) sequence were found in the INEPT-spectra;
Asn, Phe, Trp and Tyr were missing. Thus, the possibility that
the assigned resonances belong to residual monomers in the
sample can be excluded. The INEPT-based data is in full agree-
ment with previous HRMAS studies; this also excluded the pos-


sibility of monomers on the basis of pulsed-field gradient
methods.[12] We tentatively assigned the observed spin systems
to the N and C termini and the flexible loop that connects the
two pseudo repeats. The result is shown in Figure 3 D. The ob-
served amino acids correspond well with the sequence of the
N terminus and the loop. In contrast, the C terminus did not
give rise to cross peaks, as indicated by missing Phe, Trp and
Asn resonances. Only the C-terminal His-tag was visible. The
observed Glu resonance is difficult to explain. It possibly corre-
sponds to E280 in a small population of the sample in which
b-strand b4b is flexibly disordered. This would be in agreement
with the low intensity 15N,13Ca cross peak of E280 (see Fig-


Figure 3. A)–C) NMR spectra that were recorded utilizing an initial 1H,13C INEPT transfer step. Therefore, only mobile residues that have long enough trans-
verse dephasing times T2 give rise to cross peaks. A) Aliphatic region of a 1H,13C correlation spectrum. B) A 1H, ACHTUNGTRENNUNG(13C),13C spectrum (in grey) overlaid with the
1H,13C spectrum (in black). The aromatic region of the spectra is shown. C) C’-Ca correlations in a (1H),13C,13C spectrum. The homonuclear 13C polarization trans-
fer in B) and C) was achieved via P91


3 TOBSY (mixing time: 6 ms). D) Tentative assignment of the observed residues to segments (in grey) in the flexible loop
and the N and C termini.
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ACHTUNGTRENNUNGure 2). In line with this observation, the low-intensity second
Val set could be attributed to a population of V245.


While experimentally measured NMR parameters report on
ensemble properties, MD simulations are indicative of the
properties of individual molecules. Combining the techniques
can thus be useful in obtaining a more complete picture of
the biomolecular system of interest. Herein, we performed
atomistic MD simulations of HET-s ACHTUNGTRENNUNG(218–289) trimers in explicit
water at two different temperatures (T = 298 K and T = 323 K)
for 10 ns. Figure 4 A shows the atom-positional root-mean-


square deviations (RMSDs) from the energy-minimized and
equilibrated HET-sACHTUNGTRENNUNG(218–289) trimer conformation. The Ca atoms
of residues N226–V245 and N262–Y281 of the middle molecule
only (black line: 298 K; red line: 323 K) and of all three mole-
cules (green line: 298 K; blue line: 323 K), respectively, were
considered. In both cases and at both temperatures, the
RMSDs reached a plateau well below 0.2 nm within the first
4 ns and stayed stable until the end of the simulations. This
demonstrates that the simulated trimer is stable and does not
dissociate on the investigated timescale. An MD conformation-
al ensemble of the middle molecule at 298 K is depicted in
Figure 4 (20 structures, sampled every 0.5 ns, fitting to the Ca


atoms of residues N226–V245 and N262–Y281 of the middle
molecule). The backbone of the triangular hydrophobic core


exhibits a remarkable stability. Also the side chains that point
into the core appear rather rigid, whereas the side chains on
the outside are more mobile. Several NMR distance restraints
place the hydrophobic side chain of W287 in the corner
formed by b-strands b2a and b2b (and correspondingly b4a
and b4b). The MD conformational ensemble indicates that the
side chain of W287 stays in the same position (labelled in Fig-
ure 4 D with an asterisk) although the C terminus in generalACHTUNGTRENNUNGexhibits more disorder. Also, the loop (residues A247–T261)
and the N terminus appear disordered in the MD ensemble.


To assess the dynamics quantitatively we calculat-
ed atom-positional root-mean-squared fluctuations
(RMSFs) of the Ca atoms and NH order parameters S2


from the MD simulations at the two temperatures.
The results are shown in Figure 5. To remove the ef-
fects of overall tumbling, a fit to the Ca atoms of resi-
dues N226–V245 and N262–Y281 of the middle mole-
cule preceded the calculation of S2 (reference struc-
ture: after 5 ns of MD simulation). This is mandatory
if the data are to be compared with NMR data re-
corded on fibrils comprising virtually thousands of
stacked molecules. Only the second half of the trajec-
tories was considered in the analyses since it might
require several ns for the flexible loop to find anACHTUNGTRENNUNGenergetically favourable conformation. Order parame-
ters were determined from Equation (1)


S2 ¼ 1=2


�
3
X3


a¼1


X3


b¼1


hmambi2�1


�
ð1Þ


where ma (a= 1, 2, 3) are the x, y and z components
of the normalized interatomic vector in the fibril-
fixed axis system. This equation, derived in ref. [24]
has favourable properties for the numerical evalua-
tion of order parameters.[27, 28] The averages involved
10 000 frames sampled every 0.5 ps from 5 to 10 ns
of MD simulation.


For residues in the b-strand conformation, we
found very small RMSF values around 0.05 nm and
order parameters S2 of 0.8–0.9 (see Figure 5). In con-
trast, the loop connecting the two pseudorepeats
and the N and C termini are characterized by larger
RMSF values, above 0.1 nm, and smaller order param-


eters S2 below 0.6. The smallest NH order parameters for resi-
dues in the loop were found for residues G252 and G253 (both
0.23). At the higher temperature, slightly larger RMSFs and
slightly smaller order parameters were found for residues in
the b-strand conformation and the N terminus. In contrast,
smaller RMSFs and larger order parameters were observed for
the loop and the C terminus. Since flexible segments couldACHTUNGTRENNUNGexhibit mobility on timescales that are not accessible by the
10 ns simulation, the calculated RMSFs and order parameters
represent the lower and upper limits, respectively.


The calculated order parameters for W287 and F286, both in
the C-terminal tail, which appear in the CP spectra and not in
the INEPT spectra, were indeed higher and the RMSFs were
smaller (see Figure 5) than for the residues in the long loop, in


Figure 4. A) Atom-positional RMSD of MD trajectory structures from the energy-mini-
mized and equilibrated HET-s trimer conformation. Ca atoms of residues N226–V245 and
N262–Y281 of the middle molecule only (black line: 298 K; red line: 323 K) and of all
three molecules (green line: 298 K; blue line: 323 K), respectively, were considered. (B, C
and D) MD conformational ensemble of the middle molecule at 298 K (20 structures,
sampled every 0.5 ns, fitting to Ca atoms of residues N226–V245 and N262–Y281 of the
middle molecule). Residues I219–N289 are shown in B). In C), residues I219–S257 are
shown, which comprise the N terminus, the first winding and the first part of the loop.
Residues D258–N289 are shown in D) and include the second part of the loop, the
second winding and the C terminus. The side chain of W287 is labelled with an asterisk.
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agreement with the experimental findings. This behaviour is
also reflected in Figure 4 D, where this part seemed quite or-
dered. Note that the side chain of W287 is marked with anACHTUNGTRENNUNGasterisk.


Additionally, we calculated order parameters for isoleucine
side chains, which can be found in the N terminus, the loop
and the hydrophobic core. The results are shown in Table 1.
For the Cb-Cg1, S2 at T = 323 K, we determined values between
0.05 for the N-terminal I219 and 0.8–0.9 for I231 and I277,
which are found in the hydrophobic core. The corresponding


Figure 5. A) and B) Atom-positional RMSFs of Ca atoms of the middle molecule. Only the second halves of the trajectories (that is, 5–10 ns) are included in
the analysis. Before the RMSF calculation a fit to Ca atoms of residues N226–V245 and N262–Y281 of the middle molecule was performed. Blue bars refer to
residues that point into the hydrophobic core, residues in red point outwards. Residues in green are not part of the triangular core region but give rise to
cross peaks in experiments based on cross polarization and are therefore considered rigid. The remaining residues are shown in grey. C)–F) Order parameters
S2 for the middle molecule. To remove the effects of overall tumbling a fit to Ca atoms of residues N226–V245 and N262–Y281 of the middle molecule pre-
ceded the calculation of S2 (reference structure: at 5 ns MD run). Only the second halves of the trajectories were considered. C) and D) NH order parameters.
E) and F) Cb-Cg(2) order parameters. A), C) and E) T = 298 K; B), D) and F) T = 323 K.


Table 1. Isoleucine side chain order parameters S2 at T = 298/323 K.


Residue Ca�Cb Cb�Cg1 Cg1�Cd


I219 0.58/0.17 0.16/0.05 0.24/0.03
I222 0.80/0.27 0.44/0.39 0.31/0.16
I231 0.95/0.94 0.84/0.83 0.32/0.11
I254 0.40/0.73 0.11/0.24 0.10/0.26
I256 0.86/0.43 0.47/0.12 0.48/0.10
I277 0.97/0.96 0.94/0.92 0.78/0.51
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values for the loop residues I254 and I256 are 0.24
and 0.12, respectively. This fits well with the experi-
mental observations. In general, the agreement is
better at the higher temperature, possibly due to
better sampling of the conformational space. On the
other hand, the calculated Cg1-Cd order parameters
seemed to be slightly too small since at least in the
case of I231 and I277, Cg1-Cd cross peaks could be ob-
served in dipolar-mediated correlation experiments
(see for example, the spectrum shown in Figure 2 of
ref. [4]). We also calculated S2 for Cb-Cg for all residues
but Ala, Gly and Ser. The results are shown in Fig-
ure 5 E and F. In general, side chains that point into
the hydrophobic core (depicted in blue) are charac-
terized by large S2 values around 0.8.


Next, we analysed the salt-bridge network in HET-
sACHTUNGTRENNUNG(218–289). According to the NMR structure, the core
of HET-s ACHTUNGTRENNUNG(218–289) amyloids contains six positively
and six negatively charged side chains that are all
solvent exposed (Figure 1 C and D). There are three
short-distance pairs of counter charges that could
potentially form salt bridges: K229–E265, E234–K270
and R236–E272. Several distance restraints that were
derived from NMR experiments[8] support the exis-
tence of these salt bridges. Because the stacking is
parallel, the charge compensation could be both
intra- and intermolecular in nature. Figure 6 shows
an overview of the observed salt bridges in the core
region of HET-s ACHTUNGTRENNUNG(218–289). The network appeared very
dynamic on the ps–ns timescale. Intra- as well asACHTUNGTRENNUNGintermolecular K229–E265 salt bridges, for example,
were occupied during 34 % and 24 %, respectively, of
the simulation at T = 298 K (36 % and 25 %, respec-
tively, at 323 K; see also Figure 6 C). The dynamic
nature of the salt-bridge network is not surprising
considering the relevant enthalpic and entropic con-
tributions to the free energy of protein folding. The
Coulomb interaction is not sensitive to dynamics as
long as distances remain approximately the same (r�1


distance dependence), while a dynamic salt-bridge
network is entropically favoured with respect to a
static one. Indeed, the average salt bridge occupancy
slightly increases with temperature (26 vs. 24 %). This
view is corroborated by an analysis of the nonbond-
ed interaction energies between the molecules in the
trimer and water. The intermolecular Coulomb inter-
action for the middle molecule of the trimer becomes
more negative with a temperature increase from 298
to 323 K [from �2209ACHTUNGTRENNUNG(202) to �2484ACHTUNGTRENNUNG(223) kJ mol�1] ,
and the corresponding interaction with water be-
comes weaker [from �8387ACHTUNGTRENNUNG(438) to �8278-ACHTUNGTRENNUNG(447) kJ mol�1]. The values in parentheses refer to the
RMSFs.


Figure 6. Analysis of the dynamic salt-bridge network at A) T = 298 K and B) T = 323 K.
Distances between Lys Nz and Arg Cz atoms on the one hand and Asp Cg and Glu Cd


atoms on the other hand were considered. The cutoff for salt-bridge interactions involv-
ing Arg and Lys was set to 0.6 and 0.5 nm, respectively. The residue that is listed first in
the Figure legend is from the middle molecule. The partner can be either from the mid-ACHTUNGTRENNUNGdle molecule as well (i.e. , intramolecular) or from the first or third molecule (i.e. , intermo-
lecular). The average occupancy of the salt bridges is included in the legend. Vertical
bars in the plot indicate the presence of the salt bridge at the given time point. C) Car-
toon representation of the simulated HET-s ACHTUNGTRENNUNG(218–289) trimer. Residues E265 and K229 are
shown in a stick representation.
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Conclusions


The HET-s ACHTUNGTRENNUNG(218–289) prion in its amyloid conformation repre-
sents the only amyloid for which a high-resolution structure is
available. Herein, we discuss new solid-state NMR data that
report on order and disorder and explain them in terms of
both the molecular structure and MD simulations of short fibril
fragments in explicit water. The observed intensity variations in
the two-dimensional 15N,13Ca correlation spectrum correlate
well with the NMR structure. An additional set of signals in ex-
periments based on INEPT transfer could be attributed to the
N terminus and the loop that connects the two pseudo repeats
of HET-s ACHTUNGTRENNUNG(218–289). Narrow lines were observed in both types
of experiments, albeit for different reasons. In the 15N,13Ca spec-
trum, only parts of the protein that are both well-ordered and
inflexible gave rise to sharp cross peaks. In the INEPT-based ex-
periment, the dynamics of the observed flexible parts resulted
in an averaging of isotropic chemical shifts, and broadening
mechanisms, such as residual heteronuclear dipolar couplings,
were diminished.


The simulated HET-s ACHTUNGTRENNUNG(218–289) trimer is stable on a 10 ns
timescale. Since the simulated system is small in comparison
to real HET-s ACHTUNGTRENNUNG(218–289) amyloids, which comprise virtually thou-
sands of stacked molecules, this indicates that the observed
fold is indeed remarkably stable. The MD ensemble of Fig-
ure 4 B is, despite the different timescales involved, strikingly
similar to the NMR bundle of the 20 lowest-energy structures
(Figure 2 C of ref. [8]) and features a well-defined core region.
The observed dynamics, as reflected in RMSFs and NH order
parameters, correlate well with the NMR data; a flexible loop
and the N terminus exhibit dynamics on the picosecond–nano-
second timescale, whereas the hydrophobic core of HET-s ACHTUNGTRENNUNG(218–
289) is rigid. Since scaling of dipolar couplings also takes place
on a slower timescale (up to ms–ms), motion that is not ade-
quately sampled in a 10 ns simulation will lead to a deviation
between NMR data and results from MD simulations.[27] Espe-
cially disordered protein segments might require significantly
longer to sample their conformational space. In contrast, the
simulation timescale provides very well for the study of dy-
namics in the b-strand parts. In general, the calculated order
parameters represent upper limits. A future direction of our
work could be a direct comparison between NMR and MD
order parameters. For this purpose, we would perform MD
simulations on a longer timescale. Solid-state NMR order pa-
rameters would be measured similarly to the work by the
groups of McDermott and Huster.[25, 30]


Of particular interest in this work was the nature of the salt-
bridge network in HET-s ACHTUNGTRENNUNG(218–289). The MD simulation showed
that the network was highly dynamic on a ps–ns timescale. A
comparison of the results obtained at T = 298 and 323 K indi-
cated that HET-sACHTUNGTRENNUNG(218–289) does not unfold over this range.ACHTUNGTRENNUNGInstead, electrostatic interactions are even slightly increased, a
behaviour that is reminiscent of thermophile proteins.[31] A
comparison of high-resolution structures of homologous pro-
teins in mesophilic and thermophilic organisms has revealed
several potentially stabilizing factors, such as rigidity, improved
packing of side chains in the hydrophobic core, increased hy-


drogen bonding and, most strikingly, an increased number of
salt-bridge networks.[29, 32] Interestingly, these factors can also
be found in HET-s amyloids, although the fungus Podospora
anserina is not a thermophile organism.


Experimental Section


NMR spectroscopy: Uniformly [13C, 15N] labelled HET-s ACHTUNGTRENNUNG(218–289) was
recombinantly expressed in E. coli, purified and fibrillized at pH 7.5
as previously described.[33] Subsequently, the fibrils were washed
4–5 times in deionized water and centrifuged into magic-angle-
spinning (MAS) rotors. To ensure a constant hydration level, the
MAS rotor tips were glued to the rotors, and proper sealing was
controlled by weighing the rotors before and after NMR measure-
ments. The NMR samples contained approximately 70 weight per-
cent water.


Two-dimensional NMR experiments were conducted on 14.1 and
20 T (corresponding 1H resonance frequencies of 600 MHz and
850 MHz, respectively) wide-bore instruments (Bruker Biospin, Ger-
many) equipped with 4 mm (600 MHz) and 3.2 mm (850 MHz)
triple resonance probes. The MAS frequency was set to 10 kHz
(600 MHz) and 19 kHz (850 MHz), respectively.


A 15N,13Ca experiment[34] (total acquisition time: 18 h) was carried
out at a sample temperature of 5–10 8C on the 20 T instrument.
Proton-decoupling using the sequence SPINAL64[35] with an radio
frequency amplitude of 100 kHz was applied during evolution and
detection periods. Contact times were set to tHN = 1 ms and tNC =


3 ms for H!N and N!C transfer. Radio frequency fields of
~50 kHz on 15N and ~70 kHz on 1H with a linear ramp on 1H were
employed for the 1H,15N cross polarization. For the second step,
radio frequency fields of ~50 kHz on 15N and ~30 kHz on 13C with
a linear ramp on 13C were used. Maximum t1 and t2 times were
19.2 ms (768 points) and 22.2 ms (3072 points), respectively.


INEPT-based experiments[36, 37] were performed similarly as de-
scribed by Andronesi et al.[23] 1H,13C, 1H, ACHTUNGTRENNUNG(13C),13C and (1H),13C,13C
spectra were recorded at a sample temperature of 35–40 8C on the
600 MHz spectrometer. During 13C evolution and detection periods,
SPINAL64 decoupling with an radio frequency amplitude of 55 kHz
was applied. In the middle of 1H evolution periods, a 13C �1808
pulse was used to refocus the 1H,13C J interaction. For the hetero-
nuclear polarization transfer, a refocused INEPT block with delays
of 1=4J, 1=4J, 1=6J, 1=6J with J = 200 Hz was employed. A 1H,13C spec-
trum was recorded in 27 h with maximum t1 and t2 times of
14.9 ms (372 points) and 20.5 ms (2048 points), respectively. For
the homonuclear 13C,13C transfer in the 1H, ACHTUNGTRENNUNG(13C),13C experiment
(total acquisition time: 3 h; 128 and 2048 points in t1 and t2, re-
spectively) and the (1H),13C,13C experiment (total acquisition time:
15 h; 824 and 2048 points in t1 and t2, respectively), a P91


3 TOBSY[38]


sequence with a mixing time of 6 ms (corresponding to 20 full
cycles) was applied.


All spectra were processed by using QSINE window functions in F1
and F2 and analysed by using SPARKY version 3.110 (T. D. Goddard
and D. G. Kneller, University of California–San Francisco). The 13C
chemical shift scale was calibrated using adamantane as an exter-
nal reference (upfield 13C resonance: 31.47 ppm), which is consis-
tent with DSS (internal). 1H shifts were indirectly calibrated using a
13C to 1H ratio of X= 0.251449530.[39]


Molecular dynamics simulations : Steepest-descent energy mini-
mizations and MD simulations at constant temperature and pres-
sure were carried out using the GROMOS05 biomolecular simula-
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tion package[40] with the GROMOS force-field parameter set
45A3.[22]


An initial configuration of the HET-sACHTUNGTRENNUNG(218–289) trimer was adapted
from the solid-state NMR structure (PDB ID: 2RNM). The primaryACHTUNGTRENNUNGsequence used in the simulations was “NH3


+-IDAIVGRNSAKDIRT-ACHTUNGTRENNUNGEERARVQLGNVVTAAALHGGIRISDQTTNSVETVVGKGESRVLIGNEYGGACHTUNGTRENNUNGK-ACHTUNGTRENNUNGGFWDN-COO�”. Note that the six amino acid C-terminal His-tag
and the first two residues of the expressed HET-s ACHTUNGTRENNUNG(218–289) con-
struct (M217 and K218) were not considered; that is, the first simu-
lated residue was I219. Since the NMR experiments were per-
formed at neutral pH in a salt-free medium, all K, R, D and E resi-
dues were simulated in their charged state. H251 was assumed to
be uncharged and protonated at Nd1. This system is electrically
neutral, and no further ions had to be considered. In a first round
of energy minimization in vacuum, all side chains were allowed to
move freely while the backbone atoms were position-restrained
with a force constant of 2.5 � 104 kJ mol�1 nm�2. The minimization
terminated when the energy change per step became
<0.1 kJ mol�1. Next, the HET-s ACHTUNGTRENNUNG(218–289) trimer was solvated in
20 559 pre-equilibrated water molecules, modelled according to
SPC[41] water. The minimum distance from any atom of the peptide
to the walls of the cubic box exceeded 1.6 nm. In a second round
of energy minimization, the solute atoms were restrained and the
solvent could relax. Finally, an energy minimization without any re-
straints was performed to remove residual strain.


Initial velocities for the MD simulations were taken from a Max-
well–Boltzmann distribution at 100 K. The temperature was then
stepwise (five steps of 50 ps) increased to 298 K (simulation 1) and
323 K (simulation 2). Simultaneously, the restraints on the back-
bone atom positions were gradually loosened (the force constant
during the first step: 2.5 � 104 kJ mol�1 nm�2). In the last 50 ps, the
pressure was kept constant at 1 atm. Solvent and solute were
weakly coupled to separate temperature baths[42] with a relaxation
time of 0.1 ps. Similarly, the pressure was coupled to a pressure
bath[42] with a relaxation time of 0.5 ps and an isothermal compres-
sibility of 0.4575 � 10�3 (kJ mol�1 nm�3)�1. The SHAKE algorithm[43]


was applied to constrain all bond lengths with a relative geometric
tolerance of 10�4, and a leap-frog integration time step of 2 fs was
used. Nonbonded interactions were truncated at a distance of
1.4 nm and recalculated every time step in the range 0.0–0.8 nm
and every five time steps in the range 0.8–1.4 nm using a twin-
range cutoff scheme. Outside of 1.4 nm, a reaction field (relativeACHTUNGTRENNUNGdielectric permittivity: 61) approximated the electrostatic interac-
tions.[44]


MD simulations were performed for 10 ns at both temperatures,
and molecular configurations were extracted every 0.5 ps for fur-
ther analysis.
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Introduction


The small cabbage white butterfly, Pieris rapae, and the large
cabbage white butterfly, Pieris brassicae (Lepidoptera: Pieridae),
are common in many parts of the northern hemisphere. Their
larval stages feed on plants of the cabbage family (Brassica-
ceae) and can cause considerable economic damage to Brassi-
ca crops. Despite their wide geographic distribution and agri-
cultural importance, their intraspecific chemical communica-
tion system has received little attention. One reason might be
the assumption that these brightly colored butterflies rely on
visual cues for communication and defense. Nevertheless, the
ground-breaking work of Brower and others on Danaus gilip-
pus has demonstrated that male butterflies use pheromones
during courtship behavior[1–4] or to attract females.[5]


Recently we became interested in the cuticular chemistry of
Pierids, because polymorphism between the hydrocarbon pro-
files in the epicuticular wax layer of the antennae and other
body parts of P. rapae can be observed; this seems to be of
functional relevance.[6] Furthermore, it is well known that male
Pierids possess androconial organs—modified scales contain-
ing odor-producing glandular structures—on their hind- and
forewings.[7–11] It has been shown repeatedly that the chemical
cues emanating from the wings are used as pheromones in
the Pieridae. Rutowski showed that epicuticular components
of Eurema lisa and Colias philodice males elicited the accept-
ance behavior of females.[12, 13]


Male specific wing compounds involved in maintaining re-
productive isolation between Colias eurytheme and C. philodice
were identified.[14] Hexyl myristate, palmitate, and stearate
were present exclusively in C. philodice, while 13-methylhepta-
cosane was specific for C. eurytheme, and all four compounds
were electrophysiologically active in the respective species. In
addition, several unbranched alkanes, which are typical cuticu-
lar components, were present on the wings of both species.
Behavioral experiments indicate that the esters act as species-
recognition signals. Recently it was shown that UV reflectance
of males of C. eurytheme seem more important for mating suc-
cess than the pheromones.[15] Sappington showed individual
variability of 13-methylheptacosane, heptacosane and nonaco-
sane in C. eurytheme.[16, 17]


The small and large cabbage butterflies, Pieris rapae and
P. brassicae, are found worldwide and are of considerable eco-
nomic importance. The composition of the male scent-produc-
ing organs present on the wings was investigated. More than
120 components were identified, but only a small portion
proved to be male specific. Major components were the
known beetle pheromone ferrulactone (1) in P. rapae and its
previously unknown larger analogue, brassicalactone (2), in
P. brassicae. The latter carries an additional isoprene unit and is
closely related to 1. Other components present in larger
amounts on male relative to female wings were hexahydrofar-
nesylacetone (18) and phytol (23). Brassicalactone (2) was fully
characterized by synthesis of its various diastereomers by
using ring-closing metathesis. A similar approach to ferrulac-
tone (1) failed, presumably because of its smaller ring size. In-


stead, this compound was synthesized by using a modified lit-
erature procedure. The biological activity of the compounds in
the extract was tested by coupled gas chromatographic-elec-
troantennographic (GC-EAD) analysis, which showed that both
macrolides and the other major components of the wings can
be detected by the antennae of the conspecific female butter-
flies. Other detectable compounds included several alkanes,
which are typical constituents of the butterfly cuticula, deriva-
tives of phytol (23) and long-chain secondary alcohols. Finally,
bioassays with males showed that the mixture of 1 (P. rapae)
or 2 (P. brassicae) together with 18 and 23 applied to freshly
eclosed males increased mating success compared to untreat-
ed males. Therefore, the two macrolides 1 and 2 are aphrodisi-
ac pheromone components of male small and large cabbage
white butterflies, respectively.
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Males of the green-veined butterfly, Pieris napi, contain gera-
nial and neral in their wing androconia.[8, 11] These compounds
act as the courtship sex pheromones of the males. Lack of this
cue prevents successful courtship by the males.[11] In P. melete
it has been shown that the male wing scent has sex pheromo-
nal activity and is needed for successful mating.[18] It induces
the transition from the initial refusal posture of females toACHTUNGTRENNUNGacceptance of courting males. This behavior can also be ob-
served in P. rapae, which refuses courting P. melete, probably
because of the lacking or wrong male pheromone.[19]


During the analysis of the cuticular hydrocarbons of P. rapae
and P. brassicae several heterosubstituted alkanes were found
to be present on the exocuticle. Therefore, we became inter-
ested in their structure. Male-specific compounds on the wings
of P. rapae and P. brassicae had been reported earlier by Berg-
strçm and Lundgren without information on their structure.[8]


Indole (26) and three unknown compounds were reported as
male specific wing components of Pieris rapae crucivora.[20]


A different type of chemical communication was recently
discovered in Pieris. Males transfer volatile compounds—so-
called antiaphrodisiacs—onto the females during copulation;
these render them unattractive for other males. Methyl salicy-
late was identified as an antiaphrodisiac of P. napi,[21, 22] while
the related P. rapae uses both methyl salicylate and indole (26).
In P. brassicae benzyl cyanide (29) serves this function.[23] An-
other antiaphrodisiac, (E)-ocimene, was found in the helico-
niine butterfly, Heliconius melpomene.[24]


The identification, synthesis, and biological activity of the
major male-specific compounds from wings of P. rapae and
P. brassicae are reported in this article. In addition, an overview
of the wing chemistry and compounds eliciting electroanten-
nographic responses in the two species is reported.


Results


Wings of both sexes of P. rapae and P. brassicae were extracted
with pentane for 10 min. These extracts were then analyzed by
GC-MS, which revealed the presence of a male specific trace
component (Figure 1 A, inset) in P. rapae. The mass spectrum
proved to be identical to that of ferrulactone I (cucujolide I, 1),
a pheromone of the Rusty Grain beetle, Cryptolestes ferrugineus
(Figure 2 A).[25] In the extract of P. brassicae an unknown com-
pound (A) was found, which exhibited a mass spectrum with a
molecular ion at m/z 262 (Figure 2 B).


These compounds were anticipated to originate from the
scent scales located over the entire wing area of the males.[10]


Therefore, the wings were extracted again with the more polar
dichloromethane, which is able to penetrate deeper into the
tissue than pentane. Thus, extracts containing higher concen-
trations of both 1 and A were obtained. Additionally, several
other oxygenated compounds were enriched. Extracts pre-
pared similarly from female wings showed that both 1 and A,
as well as some other components, were male specific
(Figure 3). The concentration of these compounds reached a
maximum about ten days after emergence of the adults.


The mass spectral analysis of 1 and A showed similarities in
their fragmentation patterns (Figure 2). The base peak at m/z


68, as well as the characteristic ions at m/z 99 and 127, oc-
curred in both spectra. Although the structures of these ions
are not known, a general similarity of the compounds was ob-
served. The difference of 68 amu between the molecular ions


Figure 1. Gas chromatograms of short time pentane extracts of wings of
freshly emerged: A) P. rapae, and B) P. brassicae males. The inserts show the
low concentration of ferrulactone I (1) and brassicalactone (A).


Figure 2. Mass spectra of: A) ferrulactone (1), and B) unknown compound A,
which was later identified to be brassicalactone (2). Characteristic ions point-
ing to a structural similarity to 1 are underlined.
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at m/z 194 and 262 can be explained by an additional methyl-
butenediyl unit, formally a terpene building block. Compound
A could not be silylated with N-methyl-N-(trimethylsilyl)trifluor-
oacetamide (MSTFA); upon saponification with trimethylsulfo-
nium hydroxide a hydroxylated methyl ester was formed,
which points to a lactone structure of the parent compound.
Therefore, it was postulated that A is an analogue of 1 with an
additional terpene unit within the ring as in 2 (Figure 4).
Hence, it was necessary to synthesize this compound to verify
its structure and to determine its configuration.


The strategy relied on a ring-closing metathesis (RCM) as the
key step in the synthesis of 2 (Scheme 1). (E,E)-Farnesyl acetate


(3) was selectively dihydroxylat-
ed at the terminal double bond,
followed by oxidative cleavage
of the vicinal diol with NaIO4 to
afford the aldehyde 4. Metheny-
lation by a Wittig reaction fur-
nished the terminal alkene 5,
which was reduced with LiAlH4


to the alcohol 6. The keto group
of ethyl levulinate (7) was trans-
formed into a terminal alkene
through Wittig methodology,
and transesterification with 6
and Bu2SnO as catalyst yielded
the RCM precursor 9.[26] Finally,
cyclization of the ester was suc-
cessfully achieved in 50 % yield
by using a Grubbs catalyst of
the second generation.[27] The
15-membered macrolide 2 was
formed in a 3:1 mixture of the
(4E,8E,12E)/(4Z,8E,12E) diastereo-
mers.


In a second synthesis E/Z iso-
mers of the C-8=C-9 double
bond were synthesized
(Scheme 2). Geranyl acetate (10)
was dihydroxylated with
OsO4,[28, 29] followed by cleavage
with NaIO4 to yield aldehyde 11.
Again, a Wittig reaction intro-
duced the terminal double bond
to furnish the starting alcohol
12.


(E)-Geranyl acetone (13) was
then transformed into (E)-4,8-di-
methyl-4,8-nonadienal (14) by
the method described by Zoretic
et al.[30] This aldehyde was direct-
ly converted into the methyl
ester 15 with PDC and methanol
in DMF.[31] The following transes-
terification with Bu2SnO gave
the precursor 16 for the final
RCM by using the second gener-
ation Grubbs catalyst. In this syn-


thesis a 42 % yield of a 5:1 mixture of the (4E,8E,12E)- and
(4E,8Z,12E)-diastereomers of 2 were obtained.


Figure 3. Gas chromatograms of one week old male (upper) and female (lower): A) P. rapae and B) P. brassicae
CH2Cl2 extracts. The red regions indicate male-specific components or compounds occurring in higher concentra-
tion in males; numbers refer to entries in Table 1. An x marks any artefacts.


Figure 4. Structures of ferrulactone (1) and brassicalactone (2).
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The major compound formed in both RCM reac-
tions was the all-E macrolide, which showed identical
mass spectra and gas chromatographic retention
times to that of the natural product, A. Therefore,
this compound is (4E,8E,12E)-4,8,12-trimethyl-4,8,12-
tetradecatrien-14-olide (E,E,E-2), a previously not de-
scribed natural product for which we propose the
name brassicalactone.


Ferrulactone (1) was also synthesized to confirm
the configuration of the double bonds in the natural
product. Several attempts with RCM in a similar
manner to that just described, failed, presumably be-
cause of the considerable strain of the 11-membered
ring. Therefore, the original synthesis by Oehlschlager
et al. ,[32] starting from geranyl acetate (10), was used;
this led to 17 in 21.4 % overall yield as reported. In
contrast, the synthesis of Cheskis et al. , which we
also carried out, gave 17 in 9.2 % overall yield, only,
albeit 81 % were reported.[33] In the final cyclization
step the method of Shiina et al.[34] proved to be supe-
rior to the Corey–Nicolaou process, and 1 was ob-
tained in 25 % yield (Scheme 3). The synthesis materi-
al was identical to the natural compound, and this
confirmed the presence of ferrulactone with E,E con-
figuration in male P. rapae.


Besides the macrolides, several alkanes, alkenes,
primary and secondary alcohols, ketones, aldehydes
as well as terpenoids related to (E)-phytol (23) oc-
curred on the wings of both species. These com-
pounds were identified by comparison of mass spec-
tra and retention indices with those of reference
compounds. A list of the identified components is
given in Table 1. Long-chain secondary alcohols (30)
and the respective ketones were identified as report-
ed earlier.[35] In addition, internal alkane-1,2-diols (31)


Scheme 1. a) OsO4/NMO, acetone/H2O, 50 8C; b) NaIO4, 1,4-dioxane/H2O, 0 8C to 5 8C; c) MePPh3Br, BuLi, dimethoxyethane, �78 8C to room temperature;
d) LiAlH4, diethyl ether, reflux; e) Bu2SnO, 80 8C; f) Grubbs 2, CH2Cl2, reflux.


Scheme 2. a) OsO4/NMO, acetone/H2O, 50 8C; b) NaIO4, 1,4-dioxane/H2O, 0 8C to 5 8C;
c) MePPh3Br, nBuLi, dimethoxyethane, �78 8C to room temperature; d) LiAlH4, diethyl
ether, reflux; e) PDC, MeOH, DMF, room temperature; f) Bu2SNO, 80 8C; g) Grubbs 2,
CH2Cl2, reflux; h) PDC, DMF/CH3OH, room temperature; i) Bu2SnO, A, 80 8C; j) Grubbs 2,
CH2Cl2, reflux.
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Table 1. Compounds identified on the forewings of P. rapae and P. brassicae, and results of GC-EAD experiments. E: number of positive electroantenno-
graphic responses of male (Em) or female (Ef) antennae to male extracts in different GC-EAD experiments (15–20 per group); f : female; m: male; RI : gas
chromatographic retention index; M: molecular ion of unknown compounds; B: base peak of unknown compounds. Relative peak area to largest peak in
extract : xxx: >20 %; xx: 5–20 %; x: 0.5–5 %; tr : <0.5 %.


Compound RI P. rapae P. brassicae
f m Ef Em f m Ef Em


1 benzylcyanide (29) 1182 tr 5 3
2 decanal 1217 tr tr
3 1H-indole (26) 1343 tr
4 ferrulactone (1) 1492 xxx 4 3 tr
5 b-ionone 1492 tr tr
6 pentadecane 1500 tr tr 3 6
7 suspensolide (22) 1504 tr
8 dihydroactinidiolide (24) 1560 tr tr
9 hexadecane 1600 x x


10 B81, M194 1625 tr
11 tetradecanal 1629 x 4 4
12 isopropyl dodecanoate 1631 tr tr tr
13 heptadecane 1700 tr tr tr tr
14 B56 1726 tr tr tr tr
15 pentadecanal 1729 tr tr tr tr
16 octadecane 1800 tr x tr x
17 B43, M192 1812 tr x
18 isopropyl tetradecanoate 1831 tr x
19 neophytadiene isomer 1837 tr x
20 hexahydrofarnesylacetone (18) 1851 xx xxx 7 6 xx xxx 7 7
21 6,10,14-trimethylpentadecan-2-ol (21) 1857 x 6 6
22 neophytadiene isomer 1862 tr x
23 hexadecanol 1898 tr 6 5
24 nonadecane 1900 tr x tr tr
25 heptadecane-2-one 1920 tr tr
26 3-methyl-2-(3,7,11-trimethyldodecyl)furan 1920 tr x
27 isophytol 1952 x x
28 brassicalactone (2) 1981 tr xx 3
29 B81, M262 1986 tr
30 icosane 2000 tr tr
31 B84 2003 tr tr
32 isopropyl hexadecanoate 2030 tr x x tr
33 octadecanal 2036 tr tr
34 B43 2069 x
35 3-(4,8,12-trimethyltridecyl)-4-butanolide (25)[a] 2089 tr x tr x
36 octadecanol 2095 tr tr 3 5
37 henicosene 2095 x x x x
38 henicosane 2100 x x 3 3 xx x
39 2-(4,8,12-trimethyltridecyl)-4-butanolide (27)[a] 2108 tr tr x x
40 phytol (23) 2120 x 3 xx xxx 5 3
41 nonadecanal 2134 tr x
42 phytal 2150 x xx xx 3
43 docosene 2195 tr x x
44 phytyl acetate 2214 tr x x
45 icosanal 2235 x x x x
46 octadecanol 2296 tr 4 2
47 tricosene 2296 x tr x tr
48 tricosane 2300 xx x 5 5 xx x 5 6
49 9- and 11-methyltricosane 2336 x x
50 7-methyltricosane 2340 x x 4 2
51 henicosanal 2342 tr tr
52 isopropyl octadecanoate 2352 tr
53 B111, M308 2358 x x x x 6
54 4,8,12,16-tetramethylheptadecan-4-olide (20) 2366 xx x 2 xx x
55 octadecane-5-olide (28) 2380 tr
56 hexyl hexadecanoate 2387 tr
57 tetracosane 2400 tr tr 2 x x
58 docosanal 2445 x tr x tr
59 B43 2468 tr tr
60 pentacosene 2497 x x
61 pentacosane 2500 xx x 5 6 xx x 3 6
62 octyl hexadecanoate 2505 tr
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Table 1. (Continued)


Compound RI P. rapae P. brassicae
f m Ef Em f m Ef Em


63 9- and 11-methylpentacosane 2532 x tr x tr
64 7-methylpentacosane 2539 x tr x tr
65 7,11-dimethylpentacosane 2564 x x x tr
66 5,11-dimethylpentacosane 2576 tr
67 hexyl octadecanoate 2589 x
68 hexacosane 2600 x x x tr
69 tetracosanal 2647 tr tr
70 B69 2664 tr tr x tr
71 heptacosane 2700 xxx xxx 6 6 xx xx 3
72 geranylgeraniol 2774 x x
73 octacosane 2800 x x x x 2
74 squalene 2818 x tr x tr
75 B110 2820 tr x 3 x tr
76 B110 2846 tr x x tr
77 nonacosane 2900 xxx xxx 4 4 xxx xxx
78 5-, 6-, 7-, 8-, 9-, 10-, and 11-heptacosanol (30) 2918 xx xxx[c] 4 4 tr x 2
79 7,8-, 8,9-, 9,10-, and 10,11-heptacosanediol (31)[b] 2933 tr x[d] x tr
80 6,8-, 7,9-, 8,10-, and 9,11-heptacosanediol[b] 2938 tr x tr
81 5,8-, 6,9-, and 7,10-heptacosanediol[b] 2944 tr tr tr
82 triacontane 3000 x x 3
83 B352 3017 x tr
84 6-, 7-, 8-, 9-, 10-, and 11-octacosanol (30) 3034 tr tr 3
85 octacosanal 3048 x x x x
86 B94, M394 3075 x
87 15-nonacosanone 3088 x x
88 6-, 7-, 8-, 9-, and 10-nonacosanone 3095 x x
89 hentriacontane 3100 xx x xx xx
90 5-, 6-, 7-, 8-, 9-, 10-, and 11-nonacosanol (30) 3119 xx xxx x xx[c]


91 2-nonacosanone 3131 tr tr
92 7,8-, 8,9-, 9,10-, 10,11-, and 11-12-nonacosanediol (31)[b] 3136 tr x x x
93 7,9-, 8,10-, and 9,11-nonacosanediol[b] 3142 tr x
94 13,17-dimethylhentriacontane 3158 x x
95 a-tocopherol 3175 x xxx x x
96 cholesterol 3175 xxx xxx xxx xxx
97 b-cholesta-5,24-dien-3-ol 3201 x x xx xx
98 8-, 9-, 10-, and 11-triacontanol (30) 3228 x tr
99 hydrocarbon 3251 x x


100 B95 3258 x
101 tricosanal 3261 x x x x
102 b-ergost-5-en-3-ol 3269 x xx xx xx
103 B95 3295 tr
104 10- and 11-hentriacontanone 3297 x tr
105 cholest-4-en-3-one 3300 x tr
106 tritriacontane 3300 x x x x
107 9-, 10-, 11-, and 12-hentriacontanol (30) 3328 x xx tr tr[e]


108 11-, 13-, and 15-methyltritriacontane 3330 xx xx
109 2-hentriacontanone 3333 tr tr tr tr
110 9,10-, 10,11-, and 11,12-hentriacosanediol (31)[b] 3345 tr tr
111 15,19-dimethyltritriacontane 3357 xx xx
112 13,19- and 15,21-dimethyltritriacontane 3360 x x
113 b-stigmast-5-en-3-ol 3363 x xx x x
114 11,21-dimethyltritriacontane 3368 x x
115 tetratriacontane 3400 x x
116 10-, 11-, and 12-dotriacontanol (30) 3428 tr tr
117 hydrocarbon 3430 x x
118 B218, M424 3455 x x
119 dotriacontanal 3465 tr tr tr
120 B217, M426 3511 tr
121 10-, 11-, 12-, and 13-tritriacontanol (30) 3530 tr x tr tr[f]


122 11-, 13-, and 15-methylpentatriacontane 3530 xx xx
123 15,19-dimethylpentatriacontane 3557 xx xx
124 11,21-dimethylpentatriacontane 3568 x x


[a] Tentatively identified based on published mass spectra.[47] [b] Present as cyclic dimethylsilyl derivative in the extract. [c] Additionally, a 12-alkanol oc-
curred. [d] Additionally, 6,7-heptacosanediol occurred. [e] Additionally, 8-hentriacontanol occurred. [f] Additionally, 9-tritriacontanol occurred.
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were identified, accompanied by small amounts of the respec-
tive 1,3- and 1,4-diols. These compounds were detected as
their cyclic dimethylsilyl derivatives, which were formed by
treatment of the diols with the methylsilicone GC phase. We
have observed this surprising behavior of diols earlier,[36] which
shows that the presumably inert apolar silicones used in GC
can react with the analyte under certain conditions (for the
mass spectra see the Supporting Information). Due to their
poor gas chromatographic behavior, the free diols were not
observed, but trimethylsilylation with MSTFA prior to analysis
proved their presence. In such ACHTUNGTRENNUNGderivatized extracts the respec-
tive bis(trimethylsiloxy) compounds were detected.


Several of these compounds proved to be male specific ; this
suggested their occurrence in the scent glands. Male P. rapae
contained large amounts of 1 as well as hexahydrofarnesylace-
tone (18), which occurred in females too, but in a markedly
lower amount. Several trace components were present in
males only as indole (26), 6,10,14-trimethylpentadecan-2-ol
(21), 5-octadecanolide (28), tetradecanal, hexadecanol, octade-
canol, (E)-phytol (23), its acetate, and the respective aldehyde.
Furthermore, the secondary alcohols occurred in higher
amounts on male wings compared to those of the female.


Major components on the wings of male P. brassicae besides
2, were 18 and (E)-phytol (23). The latter two components
were present on female wings too, but in markedly lower
amounts. In addition, minor male-specific components were
benzyl cyanide (29), 1, and its isomer suspensolide (22), and
some trace compounds of unknown identity.


We then tested the biological activity of the whole bouquet
of both species using electroantennography coupled to gas
chromatography (GC-EAD). Antennae of both male and female
P. rapae and P. brassicae were used as detectors of a gas chro-
matograph, and the current elicited by the eluting compounds
in the antennae was recorded. Special care was taken to
record responses even from compounds with very low volatili-
ty, such as nonacosane.[37]


The experiments were repeated fifteen times and the results
are shown in Table 1. Obviously, most of the major male-specif-
ic compounds can be detected by both sexes in each species.
While ferrulactone (1) elicits a signal in both male and female
antennae of P. rapae, brassicalactone (2) is only detected by
female P. brassicae. On the contrary, other major components,
such as 18 and 23, and major hydrocarbons were detected by
both species and both sexes. Minor compounds containing a
terpenoid trimethylalkyl chain were also sometimes detected;
these were 21 or the extended terpenoid 4,8,12,16-tetrame-
thylheptadecan-4-olide (20). The latter compound was synthe-
sized from 18 by the Grignard reaction of 3-(benzyloxy)propyl


magnesium bromide; removal of
the benzyl protecting group fur-
nished the diol 19 (Scheme 4).
Final oxidation under Ley condi-
tions[38] yielded the desired lac-
tone 20. Several primary alcohols
from P. rapae also elicited an


electroantennographic response. Secondary alcohols with C27


chains were active in both species. Because several positional
isomers eluted together, it remained unclear whether all iso-
mers or only a specific compound elicited the response. The
most abundant component of these alcohols was 9-heptacosa-
nol.


A mating-competition bioassay was then performed to
prove the activity of the male-specific compounds. The three
major male-specific components were used in mixtures in the
proportions they were found on the wings. In the case of
P. rapae the three components 1, 18, and 23 (Figure 5) were
used in a 21:12:1 mixture while in the case of P. brassicae a
16:10:31 mixture of 2, 18, and 23 was used. The behavioral
assay demonstrated that application of the mixture to the
forewings of freshly emerged males in an amount that was es-
timated to be double the total amount naturally present on
wings of ten day old males significantly enhanced their mating
success. Thus, freshly emerged males with relatively low
amounts of the tested compounds on their wings competed
with chemically augmented “supermales”. Out of the 44
P. rapae males that mated, 30 had received the ferrulactone
mixture (binomial test z = 3.32; P<0.001). In the case of P. bras-
sicae, out of the 26 males that mated, 20 had received the
brassicalactone mixture (z = 2.55; P<0.005). Observation of
mating over time revealed that macrolide-treated males of
both species mated faster and their competitiveness was main-
tained over the 150 min test period (Figure 6).


Discussion


The major difference in the compound bouquet of the wings
of P. rapae and P. brassicae are the two male-specific macro-


Scheme 3. a) 2-Methyl-6-nitrobenzoic anhydride, DMAP, CH2Cl2.


Scheme 4. a) BnO ACHTUNGTRENNUNG(CH2)3MgBr; b) H2, Pd/C; c) TPAP.
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lides. While the known ferrulactone (1) occurs in the Small
White, P. rapae, brassicalactone (2), which carries an additional
isoprene unit, is used by the Large White. One of the unknown


compounds reported earlier from P. rapae crucivora[20] is very
likely 1. The other components occur in both species and
sexes, albeit in largely different concentrations. Hexahydrofar-
nesylacetone (18) has been reported several times from male
scent organs of Lepidoptera,[35, 39–41] but pheromonal activity
has not been shown so far. In addition, it serves as a phagosti-
mulant of Bermuda grass to larvae of the fall armyworm, Spo-
doptera litoralis.[42] The respective alcohol 21 is a male phero-
mone of the butterfly Bicyclus anynana,[43] while (E)-phytol (23)
serves this function in males of the moth Ephestia elutella. It
evokes female-courtship response in mixtures with 4-decano-
lide or 4-undecanolide.[44] Suspensolide (22) is a pheromone of
fruit flies.[45] Long-chain secondary alcohols have been reported
occasionally from the insect cuticle[46] or butterfly scent
glands.[35] Electroantennographic activity has not been found
for these compounds before. Tricosane was identified in wing
extracts of male and female P. rapae and P. brassicae.[8] This
compound and the other alkanes showing electroantenno-
graphic activity occur on all parts of the butterflies and are
part of the epicuticular wax, contrary to 1 and 2 which are
wing specific.[6]


The three-component blends consisting of 18, 23, and 1 or
2, act similarly to those of other male Pierids (see the Introduc-
tion). While the compounds active in C. philodice are common
hydrocarbons or long-chain esters,[14] the compounds reported
here are of terpenoid origin. They seem to be degradation
products of chlorophyll (18, 23) or modified mono- or sesqui-
terpenes (1, 2). The monoterpenes active in P. napi were not
present.[8, 11] The tested compounds function as typical butterfly
aphrodisiac pheromones used by male butterflies in close vi-
cinity to the females.[9] Females seem to reject or accept males
during courtship depending on these cues, as described for
P. rapae,[19] probably in a concentration-dependent manner.
This behavior could be instrumental in avoiding heterospecific
courtship and selecting the fittest partner. Whether the de-
scribed activity in courtship is the sole function of the phero-
mone components remains to be elucidated.


Experimental Section


General remarks : 1H and 13C NMR spectra were recorded by using
a Bruker DPX-400 (1H 400 MHz, 13C 100 MHz) instrument with
CDCl3 as solvent if not mentioned otherwise; the internal standard
was tetramethylsilane (TMS). GC-MS analysis was performed with a
Hewlett–Packard model 6890 gas chromatograph connected to a
Hewlett–Packard model 5973 mass-selective detector.
All reactions were carried out under nitrogen with oven-dried
glassware and dry solvents were used. The chemicals were ob-
tained from Sigma–Aldrich or Fluka and used without further treat-
ment. All reactions were monitored by thin-layer chromatography
(TLC) with Polygram SIL G/UV254 silica plates and viewed by use of
heat-gun treatment with molybdatophosphoric acid (10 %) in etha-
nol. For purification of the raw products column chromatography
with Merck silica gel 60 (70–200 mesh) was used.


Biological material : Pieris brassicae and P. rapae butterflies were
obtained from laboratory cultures reared on greenhouse-grown
Brussels sprouts, Brassica oleracea L. var. gemmifera cv. Cyrus (Sluijs
& Groot, Enkhuizen, The Netherlands), in climate controlled rooms


Figure 6. Cumulative mating success of freshly eclosed males without being
supplemented with additional compounds (*) or with additional phero-
mone components (&). A) Pieris brassicae, B) Pieris rapae.


Figure 5. Structures of various metabolites from the wings of Pieris butter-
flies.
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at 22�2, 50 % relative humidity, with a 16:8 photo/scotoperiod.
Male and female pupae were kept separately. After eclosion they
were fed 10 % sugar water for two weeks. Then the butterflies
were frozen at �70 8C, the wings were separated from the body by
using a razor blade and extracted first with pentane (500 mL;
Merck, Suprasolv), then with CH2Cl2 (500 mL; Merck, Suprasolv) for
10 min each. The solvent was evaporated at ambient temperature
to 20 mL final volume. These solutions were stored at �70 8C until
analysis by GC-MS.


GC-EAD : Gas chromatography with electroantennographic detec-
tion was used to determine which of the volatile chemicals of the
forewing extracts of P. rapae and P. brassicae were perceived by the
male and female antennae. For each EAD experiment the tip of an
excised antenna was cut off and the antenna was mounted be-
tween two glass-electrodes filled with insect ringer solution. The
electrode at the antenna base was grounded via an Ag-AgCl wire
and the electrode at the tip of the antenna was connected via an
amplifier to a signal interface board (Syntech, Hilversum, The Neth-
erlands) of a PC. One of the extracts was injected in splitless mode
into a gas chromatograph HP6890 (Hewlett–Packard, Palo Alto, CA,
USA) at 50 8C. After 1 min the split valve was opened and the tem-
perature was raised by 10 8C min�1 to 310 8C. The GC was equipped
with a DB5 capillary column (30 m � 0.25 mm i.d. , J&W Scientific)
and a FID, and helium served as the carrier gas. The effluent was
split with variable outlet splitter (SGE, Darmstadt, Germany). The
split ratio FID/EAD was 1:3. The outlet for the EAD was placed in a
cleaned and humidified airflow that was directed over the male or
female antenna. The outlet was heated (310 8C) to avoid condensa-
tion of the effluent in the cooler airflow. EAD and FID signals were
recorded simultaneously by using a PC that operated a GC-EAD
program (Syntech, Hilversum, The Netherlands). A total of 70 GC-
EAD runs were performed. GC-EAD active compounds were identi-
fied by GC-MS analysis.


Behavioral bioassay : A mating-competition assay was developed
to assess the putative role of the macrolides as courtship sex pher-
omones. Freshly eclosed butterflies were collected from rearing
cages within 4 h of eclosion, which ensured that mating had not
yet occurred. Male and female butterflies were transferred to sepa-
rate cages in a greenhouse, in which they had access to artificial
flowers containing a solution of glucose (10 %) in water. The next
day male P. rapae butterflies were treated with hexane (2 mL) con-
taining 0.2 mg of a 21:12:1 mixture of ferrulactone (1) hexahydro-
farnesylacetone (18), and phytol (23), respectively. In bioassays
with P. brassicae, males were treated with a 6:10:31 mixture
(0.4 mg) of brassicalactone (2), 18, and 23, dissolved in hexane
(2 mL). Control males received hexane (2 mL) only. Solutions or sol-
vent were applied to the dorsal side of each of the two forewings.
In one experiment the treated males, and in the following experi-
ment the control males, were marked with a small red dot on the
ventral side of their hindwing for recognition, by using a felt
writer. After treatment, ten females were transferred to a new cage
(dimensions 100 � 67 � 50 cm) in the greenhouse and ten treated
males and ten control males were introduced into this cage simul-
taneously. The occurrence of copulas between females and either
treated or control males was monitored every 15 min over a 2.5 h
period in order to assess the time course of mating success. This
assay was repeated seven times for P. rapae and three times for
P. brassicae, and each experiment involved ten freshly eclosed fe-
males and 20 males.ACHTUNGTRENNUNG(2E,6E)-10,11-Dihydroxy-3,7,11-trimethyl-2,6-dodecadienyl ace-
tate : Farnesyl acetate (3, 4.57 g, 17.31 mmol) and N-methylmor-
pholin-N-oxide (3.3 g, 24.21 mmol) were dissolved in acetone


(4 mL) and a mixture of H2O (8 mL), OsO4 (53 mg, 0.21 mmol) and
tert-butanol (1 mL) was added. After being stirred for 24 h at 5 8C
the reaction mixture was allowed to warm to room temperature
and quenched with NaHSO3 (1.36 g) and stirred for 1 h.[48] Water
was added and the mixture was extracted several times with dieth-
yl ether. The combined organic layers were washed with brine,
dried with MgSO4, and concentrated in vacuo. The crude diol was
purified by flash chromatography (pentane/diethyl ether, 1:2) ;
yield: 1.07 g (3.59 mmol, 20 %); NMR spectroscopy data were iden-
tical to those published previously.[49] EI-MS: m/z (%): 220 [M+


�2 H2O�CH3CO] (0.4), 179 (3), 161 (5), 143 (8), 135 (10), 121 (10),
107 (11), 93 (32), 81 (50), 68 (38), 59 (85), 55 (21), 43 (100).ACHTUNGTRENNUNG(2E,6E)-3,7-Dimethyl-10-oxo-2,6-decadienyl acetate (4): A solu-
tion of diol 3 (1.07 g, 3.59 mmol) in 1,4-dioxane (9 mL) and H2O
(6 mL) was cooled in an ice bath. Sodium periodate (0.86 g,
4.06 mmol) was added and the mixture was stirred for 1.5 h at 0–
5 8C.[50] The solid was filtered and the residue was washed three
times with diethyl ether. The combined organic layers were dried
with MgSO4 and the solvent was evaporated. The crude product
was purified by flash chromatography on silica (pentane/diethyl
ether, 5:1) ; yield: 0.64 g (2.69 mmol, 75 %). The 1H NMR and MS
data were identical to those already described.[51] 13C NMR: d= 16.0
(q), 16.3 (q), 21.0 (q), 26.0 (t), 31.7 (t), 39.2 (t), 42.0 (t), 61.3 (t), 118.5
(d), 124.7 (d), 133.4 (s), 141.7 (s), 171.0 (s), 202.5 ppm (d).ACHTUNGTRENNUNG(2E,6E)-3,7-Dimethyl-2,6,10-undecatrienyl acetate (5): Methyltri-
phenylphosphonium bromide (1.14 g, 3.2 mmol) was dissolved in
abs. 1,2-dimethoxyethane (DME, 1.12 mL) and stirred at �78 8C. A
solution of nBuLi (1.6 m in hexane, 2.4 mmol, 1.58 mL) was added
dropwise under a nitrogen atmosphere, and stirred for 1 h at 0 8C.
Then the mixture was cooled again to �78 8C and a solution of 4
(0.6 g, 2.52 mmol) in abs. DME (2.5 mL) was added. The reaction
mixture was allowed to warm to room temperature, stirred over-
night, and quenched with water. Extraction with diethyl ether
(three times) followed. The combined organic layers were dried
(MgSO4) and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica gel (pen-
tane/diethyl ether, 40:1) ; yield: 0.54 g (2.26 mmol, 70.5 %). 1H NMR:
d= 1.60 (s, 3 H, CH3), 1.70 (s, 3 H, CH3), 2.05 (s, 3 H, CH3CO), 2.04–
2.17 (m, 8 H, CH2), 4.58 (d, J = 7.1 Hz, 2 H, CH2OAc), 4.92–5.03 (m,
2 H, CH2 = CH), 5.10 (dt, J = 1.2, 6.9 Hz, 1 H, CH), 5.34 (dt, J = 1.2,
7.1 Hz, 1 H, CH), 5.8 ppm (m, 1 H, CH); 13C NMR: d= 16.0 (q), 16.4
(q), 21.0 (q), 26.1 (t), 32.3 (t), 39.0 (t), 39.5 (t), 61.4 (t), 114.3 (t), 118.3
(d), 123.9 (d), 138.7 (d), 134.9 (s), 142.1 (s), 171.1 ppm (s) ; EI-MS:
m/z (%): 177 [M+�OAc] (0.1), 161 (6), 135 (7), 119 (7), 93 (40), 81
(30), 67 (100), 55 (43), 43 (87).ACHTUNGTRENNUNG(2E,6E)-3,7-Dimethyl-2,6,10-undecatrien-1-ol (6): A solution of 5
(0.43 g, 1.82 mmol) in abs. diethyl ether (2 mL) was added drop-
wise to a mixture of LiAlH4 (137 mg, 3.60 mmol) and abs. diethyl
ether (25 mL) under a nitrogen atmosphere. The mixture was
heated to reflux for 1 h and then cooled to room temperature.
Water and sulfuric acid (10 % in water) were added until the
Al(OH)3 residue disappeared. The aqueous layer was separated and
extracted three times with diethyl ether. The combined organic
layers were dried with MgSO4 and the solvent was evaporated
under reduced pressure. Then the crude product was purified by
flash chromatography on silica with pentane/diethyl ether (2:1) ;
yield: 310 mg (1.60 mmol, 88 %). 1H NMR: d= 1.60 (s, 3 H, CH3), 1.68
(s, 3 H, CH3), 2.00–2.22 (m, 8 H, CH2), 4.15 (d, J = 6.9 Hz, 2 H, CH2OH),
4.92–5.05 (m, 2 H, CH2=CH), 5.12 (dt, J = 1.2, 6.9 Hz, 1 H, CH), 5.42
(dt, J = 1.2, 6.9 Hz, 1 H, CH), 5.79 ppm (m, 1 H, CH); 13C NMR: d=
16.3 (q), 16.6 (q), 26.5 (t), 32.6 (t), 39.3 (t), 39.8 (t), 59.7 (t), 114.6 (t),
123.7 (d), 124.4 (d), 139.0 (d), 135.1 (s), 140.0 ppm (s) ; EI-MS: m/z
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(%): 194 (0.1), 179 (2), 163 (6), 121 (8), 109 (23), 93 (27), 81 (34), 67
(100), 55 (52), 41 (85).ACHTUNGTRENNUNG(2E,6E)-3,7-Dimethyl-2,6,10-undecatrienyl 4-methyl-4-pente-
noate (9): According to the procedure of Baumhof et al. ,[26] a solu-
tion of 6 (0.2 g, 1.22 mmol), ethyl 4-methyl-4-pentenoate (8 ; 0.12 g,
0.84 mmol)[52] and dibutyl tinoxide (20.8 mg, 0.084 mmol) was
heated to 80 8C for 24 h. The mixture was allowed to cool to room
temperature and hydrolyzed with saturated NaHCO3 solution. The
aqueous phase was extracted several times with diethyl ether and
the combined organic layers were dried with MgSO4. The solvent
was evaporated under reduced pressure and the crude product
was purified by flash chromatography on silica (pentane/diethyl
ether, 20:1) ; yield: 90 mg (0.31 mmol, 37 %). 1H NMR (CDCl3


400 MHz): d= 1.60 (s, 3 H, CH3), 1.70 (s, 3 H, CH3), 1.74 (s, 3 H, CH3),
2.03–2.48 (m, 12 H, CH2), 4.58 (d, J = 7.1 Hz, 2 H, CH2), 4.69 (s, 1 H,
CH2), 4.74 (s, 1 H, CH2), 4.92–5.02 (m, 2 H, CH2), 5.11 (dt, J = 6.9,
1.2 Hz, 1 H, CH), 5.34 (dt, J = 7.1, 1.2 Hz, 1 H, CH), 5.69 ppm (m, 1 H,
CH); 13C NMR (CDCl3, 100 MHz): d= 16.0 (q), 16.4 (q), 22.5 (q), 26.1
(t), 32.3 (t), 32.7 (t), 32.74 (t), 39.0 (t), 39.5 (t), 61.3 (t), 110.3 (t),
114.2 (t), 118.5 (d), 124.0 (d), 134.9 (s), 138.7 (d), 142.1 (s), 144.1 (s),
173.3 ppm (s) ; EI-MS: m/z (%): 249 [M+�41] (0.8), 176 (2), 161 (6),
147 (5), 121 (10), 109 (27), 93 (46), 81 (36), 67 (100), 55 (54), 41 (77).


(4E,8E,12E)- and (4Z,8E,12E)-4,8,12-Trimethyl-4,8,12-tetradeca-
trien-14-olide (brassicalactone, (E,E,E)- and (Z,E,E)-2): A solution
of ester 9 (70 mg, 0.24 mmol) in abs. CH2Cl2 (10 mL) was added
dropwise to a solution of Grubbs catalyst of the second genera-
tion, (1,3-bis-(2,4,6-trimethylphenyl)-2-imidazolidinylidene)dichloro-ACHTUNGTRENNUNG(o-isopropoxyphenylmethylene)ruthenium[27] (12 mg, 0.015 mmol, 6
mol %) in abs. CH2Cl2 (240 mL, 1 mm) under a nitrogen atmosphere.
The reaction mixture was stirred at 40 8C for 7 h and the mixture
was filtered through silica to remove the catalyst. The filtrate was
evaporated under reduced pressure. The E,E,E/Z,E,E ratio of the
crude product was 3:1. The product was purified by flash chroma-
tography on silica (pentane/diethyl ether, 60:1) ; yield: 32 mg
(0.12 mmol, 50 %); (E,E,E)-2 : 1H NMR (CDCl3, 400 MHz): d= 1.56 (s,
3 H, CH), 1.61 (s, 3 H, CH), 1.71 (s, 3 H, CH), 2.04–2.07 (m, 2 H, CH),
2.10–2.15 (m, 4 H, CH), 2.17–2.22 (m, 2 H, CH), 2.28–2.30 (m, 2 H,
CH), 2.40–2.43 (m, 2 H, CH), 4.59 (d, J = 7.3 Hz, 2 H, CH), 4.92–4.99
(m, 2 H, CH), 5.23–5.30 ppm (m, J = 7.3, 1.3 Hz, 1 H, CH); 13C NMR
(CDCl, 100 MHz): d= 16.2 (q), 16.3 (q), 16.7 (q), 24.3 (t), 24.4 (t), 32.3
(t), 33.8 (t), 60.8 (t), 119.5 (d), 123.8 (d), 124.2 (d), 132.9 (s), 134.2 (s),
140.4 (s), 172.7 ppm (s) ; EI-MS: m/z (%): 262 (2), 247 (1), 194 (4),
161 (5), 135 (6), 127 (14), 107 (13), 93 (29), 79 (29), 68 (100), 67 (88),
53 (51), 41 (57).


(E)-3-Methyl-6-oxo-2-hexenyl acetate (11): The preparation of
compound 11 was performed analogously to that of 4 starting
from geranyl acetate; yield: 2.1 g (14.13 mmol, 47 % over two
steps). The NMR spectroscopy data were identical to those already
described.[53] EI-MS: m/z (%): 127 [M+�CH3CO] (2), 126 (18), 110
(24), 95 (7), 84 (56), 81 (32), 67 (29), 55 (21), 43 (100), 41 (29), 39
(23).


(E)-3-Methyl-2,6-heptadienyl acetate : This compound was pre-
pared analogously to compound 5 by a Wittig reaction from 11:
yield: 60 %. 1H NMR: d= 1.71 (s, 3 H, CH3), 2.05 (s, 3 H, CH3), 2.01–
2.23 (m, 4 H, CH2), 4.59 (d, J = 7 Hz, 2 H, CH2), 5.00 (m, 2 H, CH2),
5.35 (t, J = 7 Hz, 1 H, CH), 5.80 ppm (m, 1 H, CH); 13C NMR: d= 16.4
(q), 21.0 (q), 31.9 (t), 38.8 (t), 61.3 (t), 114.7 (t), 118.7 (d), 138.0 (s),
138.1 (d), 171.0 ppm (s) ; EI-MS: m/z (%): 127 [M+�41] (1), 108 (13),
93 (49), 91 (11), 79 (21), 67 (19), 55 (14), 53 (12), 43 (100), 41 (29),
39 (25).


(E)-3-Methyl-2,6-heptadien-1-ol (12): This compound was pre-
pared analogously to compound 6 by reduction of the ester de-
scribed in the previous section; yield: 92 %. 1H NMR: d= 1.68 (s,
3 H, CH3), 2.09–2.22 (m, 4 H, CH2), 4.15 (d, J = 7 Hz, 2 H, CH2), 4.99
(m, 2 H, CH2), 5.42 (t, J = 7 Hz, 1 H, CH), 5.80 ppm (m, 1 H, CH);
13C NMR: d= 16.2 (q), 32.0 (t), 38.8 (t), 59.3 (t), 114.6 (t), 123.8 (d),
138.3 (d), 138.6 ppm (s) ; EI-MS: m/z (%): 108 [M+�H2O] (10), 95
(32), 93 (37), 84 (12), 79 (16), 71 (39), 67 (29), 57 (31), 43 (23), 41
(100), 39 (62).


Methyl (E)-4,8-dimethyl-4,8-nonadienoate (15): According to the
procedure of O’Conner and Just,[31] PDC (9.34 g, 24.90 mmol) was
added to a solution of aldehyde 14[30] (690 mg, 4.15 mmol) in
methanol (1 mL) and abs. DMF (21 mL) and stirred for 20 h under a
nitrogen atmosphere. The reaction mixture was poured into pen-
tane (100 mL) and dist. H2O (50 mL). The aqueous phase was sepa-
rated, extracted three times with pentane and dried with MgSO4.
The solvent was removed under reduced pressure and the crude
product was purified by flash chromatography on silica gel (pen-
tane/diethyl ether, 20:1) ; yield: 490 mg (2.04 mmol, 49 %). 1H NMR
(CDCl3 400 MHz): d= 1.62 (s, 3 H, CH3), 1.71 (s, 3 H, CH3), 2.02–2.10
(m, 2 H, CH2), 2.11–2.15 (m, 2 H, CH2), 2.28–2.32 (m, 2 H, CH2), 2.39–
2.43 (m, 2 H, CH2), 3.66 (s, 3 H, CH3), 4.67 (s, 1 H, CH2), 4.70 (s, 1 H,
CH2), 5.15 ppm (dt, J = 8.0, 1.3 Hz, 1 H, CH); 13C NMR (CDCl3,
100 MHz): d= 15.9 (q), 22.4 (q), 26.1 (t), 33.0 (t), 34.6 (t), 37.6 (t),
51.4 (q), 109.9 (t), 124.9 (d), 133.4 (s), 145.6 (s), 173.8 ppm (s) ; EI-
MS: m/z (%): 196 (0.3), 181 (0.4), 165 (3), 141 (7), 123 (4), 109 (32),
99 (32), 81 (100), 67 (23), 55 (16), 41 (19).


(E)-3-Methyl-2,6-heptadienyl (E)-4,8-dimethyl-4,8-nonadienoate
(16): This ester was prepared by transesterification as described for
9 ; yield: 32 %. 1H NMR (CDCl3 400 MHz): d= 1.62 (s, 3 H, CH3), 1.70
(s, 3 H, CH3), 1.71 (s, 3 H, CH3), 1.99–2.42 (m, 12 H, CH2), 4.58 (d, J =
7.0 Hz, 2 H, CH2), 4.67 (s, 1 H, CH2), 4.70 (s, 1 H, CH2), 4.94–5.04 (m,
2 H, CH2), 5.15 (dt, J = 6.8, 1.2 Hz, 1 H, CH), 5.35 (t, J = 7.0 Hz, 1 H,
CH), 5.74–5.84 ppm (m, 1 H, CH); 13C NMR (CDCl3, 100 MHz): d=


15.9 (q), 16.4 (q), 22.3 (q), 26.1 (t), 31.9 (t), 33.3 (t), 34.6 (t), 37.6 (t),
38.8 (t), 61.1 (t), 109.9 (t), 114.7 (t), 118.8 (d), 124.8 (d), 133.5 (s),
138.0 (d), 141.4 (s), 145.6 (s), 173.4 ppm (s) ; EI-MS: m/z (%): 249
[M+�allyl] (0.2), 181 (24), 163 (8), 135 (3), 127 (22), 121 (33), 109
(50), 93 (32), 81 (95), 67 (100), 55 (73), 41 (55), 39 (25).


(4E,8E,12E)- and (4E,8Z,12E)-4,8,12-Trimethyl-4,8,12-tetradeca-
trien-14-olide (brassicalactone, (E,E,E)- and (E,Z,E)-2): The RCM
was performed as described above, but by starting from 16. A 5:1
mixture of (E,E,E)- and (E,Z,E)-2 was formed. Pure (E,E,E)-2 was iso-
lated by column chromatography; yield: 42 %.


6,10,14-Trimethyl-2-pentadecanone (18): Farnesylacetone (3 g,
11.43 mmol) was hydrogenated on Pd/C (0.2 g) in methanol (6 mL)
under a pressure of 6 MPa in an autoclave for 3 h at 100 8C. The
crude product was purified by flash chromatography on silica gel
(pentane/diethyl ether, 40:1) ; yield: 49 % (1.5 g, 5.6 mmol). NMR
spectroscopy and MS data were identical to those already de-
scribed.[54, 55]


Benzyl 4-hydroxy-4,8,12,16-tetramethylheptadecyl ether : Benzyl
3-bromopropyl ether (1 g, 4.37 mmol) was treated with Mg
(117 mg, 4.82 mmol) in abs. diethyl ether (5 mL). The resulting
Grignard reagent was added dropwise to a solution of 18 (458 mg,
1.71 mmol) in abs. diethyl ether (5 mL) at 0 8C and stirred, over-
night. Then crushed ice and sat. NH4Cl were added to the mixture.
The aqueous layer was extracted three times with diethyl ether.
The combined organic phases were dried with MgSO4. The crude
product was purified by flash chromatography on silica (pentane/
diethyl ether, 2:1) ; yield: 98 % (700 mg, 1.67 mmol). 1H NMR (CDCl3,
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400 MHz): d= 0.83–0.88 (m, 12 H, CH), 1.16 (s, 3 H, CH), 1.05–1.76
(m, 25 H, CH, CH), 3.50 (t, 2 H, CH, J = 6.2 Hz), 4.51 (s, 2 H, CH), 4.69
(s, 1 H, OH), 7.32 ppm (m, 5 H, CH); 13C NMR (CDCl, 100 MHz): d=
19.64 (q), 19.67 (q), 19.7 (q), 19.74 (q), 21.4 (t), 22.6 (q), 22.7 (q),
24.3 (t), 24.5 (t), 24.9 (t), 26.9 (q), 26.93 (q), 28.0 (d), 32.8 (d), 37.3
(t), 37.46 (t), 37.5 (t), 37.8 (t), 38.71 (t), 38.74 (t), 39.43 (t), 42.5 (t),
71.0 (t), 72.3 (s), 73.0 (t), 127.0 (d), 127.6 (d), 127.7 (d), 128.4 (d),
138.4 ppm (s) ; EI-MS (70 eV): m/z (%): 403 (0.3) [M+�15], 309 (3),
295 (2), 194 (3), 193 (20), 175 (2), 151 (19), 150 (2), 111 (6), 104 (7),
92 (11), 91 (100), 85 (39), 71 (12), 69 (10), 57 (15), 55 (10), 43 (17).


4,8,12,16-Tetramethylheptadecane-1,4-diol (19): The benzyl ether
was cleaved according to the procedure of Kang et al. ;[56] yield:
93 %. 1H NMR (CDCl3, 400 MHz): d= 0.84–0.87 (m, 12 H, CH), 1.01–
1.70 (m, 25 H, CH, CH), 1.19 (s, 3 H, CH), 1.90 (s, 2 H, OH), 3.67 ppm
(t, J = 6.0 Hz, 2 H, CH); 13C NMR (CDCl, 100 MHz): d= 19.63 (q), 19.67
(q), 21.5 (t), 22.6 (q), 22.7 (q), 24.5 (t), 24.8 (t), 24.81 (t), 26.9 (q),
27.1 (t), 28.0 (d), 32.8 (d), 37.3 (t), 37.4 (t), 37.44 (t), 37.6 (t), 37.7 (t),
38.4 (t), 38.5 (t), 39.4 (t), 42.6 (t), 63.4 (t), 72.6 ppm (s); EI-MS
(70 eV): m/z (%): 313 (1) [M+�15], 295 (2), 269 (7), 139 (2), 125 (5),
113 (2), 111 (8), 109 (3), 103 (51), 97 (11), 85 (100), 83 (12), 81 (5), 71
(16), 67 (4), 58 (6), 57 (21), 55 (17), 43 (46), 41 (12).


4,8,12,16-Tetramethylheptadecan-4-olide (20): A suspension of
1,4-diol (420 mg, 1.28 mmol), NMO (260 mg, 1.92 mmol) and pow-
dered molecular sieve (4 �, 670 mg) was prepared. Tetrapropyl-ACHTUNGTRENNUNGammonium perruthenate (22.5 mg, 0.064 mmol) and abs. dichloro-
methane (4 mL) were added under a nitrogen atmosphere and the
solution was stirred for 1 h.[38] The solid was filtered off and the sol-
vent was removed under reduced pressure. The crude product was
purified by flash chromatography on silica (pentane/diethyl ether,
2:1) as a mixture of diastereomers; yield: 84 % (350 mg,
1.08 mmol). 1H NMR (CDCl3, 400 MHz): d= 0.84–0.87 (m, 12 H, CH),
1.01–1.71 (m, 21 H, CH, CH), 1.39 (s, 3 H, CH), 1.93–2.01 (m, 1 H, CH),
2.07–2.13 (m, 1 H, CH), 2.53–2.67 ppm (m, 2 H, CH); 13C NMR (CDCl,
100 MHz): d= 19.5 (q), 19.57 (q), 19.6 (q), 19.63 (q), 19.66 (q), 19.7
(q), 21.4 (t), 22.6 (q), 22.7 (q), 24.4 (t), 24.79 (t), 24.8 (t), 25.62 (q),
25.64 (q), 28.0 (d), 29.2 (t), 32.67 (d), 32.7 (d), 32.76 (d), 32.78 (d),
32.97 (t), 33.0 (t), 37.21 (t), 37.27 (t), 37.32 (t), 37.35 (t), 37.37 (t),
37.39 (t), 39.4 (t), 41.3 (t), 86.9 (s), 176.8 ppm (s) ; EI-MS (70 eV): m/z
(%): 324 (1), 306 (1), 254 (1), 196 (3), 184 (2), 166 (2), 151 (4), 141
(2), 140 (3), 127 (6), 126 (13), 125 (6), 114 (15), 111 (12), 100 (6), 99
(100), 97 (11), 95 (5), 85 (7), 83 (13), 81 (6), 71 (17), 70 (13), 69 (22),
68 (4), 67 (4), 57 (22), 56 (13), 55 (23), 43 (33), 41 (16), 39 (2).ACHTUNGTRENNUNG(4E,8E)-4,8-Dimethyl-4,8-decadien-10-olide (ferrulactone, 1): Ac-
cording to the procedure of Shiina et al. ,[34] a solution of the seco
acid 17 (200 mg, 0.94 mmol) in abs. dichloromethane (40 mL) was
added by a syringe pump over a period of 16 h at room tempera-
ture to a mixture of 2-methyl-6-nitrobenzoic anhydride (MNBA;
391 mg, 1.14 mmol) and 4-(dimethylamino)pyridine (DMAP;
277 mg, 2.26 mmol) in abs. dichloromethane (500 mL). Then the
mixture was stirred for another hour. The reaction mixture was
concentrated to 20 mL and subsequently washed with a saturated
solution of NaHCO3, H2O, and brine. The organic layer was dried
with MgSO4 and the solvent was removed under reduced pressure.
The crude product was purified by flash chromatography on silica
(pentane/diethyl ether, 40:1) ; yield: 24 % (43 mg, 0.22 mmol). NMR
and MS data were identical to those already described.[32]
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Introduction


Huntington’s disease (HD) is a fatal, autosomal-dominant neu-
rological disorder. The disease is characterized by involuntary
movements, severe emotional disturbance, and cognitive de-
cline caused by a considerable degeneration of brain matter.[1]


In 1993, the gene IT15 was found to contain a CAG repeat ex-
panded in patients and encoding for a polyglutamine (polyQ)
track located at the amino terminus of the huntingtin (Htt)
protein.[2] A number of possible effects of this longer mutated
polyQ sequence on cell physiology have been suggested, in-
cluding the generation of cytotoxic proteolytic fragments and
aggregates, transcriptional dysfunctions, and several other ef-
fects. Currently, there are no approved disease-modifying treat-
ments for HD.[3]


Even though the mechanism of mutant Htt toxicity is un-
known, it has been shown in mouse models that down-regula-
tion of mutant Htt expression by RNA interference[4] or by con-
ditional expression[5] significantly improves HD-like symptoms.
Furthermore, compounds that affect Htt aggregation have
been shown to reverse Htt toxicity.[6] Critically, mutant and
normal Htt present different post-translational modifications,
such as phosphorylation,[7] proteolytic cleavages,[8] cellular lo-
calization,[9] or degradation by autophagy or by the ubiquitin/
proteasome pathway.[10] Because mutant Htt is the sole cause
of HD and because the cell metabolizes mutant and normal
Htt differently, we established an assay capable of detecting
the intracellular levels of wild-type or mutant Htt. In order to
develop this assay, neuronal cell lines with inducible copies of
either the wild-type or mutant Htt tagged with small peptide
sequences were created and a method for the detection of
compounds that promote Htt degradation was developed.


In general, most methods for monitoring of cellular protein
levels require separation and detection steps, such as Western
blot, ELISA, or HPLC–MS. Such methods are not suitable for
testing of multiple conditions—that is, high-throughput
screening of chemicals and siRNAs—because those applica-
tions require homogeneous assays that are robust enough to
allow automation. To circumvent these problems, we devel-
oped an alternative method based on time-resolved Fçrster
resonance energy transfer (time-resolved FRET), a technology
that has been available for monitoring biomolecular interac-
tions since the early 1990s.[11] There are many different applica-
tions of this technology, utilizing several aspects of the fluores-
cence characteristics of lanthanoid ions. The large Fçrster’s dis-
tances of the rare earth ions are up to 9 nm; this is much
larger than for many fluorescent compounds, which have Fçr-
ster’s distances of 4–6 nm. Absorbed energy is therefore trans-
ferred over much longer distances than for other FRET pairs,
so it is advantageous to use rare earth chelates as generic im-


The quantification of cellular proteins is essential for the study
of many different biological processes. This study describes an
assay for the detection of the intracellular mutant huntingtin,
the causative agent of Huntington’s disease, with a method
that may be generally applicable to other cellular proteins. A
small recombinant protein tag that is recognized by a pair of
readily available, high-affinity monoclonal antibodies was de-
signed. This tag was then added to an inducible fragment of
the mutant huntingtin protein by genetic engineering. We
show that it is possible to use time-resolved FRET to detect
low intracellular levels of huntingtin by a simple lysis and de-


tection procedure. This assay was then adapted into a homo-
geneous, miniaturized format suitable for screening in 1536-
well plates. The use of time-resolved FRET also permits the
assay to be multiplexed with a standard readout of cell toxicity,
thus allowing the identification of conditions causing reduction
of protein levels simply due to cytotoxicity. The screening re-
sults demonstrated that the assay is able to identify com-
pounds that modulate the levels of huntingtin both positively
and negatively and that represent valuable starting points for
drug discovery programs.
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munodetection reagents.[12] The second advantage of rare
earth FRET is that the time it takes for the fluorescence to
decay is greatly extended, thus allowing time-resolved fluores-
cence measurement. The effect of this is to reduce the influ-
ence of short-lived background fluorescence from small mole-
cules being tested. The third advantage is the potential for
monitoring of ratiometric readouts—that is, the emission of
the lanthanoid ion over that of the FRET-coupled fluoro-
phore—which reduces assay variability and improves data
quality.[13]


Time-resolved FRET has therefore been used in the past to
monitor a number of different biological analytes such as small
molecules (cAMP, for example[14]) or small secreted cytokines
(IL-8, for example[15]), as well as the levels of phosphorylated
proteins in in vitro assays.[16] There have also been reports of
the use of time-resolved FRET to monitor the levels of phos-
phorylated proteins in cell lysates through the use of cell lines
that overexpress protein substrates of interest.[17] In this report
we have extended these observations by designing a small
peptide tag that gives an optimal time-resolved FRET signal
and allows the detection of mutant Htt expressed at low intra-
cellular levels. Because the Htt detection in this assay is based
on an artificial tag, this method should be generally applicable
for the detection of other proteins. Importantly, the required
antibody pairs for tag detection are commercially available,
and this makes our method a readily applicable generic detec-
tion technology for other laboratories.


Results


Technology development


A time-resolved FRET detection assay based on two high-affini-
ty antibodies directed towards well-characterized epitopes in
the amyloid Ab peptide has been described[18] and is currently
commercially available. We reasoned that by taking advantage
of this knowledge we might be able to design a generic tag
for homogenous protein detection by time-resolved FRET
through the utilization of a small peptide to which two com-
mercially available and high-affinity Ab peptide monoclonalACHTUNGTRENNUNGantibodies would bind simultaneously. Because FRET efficiency
can be influenced by various parameters,[19] we generated a li-
brary of small peptides (Figure 1 A) containing the two Ab pep-
tide epitopes EFRH and GGVV, in which length and amino acid
composition of the linker were varied to determine the optimal
tag sequence. A repeated GGS sequence was chosen to build
the linker, to provide favorable flexibility and linearity between
the epitopes. Time-resolved FRET detection with the purified
peptides and the antibody pair 25H10K and b1-d2 showed
that linker length and peptide sequence can indeed influence
signal intensity significantly (Figure 1 B). Peptides with very
short linker lengths (peptides H2 and H3), for example, gave
weak signals, probably due to steric hindrance between the
two antibodies. The strongest time-resolved FRET signal was
obtained with the peptide H1, in which the two four-amino-
acid epitopes of the Ab peptide were separated by a linker of
12 amino acids. Peptide I6, in which the neo-epitope GGVV for


the 25H10 antibody was replaced by VVIA, specific for the
32A7 antibody, was not detected by the 25H10K and b1-d2
pair, thus verifying the specificity of the assay.


For further experiments we designed two Htt fragmentsACHTUNGTRENNUNGcarrying either the exact H1 peptide sequence as a tag for
mutant Htt (Htt573-Q72) or the alternative sequence of pep-
tide I6 for wild-type Htt (Htt573-Q25) (Figure 1 C). The protein
fragments each encompassed the first 573 amino acids of
human Htt and thus contained several sites known to be post-
translationally modified in the HD brain. These constructs were
stably transfected in neuronal HN10 cells ; this created three
cell lines with inducible expression variously of mutant Htt, of
wild-type Htt, or of a combination of mutant and wild-type
Htt. These cell lines were utilized to establish a high-through-
put time-resolved FRET assay for detection of intracellular Htt
protein (Figure 1 D).


Protein detection and signal specificity


The neuronal clonal cell lines expressed the tagged mutant Htt
and wild-type Htt at levels corresponding to that of endoge-
nously expressed Htt upon full induction, with no detectable
basal expression as demonstrated by Western blot analysis
(Figure 2 A). Expression levels of the constructs were stable
over time and cell passages (Figure 2 B). Experiments with a
96-well plate format showed that highly specific time-resolved
FRET detection either of the wild-type or of the mutant Htt
was feasible in a cellular context when using the antibody
pairs 25H10K and b1-d2 or 32A7K and b1-d2 that specifically
detected their corresponding tags. In addition, use of the 2B7K
antibody specific for an amino-terminal endogenous Htt epi-
tope in combination with the b1-d2 antibody specific for an
epitope in the carboxy terminal tag allowed for selective de-
tection of noncleaved Htt (Figure 2 C) in the cell lines express-
ing either wild-type or mutant Htt.


In order to determine the maximum level of Htt expression
in the HN10 cells, we first calibrated our assay by using in-
creasing concentrations of peptide H1 diluted into cell lysates
from noninduced cells (Figure S1 in the Supporting Informa-
tion). We determined the linear range of the time-resolved
FRET assay and so calculated an amount of mutant Htt corre-
sponding to 17 ng per mg total HN10 protein, based on the
assumption that the synthetic H1 peptide and tagged Htt gen-
erate similar time-resolved FRET signals with the antibody pair
25H10K and b1-d2. These data demonstrated that although
Htt is expressed at relatively low levels in HN10 cells, the intra-
cellular concentration of mutant Htt was significantly higher
than the detection limit of the assays (3.6 ng mutant Htt per
mg total cellular protein) calculated as threefold standard devi-
ation over the background signal. Interestingly, replacement of
the 25H10 antibody specific for the epitope GGVV of peptide
H1 with the 32A7 antibody specific for the VVIA epitope signif-
icantly improved the dynamic range of the assay when peptide
I6 was used (Figure S1), possibly because of a difference either
in the affinity constants of the two antibodies or in the confor-
mation of the two protein tags. As would be expected, when
the 32A7 antibody was utilized in the time-resolved FRET assay,
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all other peptides carrying the GGVV epitope were not detect-
ed (data not shown).


Assay miniaturization


We proceeded to miniaturize the assay to a 1536-microwell
plate format. Because we have the capacity to retest thou-
sands of compounds in dose-response manner, we decided
first to use the detection of mutant Htt in the Htt573-Q72-ex-
pressing HN10 cells as readout for the HTS. If necessary, posi-
tive compounds could then be counter-screened on wild-type
Htt cells. This strategy allowed the use of the 2B7K and b1-d2
antibody pair (Figure 1 C), which not only generated a large dy-
namic range when measuring Htt (Figure 2 C), but also allowed
for monitoring of possible effects of the compounds on the
total amount of Htt present in the cells, as well as on the
cleavage of the intact Htt.


The optimal cell density in the 1536-microwell plate was es-
tablished in a cell dilution experiment. We observed a linear re-
lationship between cell number and the amount of Htt mea-
sured by time-resolved FRET (data not shown), with approxi-
mately 6000 to 8000 cells per well judged optimal for the HTS
assay (see also below).


Steady-state levels of Htt expression (wild-type and mutant)
were reached after three days of induction with RSL-1 (400 nm,
Figure 2 B). For the HTS assay, the Htt573-Q72-expressing HN10
cell line was therefore preincubated in inducing medium for
72 h to express mutant Htt, after which the cells were seeded
in the 1536-well plates. The level of background signal was de-
termined from wells containing noninduced cells (that is, cells
in the absence of the RSL1 inducer or any other additives).
Steady-state Htt expression required the continuous presence
of the RSL1 inducer, but we were able to establish that an
overnight incubation in the absence of the ligand resulted in


Figure 1. Optimization of detection tags, cDNA constructs and assay principle. A) Amino acid sequences of peptides analyzed with the antibody pair 25H10K
and b1-d2 are shown, with the corresponding epitopes in bold letters. B) Time-resolved FRET analysis of peptides (3 ng per well in duplicates) shown in A).
The H1 sequence was selected for tagging mutant Htt and the I6 sequence was selected for tagging wild-type Htt. C) Schematic representations of cDNA
constructs expressed in the inducible HN10 cell lines; also indicated are the antibody binding sites of 25H10 (green), 32A7 (purple), and b1 (orange) in the C-
terminal tag. 2B7 (black) detects an endogenous N-terminal epitope of Htt. D) Schematic representation of the protocol used for the cell-based time-resolved
FRET assay.
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about fivefold reduction in mutant Htt (data not shown). Htt
clearance is a consequence of an unidentified degradation
mechanism used by HN10 cells. A goal of this project was the
identification of low-molecular-weight modulators of this pro-
cess. Based on these observations, we opted to assess the


effect of the test compounds in the HTS assay after an over-
night (16–18 h) incubation time.


After miniaturization of the format to cells grown directly in
a 1536-microwell plate, the assay protocol was optimized for
lysis buffer and signal development over time (Figure 2 D).


Figure 2. Detection of mutant and wild-type Htt by time-resolved FRET. A) Western blot analysis of RSL-1-induced (400 nm) expression of wild-type (573-Q25)
and mutant (573-Q72) Htt in HN10 cells relative to that of endogenous full-length Htt. B) After three days of induction with RSL-1 (400 nm), the HN10 cell line
transfected with mutant and wild-type Htt shows stable Htt expression over time and multiple cell passages. C) Sensitive and specific detection of wild-type
or mutant Htt by time-resolved FRET with use of the indicated antibody combinations [RSL-1 (400 nm) induction for three days (average value, n = 3, standard
deviation)] . D) Optimization of cell lysis conditions for detection of mutant Htt573-Q72 in cells induced for three days with RSL-1 (400 nm) and use of the 2B7
and b1 antibody pair (time-resolved FRET measured 50 min after antibody addition, n = 6, standard deviation). E) The Z’-factor remained stable between 35
and 110 min after cell lysis and addition of the detecting antibodies, although the absolute time-resolved FRET signal increased over time (not shown) [RSL-1
(400 nm) induction for three days of 573-Q72 HN10 cells (n = 6, standard deviation)] . F) Dose-dependent increase in mutant Htt573-Q72 expression in cells
treated with different RSL1-inducer concentrations (n = 6, standard deviation, EC50 ~250 nm). A–C) The data were generated in 96-well plate format. D–F) The
data were generated in 1536-well plate format.
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From these optimization experi-
ments, the lysis buffer selected
for the HTS was PBS containing
Triton X100 (0.4 %). Overall, the
DF values obtained with the
1536-well format were lower
than those obtained during
assay development. The 1536-
well format experiments were
conducted as similarly to the
screening conditions as possible,
so the plates were read on the
ViewLuxTM whole-plate imager
and not with the EnVision�
single-well reader used during
assay development; this explains
this drop in DF values. Even
though induced-to-noninduced
signal ratio improved as a func-
tion of incubation time, the Z’-
factor had already reached a
maximum of 0.86 after a shorter
incubation time and remained
constant for the time period be-
tween 0.5 and 2 h after cell lysis
(Figure 2 E); this shows that,
once the system had reached
equilibrium, the assay signal was
stable. This observation was im-
portant, because it indicated
that the time necessary for the
assay plates to be processed was
not limited by the speed of the reader, and hence on the
number of assay plates processed in a batch. Detection optimi-
zation progressed with determination of the minimum concen-
tration of inducer required for maximum expression. Mutant
Htt expression showed a good response to changing inducer
concentrations (Figure 2 F), with an EC50 corresponding to
0.25 mm and a Z’-factor of 0.87 between signals at 400 nm and
200 nm inducer; this shows the reliability of the assay for a par-
tial (~50 %) reduction in mutant Htt.


Figure 3 presents some of the additional assay validation
steps taken to characterize the 1536-well assay. Firstly, the
DMSO tolerance of the assay was tested to ensure that DMSO,
which was used as the compound solvation agent, did not
affect the assay signal by altering cell growth or interfering
with the readout (Figure 3 A). DMSO was tolerated well up to a
concentration of 1 %, which is above the maximum concentra-
tion of 0.5 % DMSO that is normally accepted in-house for a
cell-based HTS campaign. ANOVA analysis by the Tukey–
Kramer multiple comparisons test (InStat version 3.01) showed
that the 0 % DMSO conditions were not significant in compari-
son with 0.1 % DMSO (P>0.05), but were significant in relation
to the other treatments (P<0.05). A significant difference be-
tween the conditions with different DMSO concentrations was
only noted at 0.75 % and 1 % (P<0.05) relative to 0.1, 0.25, and
0.5 %. Test compounds were diluted 400-fold, starting from


90 % DMSO stock solution for the HTS, so the effective concen-
tration during the compound incubation was below 0.25 %
DMSO. To calculate the no-effect values, each plate contained
wells with induced cells but treated with a matched DMSO
concentration in the incubation medium. The effect of cell
density on the assay robustness was determined by assessing
the Z’-factor (with induced and noninduced cells as high and
low controls, respectively), which remained constant over a
range between 6000 and 8000 cells per well (Figure 3 B). Since
unbound europium cryptate-labeled antibody can contribute
to unspecific background signal in time-resolved FRET assays, it
was important to select the most appropriate dilutions of the
two monoclonal antibodies used in the assay. An example of
optimization of antibody concentrations is shown in Figure 3 C.
We paid attention to selecting the highest dilution of the anti-
bodies that did not result in a drop in the dynamic range of
the time-resolved FRET—that is, above 1:1000 for the b1-d2
and above 1:15 000 for the 2B7K antibody. From this, we se-
lected an antibody concentration corresponding to 60 pg per
well (1:15 000) 2B7K and 800 pg per well (1:1000) b1-d2 for the
HTS. As a general rule, we observed that the time-resolved
FRET readout calculated as the ratio of the d2 emission at
655 nm over the K emission at 620 nm can be significantly re-
duced by a bleed-through of excessive K fluorescence into the
d2 emission channel. The maximum dynamic range can thus


Figure 3. Optimization of HTS assay conditions. A) Effect of increasing DMSO concentrations on expression and
time-resolved FRET signal (1536-well plate format, standard deviation). B) Z’-factor values at different cell densities
in cell-based assays run in the presence or absence of resazurin as a cell viability assay. The raw data from at least
48 wells were considered when generating the mean and standard deviation values used in the Z’-factor calcula-
tion (1536-well plate format). C) Optimization of 2B7 and b1 antibody concentration for Htt detection in induced
HN10 cells by time-resolved FRET (1536-well plate format, standard deviation).
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only be obtained by carefully diluting the two antibodies to
optimum concentrations at which unwanted bleed-through is
minimized while the antibodies are still applied at saturating
concentrations.


High-throughput screening


The miniaturized assay was applied to screening of a small li-
brary composed of ~10 000 compounds commonly used in-
house for validation of an assay performance under real HTS
conditions before commencement of screening of the full-deck
library. In addition, because no compound that specifically re-
duces mutant Htt expression in cells is known, the primary hits
may find use as reference compounds for screening of the full-
deck compound collection. Analysis of the prescreen values
demonstrated excellent performance, with Z’-factors averaging
~0.6 over multiple plates. Close inspection of the primary data,
however, did show that there was a small but significant “edge
effect” in all plates tested in the prescreen. This edge effect
was more evident when the correction pattern of the analyzed
plates was viewed (data not shown) or when the data for all
screening plates were arranged by well number (Figure 4 A).
This view showed a regular “saw tooth” pattern due to plate
edge effects. However, this effect was only minor and did not
affect the statistics of the assay performance much, as shown
in Figure 4 B with the primary data presented in a Gaussian dis-
tribution.


Comparison of results obtained with resazurin


It was also possible to multiplex Htt detection with a measure
of cell viability—the chemical reduction of resazurin by mito-
chondrial activity.[20] For this, we quantified the reduction of
the nonfluorescent blue dye resazurin to its reduced pink fluo-
rescent form resorufin. Since resazurin itself is nontoxic, we
added the dye directly to the medium and measured its biore-
duction to resorufin; this in turn reflected the metabolic state
and general cell viability. After resorufin quantification, cells
were lysed and processed for time-resolved FRET determina-
tion of mutant Htt.


Multiplexing with the cytotoxicity assay had little influence
on the robustness of the assay. This was demonstrated by
comparing the assay performance of the standard single read-
out with the multiplexed assay format by use of a set of the
preplated compounds (Figure 4 C). If anything, the data gener-
ated by the multiplexed readout showed less variability. Com-
parison of the compound activity in the two assay formats
demonstrated that 90 % of the compounds identified as hits in
the single-readout format were also identified in the dual-read-
out format, with a general compound hit rate of ~0.4 % (activ-
ity cut-off: threefold standard deviation over the mean signal),
confirming high reproducibility and reliability of the cell-based
time-resolved FRET assay. Hits were defined as those com-
pounds showing activity greater than threefold standard devia-
tion from the mean signal. This criterion was used so that a
consistent hit selection could be made between different assay
readouts (for example, time-resolved FRET determination and


resazurin measurement) that may have different variability and
sample means.


Characterization of active compounds


The Novartis compound archive contains one of the largest
collections of purified natural products. Screening of these
compounds has the advantage that many of the compounds
have previously reported activity and their mechanism of
action is known, thus suggesting possible targets involved in
the cellular regulation of mutant Htt expression. Screening of
this natural product library identified a number of compounds
that increased the levels of mutant Htt present in the cells (Fig-


Figure 4. Screening performance. A) Overlay of activity data for multiple
1536-well plates, with the x-axis representing the well number for each
plate. This representation facilitates identification of plate edge-effects.
B) Frequency distribution of activity data for all the screening plates shows
an excellent separation of induced cells in the presence of test compounds
(blue) from the positive controls represented by noninduced cells (red).
C) Comparison of activity for single test compounds examined for cell viabili-
ty in the presence or in the absence of resazurin: 90 % of the hits (red) were
identified in both assay formats, overall hit rate ~0.4 % under the two sets
of test conditions.
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ure S2 in the Supporting Information). Although not the pri-
mary focus of this project, these Htt inducers might become
interesting research tools because they might help in identifi-
cation of cellular mechanisms that regulate Htt metabolism
and ultimately toxicity.[21] Compounds that increase mutant Htt
could, for example, be affecting proteolytic cleavage of Htt, Htt
aggregation, or interaction with other proteins.[6] As is often


the case when a cell-based HTS is run, many compounds iden-
tified will eventually represent false positive hits that disturbed
Htt expression or just the detection method by unspecific
mechanisms. Indeed, a number of the compound hits that in-
creased Htt expression were chlamydocin or trichostatin A ana-
logues, HDAC inhibitors known to cause general upregulation
of gene expression (Table 1).[22]


Table 1. Compounds with known biological mechanisms of action and their activities in the assay.


Activity [%]
Compound Structure Biology in assay in tox. assay


1 trichostatin A analogue HDAC inhibitor 68 �10


2 trichostatin A analogue HDAC inhibitor 67 10


3 staurosporine protein kinase inhibitor �84 �40


4 anisomycin protein synthesis inhibitor �79 �41


5 cycloheximide protein synthesis inhibitor �74 �61


6 borrelidin protein synthesis inhibitor �73 �35


7 BAY 61-3606 SYK kinase inhibitor �27 n.d.


n.d. = not determined
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Compound hits that effectively lowered mutant Htt expres-
sion were clearly more interesting (Figure S2 in the Supporting
Information), although these compounds may work by per-
turbing cell viability or some other unspecific effects. Cyclohex-
imide, borrelidin, and anisomycin, for example, lowered the
levels of mutant Htt but also had differing effects on cell viabil-
ity in this assay. These compounds represents three different
classes of general inhibitors of protein synthesis (Table 1).[23]


The results presented in Table 1 also show how the multi-
plexed assay can be used to help prioritize compounds for fur-
ther evaluation; for instance cycloheximide clearly has a great-
er effect on cell viability that anisomycin or borrelidin. Other
compounds that reduced the intracellular levels of mutant Htt
in HN10 cells were a number of staurosporine analogues (un-
selective protein kinase inhibitors) as well as BAY 61–3606 (a
specific syk kinase inhibitor),[24] both known to interfere with
various cellular pathways (Table 1).


We validated the time-resolved FRET findings of compound
hits that were increasing or reducing Htt in cells by an orthog-
onal assay: determination of the amount of intracellular Htt
present in cell lysates by Western blot. Using both detection
methods, we obtained a consistent dose-response effect for a
reference compound that decreased Htt levels (cycloheximide,
Figure 5 A), as well as for a reference compound that increased
Htt expression (trichostatin A analogue, Figure 5 B). The pri-
mary hits were also tested on wild-type Htt-expressing HN10
cells, but no specific effect on mutant Htt over wild-type Htt
was found (data not shown). It should be noted that excellent


correlation between the amount of Htt measured by time-re-
solved FRET and the amount of Htt detected by Western blot
was found in many experiments performed by our group, in-
cluding those shown in Figure 2. These data confirmed that
our assay format is suitable for HTS implementation because
the time-resolved FRET data were validated by an alternative
detection method.


The dynamic response of the assay to compounds with
known mechanisms of action, such as the protein synthesis in-
hibitor cycloheximide or the transcription upregulator tricho-ACHTUNGTRENNUNGstatin A, as well as the Western blot validation, demonstrated
that our screening assay can be used for the identification of
low-molecular-weight modulators of Htt. The possibility of
adapting the cell-based assay and readout methodology to au-
tomated ultra-throughput screening should advance this tech-
nology to the testing of the whole Novartis compound library,
and this may result in attractive drug discovery programs for
Htt-reducing therapies.


Discussion


This report describes the design and implementation of a
time-resolved FRET assay that allows the quantification of pro-
teins, even those expressed at low endogenous levels. The
assay format is homogenous and robust enough to allow mini-
aturization for HTS. The assay represents a method for measur-
ing the steady-state levels of Htt and has been used to identify
compounds that modulate the intracellular levels of mutant


Htt.
To develop and to validate the


detection of intracellular re-
combinant Htt expressed at low
levels, several experimental steps
were taken. Firstly, we created a
peptide library with peptides
displaying two epitopes against
well-characterized and commer-
cially available amyloid Ab anti-
bodies. Since the detection
signal of an immune-based time-
resolved FRET assay can be in-ACHTUNGTRENNUNGfluenced by distance and steric
orientation of the antibodies,
the epitopes were separated by
varying linker length to deter-
mine the most favorable pep-
tides for detection. We proceed-
ed to use the optimal peptide
sequences as generic tags for re-
combinant Htt constructs and
developed neuronal cell lines
with inducible expression of
tagged Htt at endogenous
levels. After verifying the specif-
icity of the time-resolved FRET
signal for wild-type or mutant
Htt, we carefully tuned the assay


Figure 5. Mutant Htt quantification by Western blot and time-resolved FRET. A) HN10 cells expressing mutant
Htt573-Q72 were treated overnight in the presence of increasing amounts of the protein synthesis inhibitor cyclo-
heximide as indicated. After the treatment, cell lysates were collected and analyzed by Western blot with antibody
2B7 or by time-resolved FRET with the 2B7 and b1 antibodies. Cycloheximide caused a consistent dose-dependent
decrease in mutant Htt protein as shown by both detection methods. B) The same experiment as shown in A),
but with a HDAC inhibitor (TSA analogue) as a generic transcription up-regulating agent. Both Western blot and
time-resolved FRET show a consistent dose-dependent increase in mutant Htt expression levels. A–B) Data gener-
ated in 96-well plate format (n = 3, standard deviation).
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conditions to facilitate automated HTS compound screening.
We then tested ~10 000 compounds for their ability to modu-
late intracellular Htt levels, with or without multiplexing with a
cytotoxicity readout. This validated both the high reproducibili-
ty and the excellent dynamic response of the assay. Further, by
screening a library of natural products we identified com-
pounds that could efficiently reduce or augment the amount
of mutant Htt present in the cells.


Some caveats with this assay format have to be considered.
Firstly, the cell lysis conditions need to be optimized for each
set of protein and antibody detection reagents (unpublished
observations). Secondly, the assay only detects proteins that
are solubilized during cell lysis, which might mean that this
format would not be suitable for monitoring the levels of pro-
teins involved in large macromolecular complexes that are not
readily solubilized (such as proteins associated with the cell cy-
toskeleton or the nuclear structure). Thirdly, because of the use
of a recombinant peptide tag it is necessary to confirm wheth-
er or not a change in signal is indeed reflected in an actual
change in protein expression and is not the result of potential
proteolysis or other post-translation modifications of the pep-
tide tag, such as phosphorylation or acetylation, which might
alter the ability of the antibody to bind to the recombinant
tag. The peptide tag might also affect function, folding, or
clearance of the protein being studied. Fourthly, whereas it is
possible to multiplex Htt detection with an assay to monitor
cell viability, the current assay setup uses a measure of mito-
chondrial redox potential that may not be sensitive enough to
detect unspecific changes in cell physiology altering protein
expression, and this readout indeed has a tendency to under-
estimate the potential cytotoxicities of compounds (data not
shown). However it is still possible to multiplex Htt detection
with additional cytotoxicity readouts such as ATP levels or
even other reporter gene assays.


One advantage of this tagging approach is that, in addition
to the biochemical quantification of the protein, it is possible
to adapt the format for protein visualization in intracellular
imaging assays with use of fixed and permeabilized cells. This
would allow monitoring not only of the levels of protein
during a change in conditions but also of the location of the
protein within the cell. In the case of Htt this is of importance
because it has been reported that intracellular localization of
Htt influences its toxicity[1, 25] and might also have a bearing on
the apparent protein levels.[26]


The basic strategy applied in this study for the high-
throughput detection of tagged proteins can be extended to
assays that use antibodies to nonrecombinant epitopes, and
this would allow the detection and quantification of endoge-
nous proteins.


Experimental Section


Peptides and antibodies : A library of peptides carrying epitopes
recognized by the monoclonal antibodies 25H10, b1, or 32A7 was
custom-produced by MIT Biopolymers Laboratory (MIT, Cambridge,
MA, USA). Amyloid Ab40 peptide was purchased from Bachem (Bu-
bendorf, Switzerland).


The 25H10 antibody specific against the GGVV epitope, the 32A7
antibody specific against VVIA, and the b1 antibody directed
against EFRH are described elsewhere.[27] The EFRH epitope of
human amyloid Ab peptide is not present in the corresponding
mouse polypeptide, so no background detection of amyloid Ab


peptide expressed by mouse HN10 cells is possible. Commercially
available unlabeled antibodies equivalent to these antibodies can
be obtained through several vendors such as Cell Sciences
(Canton, MA, USA), The Genetics Company AG (Schlieren, Switzer-
land) or Immuno-Biological Laboratories (Minneapolis, MN, USA).
Labeled antibodies ready for time-resolved FRET can be obtained
through Cisbio Bioassays (Bagnols-sur-C�ze, France). The 2B7 anti-
body was custom designed against the first 17 amino acids of Htt
(GENOVAC, Freiburg, Germany). Custom europium cryptate (K) and
d2-fluorophore (d2) labeling was performed by Cisbio Bioassays.
Depending on the batch, antibodies were cross-linked to 5–7 mol
of K or d2 per mol antibody.


Generation of neuronal cell lines : Neuronal HN10 cells[28] were
used to create inducible clones with expression of Htt573-Q25
and/or Htt573-Q72. In brief, cells were transfected with the Rheo-ACHTUNGTRENNUNGSwitch receptor plasmid pNEBR-R1 (New England Biolabs) and cul-
tured under selection of G418 (1 mg mL�1, Invitrogen). Clones were
screened for cell morphology, transfected with inducible luciferase
reporter construct, and induced for two days. The clone with the
best induction ratio was selected and used for subsequent trans-
fection with Htt573-Q25 or Htt573-Q72 inducible plasmids (in
pNEBR-X1Hygro vector). After selection with G418 and hygromycin
(1 mg mL�1, Invitrogen), inducible expression of Htt fragments in
the clonal lines were monitored by the time-resolved FRET detec-
tion method described here, and clones with no basal expression
and highest inducible expression were chosen for use in the assay
format.


Detection of peptides by time-resolved FRET: Peptides
(800 mg mL�1) were dissolved in DMSO. Test peptides and amyloid
Ab40 peptide (3 ng mL�1) were diluted in RIPA buffer [20 %, Tris-
HCl (10 mm) pH 7.5, NaCl (150 mm), EDTA (1 mm), NP40 (1 %), SDS
(0.5 %)] and Complete Protease Inhibitor (Roche). Peptide solutions
(30 pg, 10 mL) in each well were mixed with an antibody solution
(5 mL) composed of 25H10K (2 ng) and b1-d2 (20 ng) dissolved in
NaH2PO4 (50 mm, pH 7.4, NaF (400 mm), BSA (0.1 %), and Tween 20
(0.05 %) in a low-volume 96-well plate and incubated at 4 8C over-
night. Time-resolved fluorescence at 620 and 665 nm was mea-
sured with a RUBYstar (BMG Labtech) reader.


Adaptation to 96-well plate format : Cells were seeded in Dulbec-
co’s modified Eagle’s medium (Gibco) growth medium with fetal
calf serum (FCS, 10 %), penicillin, and streptomycin (20 000 cells per
well, 100 mL per well). The medium was removed after 2 h and was
replaced with inducing medium (200 mL per well, growth medium
plus RSL1 inducer) to start the expression of Htt. After three days,
medium was removed and replaced with the readout buffer [30 mL
per well, 20 mL per well of lysis buffer and 10 mL per well of anti-
bodies diluted in NaH2PO4 (50 mm) pH 7.4, NaF (400 mm), BSA
(0.1 %), and Tween 20 (0.05 %)]. After incubation (30 min, room
temperature), lysates were transferred to low-volume black-bottom
96-well plates, and Htt was determined after 3 h at 4 8C by time-re-
solved fluorescence with use of an EnVision� reader (Perkin–Elmer).
Total protein in cell lysates was measured by use of the BCA-Pro-
tein detection kit (Perbio, Cramlington, UK).


Compound screen in 1536-well plate format : For the HTS format,
the Htt573-Q72-expressing HN10 cells were incubated for three
days with RSL-1 (400 nm) in DMEM and FCS (inducing medium,
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10 %) to reach steady-state levels of mutant Htt expression. Htt-ex-
pressing cells (2000 cells per mL, 3 mL per well) were seeded in a
1536-microtiter plate (Greiner) and incubated overnight either in
the absence or in the presence of compounds. When time-resolved
FRET was multiplexed with resazurin cell viability readout, resazurin
(2 mm) was added to the culture medium 4 h prior to the time-
resolved FRET measurement. Resorufin levels were quantified after
4 h incubation at 580 nm excitation and 600 nm emission with an
EnVision� reader (Perkin–Elmer). Afterwards, a sample buffer solu-
tion (5 mL per well) composed of three parts of lysis buffer [Tri-
ton X-100 (1 %) in PBS with Complete Protease Inhibitor] and two
parts of antibody buffer [NaH2PO4 (50 mm) pH 7.4, NaF (400 mm),
BSA (0.1 %), Tween 20 (0.05 %), K-labeled antibody (60 pg per well)
and d2-labeled antibody (800 pg per well)] was added and the
system was incubated for 30 min at room temperature. In some
cases, plates were incubated at room temperature for longer times
as indicated. Measurements were performed with a ViewLuxTM


device (Perkin–Elmer) with the following settings: Label 1 time-
resolved FRET_Eu-K_(E:800K, Xsec, BF4, GN:high, SP:slow), Label 2
time-resolved FRET_XL665_(E:800K, Xsec, BF4, GN:high, SP:slow).


Data analysis : Time-resolved FRET measurement results in two dif-
ferent signals. After excitation at 320 nm, emission at 620 nm from
the K-labeled antibody can be used as an internal reference for
possible interfering artifacts of the assay such as signal quenching
or absorption by compounds, sample turbidity, or differences inACHTUNGTRENNUNGexcitation energy or sample volume. The 665 nm emission signal
originates from the d2 antibody, which is excited by time-resolved
FRET when in proximity to the K antibody. The calculated 665/
620 nm ratio is therefore an artifact-corrected specific signal of the
two antibodies bound to the same polypeptide and hence a reflec-
tion of the amount of antigen protein present in the sample. For
96-well plate data, time-resolved FRET signals are given as the 665/
620 nm ratio multiplied by 10 000.


For 1536-microtiter well plate optimization data, time-resolved sig-
nals are presented as DF values, a format more suitable for taking
day-to-day assay variations into account as it is a background-cor-
rected value [Eq. (1)]:


DF ¼ ðRatio665=620induced�Ratio665=620noninducedÞ=Ratio665=620noninduced � 100


ð1Þ


Analysis of HTS data was conducted with the aid of in-house data
analysis software. This software is able to normalize activity to per-
cent remaining activity with the use of high and low control sam-
ples present on a plate and to correct for plate localization effects
by use of a local regression algorithm.[29] Z’-factors were calculated
according to ref. [30] .
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Introduction


Mitochondria are the main sites of cellular energy production.
Different substrates, including pyruvate and fatty acids, are de-
graded to provide electrons that are transferred along the elec-
tron transport chain (ETC). The energy thereby released is used
to pump protons from the matrix into the intermembrane
space and to create a chemo-electric gradient. This is exploited
to drive ATP synthetase, which eventually generates ATP.[1] Pre-
mature release of electrons from the ETC leads to reduction of
molecular oxygen and the formation of reactive oxygen spe-
cies (ROS). Enzymatic systems such as superoxide dismutase,
catalase and glutathione peroxidase mitigate ROS at an early
stage. This is complemented by endogenous antioxidants such
as glutathione, tocopherols and ascorbic acid, which are able
to scavenge ROS or further intermediates and to prevent
damage to macromolecules.


Excessive generation of ROS cannot be balanced, however,
and this impairs mitochondrial functions and causes DNA
damage and protein oxidation.[2] In particular, the enzyme
complexes along the ETC are compromised. The result is a vi-
cious cycle in which electron leakage, enhanced formation of
ROS and subsequent damage to mitochondrial DNA (mtDNA)
lead to defective proteins and progressive mitochondrial dys-
function.[3] ROS scavengers have been covalently conjugated
to lipophilic cations in the form of triphenylphosphonium
(TPP) tags. Since TPP carries a positive charge, mitochondria-
targeted antioxidants pass through the phospholipid bilayers
of cellular and mitochondrial membranes and accumulate in
mitochondria by factors of a hundredfold, driven by the mem-
brane potential.[4] To curb oxidative stress, vitamin E, ubiquinol,
lipoic acid (LipAc) and polyphenols, as well as mimetics ofACHTUNGTRENNUNGsuperoxide dismutase and glutathione peroxidase, have been


conjugated to TPP and successfully targeted towards mito-
chondria.[5–10]


In each of these compounds, the antioxidant is firmly bound
to the TPP tag and exhibits properties—including antioxidant
activity, intra-mitochondrial distribution and metabolism—that
are different from those of the original, naturally occurring
molecule. As one example, a covalently bound TPP-conjugated
a-lipoyl derivative has been successfully introduced into mito-
chondria, but failed to reduce oxidative stress.[7] Another study
described a cleavable thiol-modified tag that is reduced by the
cytosolic glutathione pool to release mRNA-interacting peptide
nucleic acid (PNA) molecules.[11]


Here we present a new concept focused on a biocleavable
linkage of the lipophilic tag and the molecule to be shuttled
into mitochondria. We screened the literature for mitochondri-
al enzymes capable of cleaving tagged bioactive molecules,
found that mitochondrial aldehyde dehydrogenase (ALDH-2)
had a rather promiscuous esterase activity and therefore de-
signed a reversibly bound LipAc derivative (revMitoLipAc) to
test this concept (Scheme 1 B).
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Department of Human Nutrition, Friedrich Schiller University Jena
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Targeted accumulation of chemically unaltered compounds
within the mitochondrial compartment has not yet been ach-
ieved. Here we describe a reversible tag that is endogenously
cleaved after mitochondrial accumulation has occurred. Specifi-
cally, we have reversibly tagged a-lipoic acid with a triphenyl-
phosphonium moiety that is cleaved by the physiologically
contained mitochondrial aldehyde dehydrogenase (ALDH-2).
This reversibly tagged compound activates the lipoic acid-
sensitive pyruvate dehydrogenase complex, and this results in
increased glucose oxidation. We observed a reduction in ROS


accumulation after preincubation with the reversibly tagged
compound, whereas untagged or irreversibly tagged com-
pounds either had no effect on ROS formation or rather
caused increased oxidative stress, respectively. Lastly, the cyto-
toxicity of the reversibly tagged compound is less than that of
the irreversibly tagged compound. Overall, reversible tagging
combines decreased tag-related cytotoxicity with increased
bioactivity, and this potentially provides a novel concept inACHTUNGTRENNUNGmitochondrial pharmacology.
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Results


Synthesis


The synthesis of revMitoLipAc (2) was carried out by conden-ACHTUNGTRENNUNGsation of (4-hydroxy-butyl)-triphenylphosphonium bromide
(HBTPP, 1) with LipAc (3) with DMAP as activator reagent
(Scheme 1 A). Oxidized 2 was purified by flash chromatography
and obtained in 45 % yield. For cell imaging experiments, the
thiol moieties of both LipAc (3) and revMitoLipAc (2) were re-
duced by sodium borohydride and the compounds were treat-
ed with the thiol-specific fluorescence label monobromobi-
mane (see the Supporting Information).[12]


The irreversibly tagged LipAc irrevMitoLipAc (4, Scheme 1 C)
was obtained by a multistep procedure as described by Brown
et al. (see the Supporting Information).[7]


Intramitochondrial accumulation and cleavage


The results of our approach suggest the fast accumulation of
revMitoLipAc within the mitochondrial matrix, followed by en-
zymatic hydrolysis of the lipoyl ester by mitochondrial ALDH-2
(EC1.2.1.3). RevMitoLipAc (2) was incubated with isolated mito-
chondria from pig liver and enzymatic hydrolysis was moni-
tored by thin-layer chromatography (TLC). After incubation the
mitochondria were extracted with organic solvents (CHCl3/
MeOH 8:2 v/v) and TLC examination was carried out. The cleav-
age reaction was complete within 60 min (see the Supporting
Information). No cleavage took place when the incubation was
performed in the presence of benomyl, a previously estab-
lished specific inhibitor of mitochondrial ALDH-2.[13–15] In a sep-
arate experiment, the release of free LipAc was monitored and
quantified by HPLC–UV detection. After 60 min approximately
60 mol % of the revMitoLipAc (2) had been converted into


LipAc (Figure 1 A, black bars),
whereas 40 mol % was not de-
tected, due either to incomplete
extraction or to subsequent me-
tabolism into LipAc metabolites,
such as dimethyl lipoic acid,[16]


which could not be detected.
Again, no cleavage reaction oc-
curred when mitochondria were
pre-incubated with benomyl
(250 mm ; Figure 1 A, white bars).


Cell culture experiments were
performed to detect the accu-
mulation of mitochondrially tar-
geted LipAc in a physiological
system. HepG2 cells were incu-
bated with revMitoLipAc (2),
LipAc (3) and the irreversibly
tagged LipAc (irrevMitoLipAc, 4)
for 2 h. Cells were then harvest-
ed for subcellular fractionation.
The mitochondrial fraction was
analysed by ESI (+ve mode)
mass spectroscopy, and showed


intact 2 (m/z 523) and the cleavage product of the ester hy-
drolysis (1, m/z 335, Figure 1 B). Hydrolysed free LipAc (3) was
not observed, presumably due either to its rapid conversion


Scheme 1. A) Chemical synthesis of mitochondrially targeted lipoic acid (revMitoLipAc). i) a-Lipoic acid, DMAP,
DCC, 24 h. B) Enzymatic release of lipoic acid through the action of mitochondrial aldehyde dehydrogenase
(ALDH-2). C) Irreversibly tagged lipoic acid (irrevMitoLipAc) designed by Brown et al.


Figure 1. A) Mitochondrial hydrolysis of revMitoLipAc (240 mm), analysed by
HPLC after incubation of isolated mitochondria with revMitoLipAc for the
depicted time intervals. White bars indicate incubations with benomyl and
black bars indicate incubations without this ALDH-2-inhibitor. B) ESI (+ve
mode) mass spectrum of a mitochondrial extract of HepG2 cells treated with
revMitoLipAc (100 mm) for 2 h.
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into metabolites and secretion into the cytoplasm or to its in-
corporation into lipoylated proteins. Incubation with irrevMito-
LipAc (4) also showed significant accumulation in the mito-
chondrial fraction, represented by abundance of its positively
charged mass ion (m/z 437; data not shown). Interestingly, no
intra-mitochondrial accumulation was observed after applica-
tion of LipAc (3) ; this suggests strict regulation of its intra-mi-
tochondrial metabolism.


In a third approach we used monobromobimane-labelled
derivatives of revMitoLipAc (2) and LipAc (3) to visualize the
distribution within HepG2 cells.[12] The cells were co-incubated
with MitoTracker Red, a mitochondrion-specific fluorescence
dye, and with bimane-labelled 2 or 3 for 1 h and observed by
fluorescence microscopy. MitoTracker Red rapidly accumulated
within mitochondria (Figure 2 A). Bimane-labelled revMitoLipAc
(2) also accumulated in the cells with the same sub-cellular lo-
calization (Figure 2 B). A digital overlay of both images revealed
colocalization of MitoTracker Red with bimane-labelled 2 (Fig-
ure 2 C). Interestingly, bimane-labelled LipAc did not enter the
cell (image not shown).


Biological activity


LipAc is a known cofactor for pyruvate dehydrogenase (PDH)
activity. Because we forced mitochondrial importation of LipAc
through the application of revMitoLipAc, we could expect acti-
vation of the PDH complex; this activation should be accompa-
nied by an increased flux of pyruvate oxidation to acetyl-CoA
and at the same time by a decrease in lactate production. Di-
chloroacetate (DCA), an inhibitor of pyruvate dehydrogenase
kinase (PDK) and thus an activator of PDH, induced increased


overall glucose utilization together with reduced lactate gener-
ation.[17, 18] We observed that compound 2 modulated glucose
metabolism in the same manner (see the Supporting Informa-
tion).


In addition, isolated intact mitochondria were incubated
with LipAc and with revMitoLipAc, and PDH activity was mea-
sured by a published procedure.[19] DCA and 3-fluoropyruvate
(3-FP), a direct inhibitor of PDH, were used as controls. Free
LipAc significantly reduced PDH activity (0.15 mmol min�1 mg�1


vs. 0.17 mmol min�1 mg�1, p<0.01; Figure 3), whereas revMitoLi-
pAc induced activity (0.21 vs. 0.17 mmol min�1 mg�1, p<0.05).
For revMitoLipAc, we could not distinguish between PDH acti-
vation through inhibition of PDK and direct activation of PDH
due to a surplus of liberated LipAc.


Most of the mitochondrially targeted antioxidants signifi-
cantly reduced ROS in vitro and in vivo. Therefore, we incubat-
ed HepG2 cells with free LipAc, revMitoLipAc and HBTPP and
measured mitochondrial ROS generation. Mitochondria were
loaded with the nonfluorescent dye MitoTracker CM-H2XROS,
which selectively accumulates within mitochondria and subse-
quently oxidized to a fluorescent chromophore, as repeatedly
demonstrated in the past.[20–22] Free LipAc did not reduce the
fluorescence of the redox-sensitive probe at 1 mm concentra-
tion (Figure 4 A). At higher concentrations (10 mm), LipAc had
significantly elevated endogenous ROS levels after 12 h. In con-
trast, reversibly targeted LipAc (revMitoLipAc) protected mito-
chondria from endogenous ROS at 1 mm and 10 mm concentra-
tions. HBTPP (1) did not appear to be responsible for any re-
duction of ROS. The antioxidative effects of revMitoLipAv (2)
are rather small and have to be handled with care because the
MitoTracker fluorescent dye is potentially capable of interfering
with the mitochondrial permeability transition, and so may in-
fluence the ROS production or fluorescence determination.[23, 24]


LipAc is known to reduce levels of exogenously induced
ROS in vitro and in vivo at concentrations ranging between


Figure 2. Fluorescence imaging of bimane-labelled revMitoLipAc in HepG2
cells (1 mm, 1 h). A) MitoTracker Red fluorescence, B) Bimane-labelled revMi-
toLipAc fluorescence. C) Overlay of (A) and (B) fluorescence. D) Phase con-
trast.


Figure 3. PDH activities of isolated mitochondria incubated for 2 h at 37 8C
with dichloroacetate (DCA, 5 mm), lipoic acid (3, 5 mm), reversibly tagged
lipoic acid (2, 5 mm) and 3-fluoropyruvate (3-FP, 5 mm) with subsequent mea-
surement of activity. Data are expressed as means of four individual experi-
ments �SD, * p<0.05, ** p<0.01, *** p<0.001 relative to DMSO and PDH
activity is given in mmol of pyruvate consumed min�1 mg of protein�1.
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100 and 500 mm.[25–27] We compared 2 with its hydrolysis prod-
ucts LipAc (3) and HBTPP (1) for their potential to scavengeACHTUNGTRENNUNGexternal ROS, here induced by tert-butylhydroperoxide (TBHP,
50 mm ; Figure 4 B). Quantification of cytosolic ROS formation
was essentially by the method of Wang and Joseph.[28] The an-
tioxidant effect of free LipAc (1 mm) was not seen when HepG2
cells were incubated for 4, 12 or 24 h prior to TBHP treatment
(data shown for 4 h only). However, cells treated with the re-
versibly targeted compound revMitoLipAc (2) and subsequent-
ly challenged by TBHP were significantly protected from oxida-
tive stress (40 % versus control, p<0.001). These results sug-
gest that the application of revMitoLipAc is of advantage in
comparison with application of LipAc. Moreover, in this respect
revMitoLipAc is superior to irrevMitoLipAc because the latter
compound did not protect cells from oxidative damage either
by hydrogen peroxide or by tert-butylhydroperoxide.[7] The mi-
tochondrial accumulation and subsequent cleavage of LipAc
by revMitoLipAc enhances antioxidant defence and mitigates
the impact of ROS.


Comparison of differentially tagged LipAcACHTUNGTRENNUNGderivatives


A direct comparison of revMitoLipAc (2) and irrevMi-
toLipAc (4) revealed a significant reduction in cell
growth when hepatocytes were treated with 4 at a
concentration of 10 mm (15 % reduction at 12 h, 30 %
at 24 h and 60 % at 48 h, p<0.001; Figure 5 A). When
4 (1 mm) was applied, cells growth was diminished
after 24 h, but the cells had recovered after 48 h.


In a previously published study by Brown et al. ,
the decrease in protein content of each well after
treatment with 4 was accompanied by an apoptotic
appearance of the cells, presumably due to mito-
chondrial ROS formation.[7] These results are in line
with our observations that 4 produced a most pro-
nounced increase in endogenous ROS formation rela-
tive to revMitoLipAc (2) as depicted in Figure 5 B.
Whereas cells seemed to recover from initial stress in-
duced by irrevMitoLipAc (4, 1 mm), endogenous ROS
concentration nevertheless increased over time when
treated with 4 (10 mm). We postulate that irrevMitoLi-
pAc (4) acted as a pro-oxidant within mitochondria
and finally induced apoptosis.


We further investigated the mitochondrial mem-
brane potential DYm, which is a reliable indicator of
mitochondrion-dependent apoptosis quantifiable by
applying the fluorescence dye JC-1. In the presence
of a high DYm the dye forms so-called JC-1 aggre-
gates with an emission wavelength of 590 nm.[29] We
measured the effects of the mitochondriotropic com-
pounds 1, 2 and 4 (Figure 6). The mitochondrial tag
(1) and revMitoLipAc (2) showed either no influence
or even a positive influence (1 at 10 mm) on DYm. In
contrast, irrevMitoLipAc (4) had reduced DYm after
1 h of treatment; this is in line with the results ob-
served in Figure 5.


Overall, reversible tagging combines decreased tag-related
cytotoxicity with increased bioactivity, and potentially provides
a novel concept in mitochondrial pharmacology.


Discussion


Lipophilic TPP-tagged molecules (TPPMs) have been success-
fully used to target mitochondria in the past.[6–8] Because mito-
chondria are the main site of endogenous ROS generation and
thus prone to oxidative damage, TPPMs with antioxidant activi-
ty have been used to reduce oxidative stress. Ubiquinol, vita-
min E or LipAc moieties have been covalently bound to TPP
tags. Mitochondrion-targeted tagged coenzyme Q10 (MitoQ)
has been shown to reduce mitochondrial ROS in vitro and in
vivo and is currently used in phase II studies for the treatment
of Parkinson’s disease, Friedreich’s ataxia and chronic hepatitis
C infections.[30] In contrast, the mitochondrion-targeted LipAc
irrevMitoLipAc, first described by Brown and col ACHTUNGTRENNUNGleagues,[7]


failed to reduce oxidative load within mitochondria. The au-
thors showed that irrevMitoLipAc was reduced by less than


Figure 4. A) Endogenous mitochondrial ROS formation in HepG2 cells after different incu-
bation time intervals. Cells were treated with lipoic acid (3), reversibly tagged lipoic acid
(2), the TPP tag 1 and antimycin (AM) as positive control. ROS were quantified by treat-
ment with MitoTracker CM-H2XROS. Black bars represent 4 h treatment, grey bars 12 h
treatment and white bars 24 h treatment. Data are expressed as means of n = 8�SD,
* p<0.05, ** p<0.01, *** p<0.001 relative to DMSO. B) Accumulation of exogenously
added ROS , 4 h post-treatment with tert-butylhydroperoxide (TBHP, 50 mm). ROS were
quantified by treatment with dichlorofluoresceine (DCF). Data are expressed as means of
n = 6�SD, *** p<0.001.
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10 % and that this compound could not be reduced by mito-
chondrial thioredoxin reductase (Trx), because it was S-methy-
lated and thus did not act as a mitochondrial antioxidant.[7]


Here we describe a new class of TPPMs that feature reversi-
bly bound TPP tags cleavable by mitochondrial ALDH-2. The
mitochondrial isoform of ALDH-2 displays three enzymatic ac-
tivities. The enzyme is responsible for the detoxification of eth-
anol and has been shown to activate the vasodilating drug ni-
troglycerine (glyceryl trinitrate, GTN) by its reductase activi-
ty.[31, 32] In addition, the enzyme is capable of hydrolysing ester
bonds.[33–35] In the current study, this property was used to lib-
erate LipAc from a tagged LipAc derivative (revMitoLipAc) that
accumulates within mitochondria. Co-incubation with benom-
yl, a previously established inhibitor of ALDH-2, prevented
ester hydrolysis. In addition, we used electrospray ionisation
mass spectroscopy (ESI +ve mode) to demonstrate that revMi-
toLipAc was taken up into the cytosol and accumulated within
the mitochondria of HepG2 cells. While we could find revMito-
LipAc and the hydrolysed TPP moiety (1), we could not detect
either free LipAc or its main metabolites mono- and dimethyl
lipoic acid within these mitochondria (data not shown). We
postulate that free LipAc (3) was either rapidly converted into
metabolites and subsequently secreted into the cytoplasm, or
incorporated into lipoylated proteins. Further studies will have
to address these possibilities.


Colocalization of a bimane-labelled derivative of revMitoLi-
pAc (2) with MitoTracker Red in HepG2 cells revealed rapid ac-
cumulation of revMitoLipAc within mitochondria. We propose
that revMitoLipAc escapes unspecific cytosolic esterases be-
cause of its extremely fast mitochondrial accumulation. Al-
though we cannot entirely rule out contributions to the hydro-
lytic process by mitochondrial esterases other than ALDH-2,
the effect of the inhibitor benomyl appears to point to ALDH-2
as being most prominently involved. Future work with small
interfering RNA targeted against ALDH-2 could potentially help
to clarify this question, although on the other hand it has no
immediate impact either on the efficacy of the novel method
described here or on the specific compounds analysed in this
study.


Because we observed strong activation of PDH complex ac-
tivity, we assume that liberated LipAc underwent fast metabol-
ic conversion into lipoylated proteins. Pyruvate dehydrogenase
complex has been shown to be modulated by free LipAc
(LipAc).[36, 37] Although we observed a significant reduction in
PDH activity for LipAc (5 mm), our results are in line with the
previous studies. The tagged LipAc 2, however, significantly
enhanced PDH complex activity at comparable low concentra-
tions (5 mm). It should be mentioned that phosphonium-
tagged compounds in general might accumulate by factors of
up to 500–1000-fold within mitochondria. If hydrolysis of re-
vMitoLipAc by ALDH-2 is assumed, intra-mitochondrial concen-
trations of free LipAc could reach up to 5 mm. We further pos-
tulate that liberated LipAc is transferred to lysine residues of
the PDH complex as has been found for thiamine pyrophos-
phate in a similar experimental setup.[19]


Comparably little is known about mitochondrial metabolism
of LipAc in mammals.[38–40] Homozygous murine embryos lack-


Figure 5. A) Direct comparison of hepatocyte protein content after treat-
ment with reversibly tagged lipoic acid (2) and irreversibly tagged lipoic
acid (4). Black bars represent 12 h treatment, grey bars 24 h treatment and
white bars 48 h treatment. B) Direct comparison of endogenous ROS forma-
tion in HepG2 cells after treatment with revMitoLipAc and irrevMitoLipAc.
Black bars represent 4 h treatment, grey bars 12 h treatment and white bars
24 h treatment. RevMitoLipAc values were set to 100 %. ROS were quantified
by treatment with dichlorofluoresceine (DCF). All data are expressed as
means of n = 8�SD, * p<0.05, ** p<0.01, *** p<0.001.


Figure 6. Influence of revMitoLipAc (2), HBTPP (1) and irrevMitoLipAc (4) on
mitochondrial membrane potential (DYm) measured by JC-1 fluorescence
(RFU aggregate/RFU monomer). HepG2 cells were treated with 2, 1 or 4 for
1 h, and fluorescence of JC-1 monomers (lem = 535 nm) and aggregates
(lem = 590 nm) was measured. The quotient of fluorescence values correlates
with DYm. Antimycin A (AM, 20 mm) was used as positive control. All data
are expressed as means of n = 6�SD, ** p<0.01, *** p<0.001 relative to
DMSO.
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ing mitochondrial lipoate synthetase (Lias) died before day 9.5
of embryonic development.[41] Unexpectedly, supplementation
of heterozygously Lias-deficient (Lias+ /�) mothers with LipAc
during pregnancy failed to prevent the prenatal deaths of ho-
mozygous knock-out embryos; this suggests that free passage
of LipAc into the embryonic mitochondria is restricted. Hetero-
zygous Lias+ /� mice show a diminished hepatic LipAc content
and are especially sensitive to lipopolysaccharide-induced oxi-
dative stress.[42] The irreversibly tagged LipAc 4 described by
Brown and colleagues was used to overcome this obstacle;
however, the compound failed to reduce oxidative stress
within the cell. In fact, 4 showed cytotoxic effects in Jurkat
cells at concentrations as low as 2.5 mm.[7]


Pro-apoptotic and pro-oxidative activity has been observed
for free LipAc on application of this compound in high concen-
trations (1 mm) in HT-29 cells,[43] or at 200–500 mm in HepG2
and FAO cells[44] or 3T3L1 adipocytes.[45] In contrast, here we
report antioxidant activity of revMitoLipAc at 1–10 mm concen-
trations for all time periods analysed. In addition, revMitoLipAc
acted as an antioxidant even at a low, pharmacologically rele-
vant concentration (1 mm) when cells were challenged by tert-
butylhydroperoxide (TBHP). We assume that revMitoLipAc lib-
erates LipAc within the mitochondria and that free LipAc is
subsequently reduced by mitochondrial thioredoxin reduc-
tase.[46] We compared the influences of the tagged LipAcs 2
and 4 on cell growth, ROS accumulation and mitochondrial
membrane potential DYm (Figures 5 and 6). All parameters
point to a pro-oxidative and pro-apoptotic activity of irrevMito-
LipAc (4), especially at higher concentrations (10 mm).


To the best of our knowledge, here we report for the first
time a biocleavable transport system for the transfer of bio-ACHTUNGTRENNUNGactive compounds into the mitochondrial inner matrix. The
system takes advantage of the intrinsic ALDH-2 activity to hy-
drolyse the shuttle and to liberate the desired compound. In
this way, we overcome the tightly regulated transport of nu-
trients, drugs and other bioactive compounds into the mito-
chondrial compartment by the use of a reversibly bound mito-
chondriotropic tag.


Experimental Section


General information : All chemicals were used as received from
the supplier. Tetrahydrofuran, 4-dimethylaminopyridine, dicyclohex-
yl-carbodiimide, triphenylphosphonium hydrobromide, antimycin A
and benomyl were obtained from Sigma–Aldrich (Schnelldorf, Ger-
many). Diethyl ether, methanol and dichloromethane were ob-
tained from Roth (Karlsruhe, Germany). dl-a-Lipoic acid was ob-
tained from Fluka (Schnelldorf, Germany). IrrevMitoLipAc was syn-
thesized by published procedures (see the Supporting Information
for a brief description).[7] TLC analysis was performed on Silica Gel
60 F254 coated plates from Merck (Darmstadt, Germany). 1H NMR
and 13C NMR spectra were recorded at 300 and 75.47 MHz, respec-
tively, with a Bruker (Bremen, Germany) AMX 300 instrument in
CDCl3 as solvent and with TMS as internal standard. Phosphoric
acid (30 %) was used as external standard for 31P NMR. Electrospray
ionisation mass spectrometry (ESI-MS) was performed in positive
ionisation mode with a MAT 95 XL-Trap instrument (Thermoquest
Finnigan, Bremen, Germany).


Synthesis of revMitoLipAc (2): dl-lipoic acid (3, 824 mg, 4 mmol),
(4-hydroxybutyl)triphenylphosphonium bromide (1, 1.4 g,
3.4 mmol)[47] and 4-dimethylaminopyridine (432 mg, 3.6 mmol)
were dissolved in dichloromethane (20 mL) and the mixture was
cooled in an ice bath. Then, dicyclohexylcarbodiimide (887 mg,
3.4 mmol) was added. The solution was stirred overnight and a
white precipitate formed. The filtrate was concentrated and ap-
plied to a silica gel column (CHCl3/MeOH 8:1) to give 2 (920 mg,
45 % yield) as a pale yellow gum. TLC analysis (CHCl3/MeOH 8:1) Rf


0.36; 1H NMR (300 MHz, CDCl3): d= 7.894–7.624 (m, 15 H; Ar-H),
4.081 (t, 2 H; CH2O), 3.955 (m, 2 H; CH2P+), 3.532 (m, 1 H; CHS),
3.101 (m, 2 H; CH2S), 2.412 (m, 1 H; CHaC), 2.162 (t, 2 H; CH2CO),
2.039 (m, 4 H; 2 CH2) 1.911 (m, 1 H; CHbC), 1.720–1.381 ppm (m, 6 H;
3 CH2); 13C NMR (CDCl3): 172.14, 135.25, 134.13, 129.65, 119.00,
61.82, 55.15, 41.24, 37.55, 35.64, 29.55, 27.72, 27.34, 23.30, 22.41,
22.13 ppm; 31P NMR: d= 25.55 ppm; HRMS (ESI + ): m/z calcd for
C30H36O2PS2 : 523.1894 [M+H]+ ; found: 523.1907 [M+H]+ .


Cell culture experiments : HepG2 cells were maintained in
RPMI 1640 medium (Pan-Biotech, Aidenbach, Germany) containing
FBS (10 % v/v) and antibiotic–antimycotic solution [1 % v/v, penicil-
lin (100 U mL�1), streptomycin (10 mg mL�1)] at 37 8C under a hu-
midified atmosphere containing CO2 (5 %). Hepatocytes were
grown to 80 % confluence on 15 cm cell culture dishes. For experi-
mental procedures, cells were rinsed with PBS, trypsinized and
transferred to a Falcon tube. After centrifugation, cells were quanti-
fied, diluted with medium and seeded either into 96-well microtiter
plates (20 000–40 000 per well) or into cell culture dishes (8 � 106


per dish) for the isolation of mitochondria. After 24 h, stock solu-
tions of substances were diluted in prewarmed RPMI medium to
desired concentrations. To obtain a uniform solvent concentration,
an equal volume of DMSO was also added to the medium of con-
trol samples. Cells were then incubated with prepared solutions for
certain periods of time at conditions depicted.


Preparation of mitochondrial fractions : Mitochondria were isolat-
ed from HepG2 cells by the method of Lai et al.[48] Cells were
grown to confluence and incubation procedures were conducted
as described above. After incubation, cells were washed twice with
cold PBS, scraped into ice-cold sucrose buffer [10 mL, sucrose
(250 mm), Tris (5 mm), ethylene glycol tetraacetic acid (2 mm),
pH 7.4; STE buffer] and stored at 4 8C. Samples were centrifuged
(490 g, 10 min) and supernatants were carefully decanted. Cells
were then resuspended in STE buffer (10 mL) and transferred to a
Dounce homogenizer; this allowed a gentle but efficient cell dis-
ruption. The sample was transferred to a glass vessel and manually
homogenized with a glass pestle for seven strokes. Subsequent
centrifugation (1000 g, 10 min) pelleted the cell debris. The super-
natant, which contained mitochondrial fractions, was filtered into a
new tube through gauze to retain insoluble particles. Supernatants
were pooled and centrifuged (11 000 g, 10 min) to pellet the mito-
chondrial fraction. This was gently resuspended in a small volume
of buffer with use of a fine paintbrush in order to avoid organelle
destruction by shear stress that could be caused by use of a pip-
ette. To remove undesired cytosolic fractions, the washing step
was repeated twice. Mitochondria were resuspended in a small
volume of buffer and immediately used for assay procedures. The
protein concentration was determined by Bradford’s method.[49]


Cleavage of mitochondrially targeted LipAc (2): RevMitoLipAc (2)
was incubated with energized mitochondria from pig liver and en-
zymatic hydrolysis was monitored either by thin-layer chromatog-
raphy (TLC; see the Supporting Information) or HPLC. Mitochondri-
al fractions (50 mg protein), prepared from porcine liver or human
HepG2 cells as outlined above, were mixed with STE buffer
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(200 mL) and revMitoLipAc was added to give a final concentration
of 230 mm. Samples were incubated in a thermomixer (37 8C) for
defined time intervals. The reaction was stopped with an equal
volume of an aqueous acetonitrile solution (65 %, v/v) and the
sample was acidified to pH 3. Samples were intensely vortexed for
1 min to extract LipAc and were then centrifuged (10 800 g, 1 min)
to pellet mitochondria debris. Supernatant was carefully trans-
ferred, filtered (0.2 mm) and analysed by reversed-phase HPLC. In
brief, we used a reversed-phase Kromasil C18 column (5 mm 250 �
4.0 mm) with a mixture of acetonitrile and water (65:35 v/v, 0.1 %
acetic acid pH 4.0) as eluent and a detection wavelength of
267 nm. LipAc eluted at 10.0 min. To demonstrate that revMito-ACHTUNGTRENNUNGLipAc is hydrolysed by mitochondrial ALDH-2, the mitochondrial
fractions were pre-incubated for 30 min with the specific ALDHACHTUNGTRENNUNGinhibitor benomyl (250 mm).


Pyruvate dehydrogenase activity assay : To measure the activity
of pyruvate dehydrogenase complex (PDH), crude mitochondrial
HepG2 cell extracts were prepared as described. Mitochondria
were thawed, centrifuged (10 400 g, 10 min) and carefully resus-
pended in a small volume of cold STE buffer until the pellet was
completely dissolved. The protein concentration was determined
and adjusted to 1–2 mg protein per mL with buffer. A spectrophoto-
metric assay based on previous protocols was performed with
slight modifications.[19] The assay was based on the indirect quan-
tification of NADH generated by the E3 subunit of PDH and subse-
quent reduction of p-iodonitrotetrazolium violet (INT) to a purple
coloured formazan, the increasing concentration of which was
monitored at 500 nm. Absorption values are proportional to the
quantity of NADH generated and pyruvate consumed.


Mitochondria (25 mg protein) were mixed with Soerensen buffer
(pH 7.6, 200 mL) that contained INT (0.6 mm) and essential PDHACHTUNGTRENNUNGcofactors [NAD+ (2.5 mm), TPP+ (0.2 mm), CoA (0.2 mm), MgII


(1 mm)] . To disrupt the outer mitochondria membrane and to solu-
bilize PDH, the buffer also contained the detergent Triton X-100
(0.1 % v/v). Addition of pyruvate started the reaction. Addition of
the PDH inhibitor fluoropyruvate and omission of pyruvate provid-
ed a blank value for monitoring of the background signal originat-
ing from initially present NADH or non-specific NAD+-dependent
enzymatic reactions. To provide a positive control and to enhance
PDH activity, the PDK inhibitor dichloroacetate (DCA) was added to
the assay buffer (5 mm). The reaction kinetics were then continual-
ly monitored at 37 8C for 60 min.


Determination of ROS : To assess the total cellular amount of reac-
tive oxygen species, the DCF assay was conducted essentially as
previously described.[50] In brief, HepG2 cells were loaded with 2,7-
dihydrodichlorofluorescein diacetate (H2-DCF-DA; 100 mm final
concentration) in RPMI medium for 30 min at 37 8C under an at-
mosphere containing CO2 (5 %). H2-DCF-DA is a nonfluorescent flu-
orescein derivative that emits fluorescence after oxidation to DCF-
DA. Fluorescence intensity is directly proportional to intracellular
ROS formation. After loading with H2-DCF-DA, the cells were
washed with PBS and test compounds were added for the time pe-
riods depicted in Figures 4 B and 5 B). Fluorescence intensity was
read immediately (0 h) and after different incubation periods at
37 8C under CO2 atmosphere (5 % or 4 L min�1 within the fluorime-
ter). Fluorescence intensity was measured with a NOVOstar (BMG
Labtech, Offenburg, Germany) microplate fluorimeter at an excita-
tion wavelength of 485 nm and an emission wavelength of
530 nm.


A similar setup was used for the determination of mitochondrially
derived ROS. Cells were loaded with MitoTracker CM-H2XROS


(Molecular Probes/Invitrogen, Germany) and treated as described
above. Fluorescence intensity was measured at an excitation wave-
length of 543 nm and an emission wavelength of 590 nm.


Fluorescence microscopy : HepG2 cells were seeded onto round
coverslips in twelve-well microtiter plates and allowed to grow for
24 h. The cells were coincubated with bimane-labelled revMitoACHTUNGTRENNUNGLip-ACHTUNGTRENNUNGAc and MitoTracker Red (Molecular Probes/Invitrogen, Germany)
for 1 h. Cells were washed with PBS and coverslips were mounted
on glass slides for microscopy. Images were taken on an Axio-
vert 100 LSM 410 laser scanning microscope (Zeiss, Germany). The
bimane fluorescence was excited with an argon UV laser at 364 nm
and fluorescence images were taken at 488 nm. MitoTracker Red
fluorescence was excited at 543 nm and emission images wereACHTUNGTRENNUNGrecorded at 575–640 nm. All acquisition parameters were kept con-
stant during the imaging process.


JC-1 staining : HepG2 cells were seeded in a 96-well microtiter
plate and maintained overnight. The staining solution was pre-
pared by dilution of a JC-1 stock solution (10 mm, Molecular
Probes) 1:1000 with PBS. Cells were incubated with 1, 2, 4 andACHTUNGTRENNUNGantimycin A (20 mm) under an atmosphere containing CO2 (5 %) at
37 8C for 1 h. The medium was removed, and the cells were
washed and incubated with the JC-1 staining solution for 1 h. Fluo-
rescence was measured with an Optima microplate fluorimeter
(BMG Labtech, Offenburg, Germany) at 535 nm for JC-1 monomers
and at 590 nm for JC-1 aggregates.


Statistical analyses : Data obtained from experiments were ana-
lysed to determine statistical differences between certain samples.
Means and standard deviations were calculated with Microsoft
Excel. Statistical analysis was performed with SPSS 15.0. Results are
depicted as most significant (*** p<0.001), highly significant
(** p<0.01) and significant (* p<0.05).
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Epoxide-Hydrolase-Initiated Hydrolysis/Rearrangement
Cascade of a Methylene-Interrupted Bis-Epoxide Yields
Chiral THF Moieties without Involvement of a “Cyclase”
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Introduction


Annonaceous acetogenins constitute a constantly growing
group of natural products exclusively derived from tropical
plants of the custard apple family (Annonacea sp.).[1] To date,
more than 450 compounds of this class have been isolated
and characterised, many of them possessing potent antileukae-
mic, cytotoxic, antihelminthic, antimalarial, antiprotozoal, pesti-
cidal and immunosuppressant activities.[2, 3] Structurally, a typi-
cal annonaceous acetogenin is composed of a long aliphatic
chain derived from a fatty acid, predominantly lacceroic (C-32)
or ghedoic (C-34) acid, and bearing a unique a,b-unsaturated
g-lactone moiety at the carboxy terminus. The most intriguing
common structural feature is the occurrence of (up to three)
five- or six-membered cyclic ether units at the centre of the ali-
phatic chain. Since these show structurally recurring motifs,
they are generally used for classification into subgroups. Ap-
proximately 85 % of annonaceous acetogenins derived from
the polyketide pathway[4] contain either a mono- or bis-tetra-
hydrofuran (THF) motif, whereas epoxy, tris-THF and tetrahy-
dropyran (THP) units occur only rarely.[5]


The hypothesis that these compounds are formed from
(poly)unsaturated fatty acids by enzymatic epoxidation of C=C
moieties, leading to bis-epoxy fatty acids,[6] has found support
in the location of C=C bonds in the appropriate positions in
the corresponding fatty acid chains[7] and by identification of
matching epoxidised fatty acid precursors (Scheme 1).[8] These
are bioactive themselves and are involved in the oxylipin path-
way in plant defence pathways against pests and pathogens.[9]


The exact nature of the cyclisation step, however, still remains
unclear, and the involvement of an isomerase/cyclase to form
the THF core with the correct substitution pattern, including
stereochemistry, has been a subject of speculation. As depicted
in Scheme 1, it appears conceivable that the THF core systems
A and B may be derived from ethylene- or methylene-inter-
rupted bis-epoxides, respectively, through regio- and stereose-


[a] Dr. B. T. Ueberbacher, Dr. K. Faber
Department of Chemistry, Organic and Bioorganic Chemistry,
University of Graz, Heinrichstrasse 28, 8010 Graz (Austria)
Fax: (+ 43) 316-380-9840
E-mail : kurt.faber@uni-graz.at


[b] G. Oberdorfer, Dr. K. Gruber
Institute of Molecular Biosciences,
University of Graz, Humboldtstrasse 50/3, 8010 Graz (Austria)


In contrast with electrophilic enzyme-catalysed cyclisations in
terpenoid biosynthesis, cyclisations of tetrahydrofuran moieties
found in several groups of natural products, such as annona-
ceous acetogenins, neurofurans and phytooxylipins, appear to
proceed through a nucleophilic cascade mechanism starting
from bis-epoxy fatty acid precursors. This hypothesis was veri-
fied by epoxide-hydrolase-catalysed hydrolytic ring-opening/
cyclisation cascades starting from a methylene-interrupted


meso-bis-epoxide model substrate, which furnished the corre-
sponding THF products with excellent de and ee values. Molec-
ular modelling showed that the points of enzyme attack were
consistent with the stereospecificities of the enzymes, whereas
the stereochemical courses of the cyclisation were solely gov-
erned by Baldwin’s rules and did not invoke the involvements
of a “cyclase”.


Scheme 1. Presumed biosynthetic THF-formation pathway and whole cell
biotransformation of meso-bis-epoxide 1.
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lective enzyme-mediated nucleophilic attack by [�OH], which
would trigger a spontaneous (or enzyme-mediated) ring-clo-
sure reaction.[10]


Whereas annonaceous acetogenins (donnaienin, for exam-
ple) possess mostly THF cores of type A, type-B THF units
occur in several types of natural products, such as neurofurans
and phytooxylipins. Bioactive compounds incorporating this
core have been isolated from marine organisms: amphezon-ACHTUNGTRENNUNGol A, a polyhydroxy linear carbon-chain metabolite from Am-
phidinium sp. , exhibits inhibitory activity against DNA poly-
merase a,[11] for example, whereas the THF diol from the
brown alga Notheia anomala possesses potent nematocidal ac-
tivity.[12] Metabolites of different unsaturated fatty acids also
possess THF core B. Linoleic acid derivatives with this structural
motif found in corn cob show mitogenic activity,[13] whereas
THF metabolites of the neurofuran family derived from arachi-
donic and docosahexaenoic acids occur at elevated levels in
the brain cortex in a mouse model of Alzheimer’s disease.[14]


It is noteworthy that in contrast with the majority of
enzyme-catalysed cyclisations catalysed by cyclases/isomerases,
which proceed through positively charged (carbenium ion) in-
termediates—generated by Lewis or Brønsted acid enzymatic
catalysis,[15]—these compounds would involve negatively
charged (nucleophilic) alkoxy-species intermediates. In order to
elucidate whether the cyclisation step is purely spontaneous—
and consequently governed by Baldwin’s rules,[16]—or requires
the involvement of an assisting isomerase/cyclase, we initiated
the following study.


Results and Discussion


Prompted by the chance observation of an enzyme-triggered
cascade reaction of haloalkyl-epoxides catalysed by whole bac-
terial cells,[17] which yielded cyclisation products rather thanACHTUNGTRENNUNGhydrolysis products, we subjected the methylene-interrupted
meso-bis-epoxide 1 as a model system to the presence of
whole resting cells of Rhodococcus sp. CBS 717.73, and ob-
tained the type-B THF product 3 in a highly stereoselective
way (Scheme 1).[18] Because the nature(s) of the enzyme(s) re-
sponsible for this whole-cell transformation remained obscure,
we could only speculate as to whether the cascade was initiat-
ed by hydrolytic opening of an epoxy moiety catalysed by (un-
known) epoxide hydrolases to yield an intermediate epoxy-
diol, which underwent (enzyme-mediated or spontaneous)
ring-closure to furnish the THF cyclisation product 3. In a relat-
ed fashion, cytosolic epoxide hydrolase from mammalian liver
was shown to act on methylene-interrupted bis-epoxidised
fatty acid esters to yield THF diols of type B at low enzyme
concentrations, whereas tetrahydroxy products (derived from
double hydrolysis of both epoxy moieties) were obtained at
high enzyme loadings.[19] In these studies, however, only the
relative configurations of products were assigned and the
exact stereochemical pathway—that is, the point of nucleo-
philic attack and the course of cyclisation—remained unclear.


During the past few years, an impressive range of epoxide
hydrolases have been isolated and characterised in great
detail.[20] On the basis of their mechanisms of action, it has


been shown that two distinct types of epoxide hydrolases
exist that operate either through an SN2[21] or through a bor-
derline SN2-type mechanism;[22] both proceed with inversion of
configuration at the attacked oxirane carbon atom. Because
there are several available enzymes with structures that have
been solved at high resolution, we anticipated that the regio-
and stereoselective nucleophilic attack of [�OH] at a specific
oxirane carbon atom of a bis-epoxide could be interpreted by
molecular modelling. This enzyme-initiated step would lead to
an activated (epoxy-diol) intermediate, which could undergo
spontaneous or enzyme-mediated ring-closure. If the stereo-
chemical outcome of the cyclisation product were to corre-
spond to the stereochemistry of the epoxy-diol intermediate—
determined by the point of nucleophilic attack as predicted by
molecular modelling—no isomerase/cyclase would be required
and the cyclisation would solely be governed by Baldwin’s
rules.[16] Consequently, if the stereochemical course of the hy-
drolysis/cyclisation pathway were to deviate from the model-
ling prediction, the involvement of an isomerase/cyclase would
be unavoidable.


Under the constraint that both steps in the hydrolysis/cycli-
sation cascade proceed with inversion of configuration,[21, 22]


enzyme-catalysed nucleophilic attack at each of the four oxir-
ane carbon atoms in the bis-epoxide 1 (Scheme 2 A–D) should
in each case lead to a specific stereoisomer of the intermediate
epoxy-diol (2 a–d). Each of these could undergo cyclisation
through pathways E or F to form cyclisation products 3. Previ-
ously performed density functional theory calculations [PB-
SCRF-B3LYP/6-311++g ACHTUNGTRENNUNG(d,p)//B3LYP/+6–31g(d)] had shown that
pathway F for the spontaneous (nonenzymatic) cyclization re-
action was favoured over pathway E by ~3 kcal mol�1.[23] This is
in agreement with Baldwin’s rules of ring-closure, which pre-
dict that 5-exo-tet cyclisations (path F) are favoured whereas 6-
endo-tet cyclisations (path E) are disfavoured.[16]


This hypothesis was tested with a range of cloned epoxide
hydrolases of fungal (one), bacterial (eight) and plant (three)
origin. For reason of comparison, seven mutants of soybean
epoxide hydrolase were tested (Scheme 3, Table 1).


Overall, the majority of epoxide hydrolases were able to con-
vert meso-bis-epoxide 1 at fair rates. Depending on the
enzyme, three (3 a, 3 b and 3 d) out of the four possible stereo-
isomers (3 a–3 d) of the expected THF derivatives were formed
with varying stereoselectivities. The hydrolysis/cyclisation cas-
cade proved to be remarkably “clean” and no tetrahydroxy
products (which would originate from double hydrolysis of
both epoxy moieties, as observed for bis-epoxidised fatty
acids[19]) could be detected. Cell-free extracts of “empty” E. coli
host cells, which are devoid of epoxide hydrolases, were com-
pletely inactive. Likewise, intermediate epoxy-diols 2 a–d were
not formed in measurable amounts.


The point of nucleophilic attack strongly depended on the
type of enzyme. Whereas limonene-1,2-epoxide hydrolase at-
tacked meso-bis-epoxide 1 at the “external” R-configured
carbon atom (path A), epoxide hydrolases from Glycine max
(soybean) and Mycobacterium tuberculosis Rv3617 preferred
the “internal” S-configured carbon centre (path B). In a comple-
mentary fashion, epoxide hydrolases from Solanum tuberosum
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(potato), Aspergillus niger and Mycobacterium tuberculosis
Rv2740 preferred the “external” S-configured carbon atom
(path D). None of the enzymes showed a clear preference for
path C.


Epoxide hydrolases from Synechocystis radiodurans and
M. tuberculosis (Rv1938 and Rv2214c), as well as several
enzyme mutants from G. max, showed activity towards bis-ep-
oxide 1, but did not display appreciable selectivities. Some ep-
oxide hydrolases (from Rhodococcus rhodochrous, Arabidopsis
thaliana and Deinococcus radiodurans) and the G. max H320Y
mutant showed no activity.


Pathway A


Limonene-1,2-epoxide hydrolase (LEH) showed a preference
for the “external” R and the “internal” S-configured carbon cen-
tres (pathways A and B, Scheme 3), the former being slightly
favoured as indicated by the low de of 27 %. Previous studies
with this enzyme have shown that the nonnatural substrateACHTUNGTRENNUNGcyclohexene oxide, which is also a meso compound, is hydro-
lysed to yield rac-trans-cyclohexane-1,2-diol ;[24] this indicates
that LEH does not distinguish very well between adjacent
carbon centres possessing opposite absolute configurations.[25]


Scheme 2. SN2 and borderline-SN2 mechanism of epoxide hydrolases, depicted for Agrobacterium radiobacter epoxide hydrolase and limonene epoxide hydro-
lase from Rhodococcus erythropolis, respectively. Stereochemical pathways for hydrolysis/cyclisation of 1 to form various stereoisomers of 3, with possible sites
of enzymatic nucleophilic attack (A–D) and cyclisation (E = 6-endo-tet disfavoured, F = 5-exo-tet favoured).


Scheme 3. Stereochemical courses of epoxide-hydrolase-catalysed hydrolysis/cyclization cascades of 1 to yield THF derivatives 3 a–d.
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Mechanistically, this may be explained by the unusual “push–
pull” borderline-SN2 mechanism of this enzyme, in which the
epoxide moiety is activated through O-protonation by an as-
partate residue (D101) with simultaneous nucleophilic attack
by a water molecule which is formally deprotonated by a
second aspartate residue (D132; Scheme 2).


Pathway B


Hydrolysis of meso-1 with G. max (soybean) EH preferentially
took place at the S-configured carbon atoms, with preference
for the “internal” (path B) over the “external” carbon atom
(path C); this is in line with previous studies in which the natu-
ral substrate (cis-9,10-epoxystearic acid) was attacked at the S-
configured centre, but with relaxed regioselectivity, with both
the 9R,10S and 9S,10R enantiomers, yielding (9R,10R)-dihydroxy-
stearic acid as the sole product.[26] With linoleic acid monoep-
oxides the picture is very similar. Soybean EH catalysed theACHTUNGTRENNUNGhydrolysis of (12Z)-9,10-epoxyoctadec-12-enoic and (9Z)-12,13-
epoxyoctadec-9-enoic acids to the corresponding (9R,10R)- and
(12R,13R)-dihydroxyacids with high enantiomeric excess by
attack at the S centres.[27] Epoxide hydrolase Rv3617 from
M. tuberculosis showed the same—although less pro-
nounced—preference as G. max EH.


Pathway C


None of the enzymes were able to catalyse pathway C effi-
ciently; only A. niger and S. tuberosum EH produced stereoiso-
mer 3 c in minor amounts as a side re ACHTUNGTRENNUNGaction from pathway D
(see be ACHTUNGTRENNUNGlow).


Pathway D


S. tuberosum EH and A. niger EH
both show preference for the
“external” S-configured carbon
atom (path D) going hand in
hand with attack at the “inter-
nal” R-configured centre to form
3 c by pathway C. This behaviour
is in line with the observation
that S. tuberosum EH (like G. max
EH) shows high specificity to-
wards the S-configured centre
in cis-9,10-epoxystearic acid.[26]


M. tuberculosis EH Rv2740—the
second enzyme so far known to
act by a borderline-SN2 mecha-
nism similar to that of limonene
1,2-epoxide EH,[28]—also prefer-
entially attacked the “external”
S-configured carbon (path D)
with high regioselectivity. In con-
trast, side product 3 b (originat-
ing from attack at the “internal”
S configured centre) was formed
only in minor amounts (5 %).


Molecular modelling


To explain the stereospecificities observed in the hydrolysis of
meso-bis-epoxide 1 in the presence of epoxide hydrolases we
performed molecular docking calculations on all the enzymes
for which structures were available: that is, limonene-1,2-epox-
ide hydrolase,[22] as well as the epoxide hydrolases from M. tu-
berculosis,[28] A. niger[21] and S. tuberosum.[29] Initial docking runs
were conducted with a modified substrate in which the termi-
nal n-pentyl groups were replaced by ethyl substituents. This
simplified model substrate has fewer degrees of freedom,
making it computationally easier to handle, especially in rigid
enzyme active sites. The resulting binding modes were further
subjected to geometry optimization by molecular mechanics.
We had previously been able to show that the best-scored
structures from docking calculations are not necessarily those
with the lowest energies after energy minimization.[30] We
therefore used the lowest-energy complex structures afterACHTUNGTRENNUNGgeometry optimization for our analysis.


We were pleased to see that in the case of limonene-1,2-ep-
oxide hydrolase, our modelling results were clearly in line with
the experimentally observed parallel attack at the “external” R
and the “internal” S-configured carbon centres (pathways A
and B, respectively). The identification of the preferred carbon
atom, however, is less straightforward. In the modelled com-
plex structures, the distances from the attacking water mole-
cule to the “external” R and the “internal” S-configured carbon
atom are very similar (3.0 versus 3.2 �). If the angles between
the nucleophile and the oxirane carbon atoms are taken into
account, however, a more favourable geometry for the trajec-


Table 1. Epoxide-hydrolase-catalysed hydrolysis/cyclisation cascades of meso-bis-epoxide 1.


Epoxide hydrolase (EH) c[a] [%] de [%][b] ee [%]ACHTUNGTRENNUNG(3 a+3 d)/ACHTUNGTRENNUNG(3 b+3 c) 3 a 3 b 3 c 3 d


G. max EH (soybean) 71 �78 – 63 – >99
limonene 1,2-epoxide EH
(Rhodococcus erythropolis)


72 +27 >99 92 – –


S. tuberosum EH 78 +69 – – >99 >99
A. niger EH 11 +83 – – 37 >99
M. tuberculosis EH Rv 2740 25 +90 – 57 – 62
M. tuberculosis EH Rv 3617 89 �47 – >99 – 27
S. radiodurans sp. EH PCC 6803 7 �33 – 29 – 18
M. tuberculosis EH Rv 1938 61 �9 63 40 – –
M. tuberculosis EH Rv 2214c 4 +6 – – 50 72
soybean EH mutant R156A 2 +8 – 4 – >99
soybean EH mutant R205A 31 �33 – 40 – >99
soybean EH mutant Y255S 24 �38 – – 23 >99
soybean EH mutant D285C 15 �16 – 52 – >99
soybean EH mutant D285E 5 �7 – 10 – >99
soybean EH mutant Y175F 35 +76 – – 76 >99
soybean EH mutant H320Y <3 – – – – –
R. rhodochrous EH <3 – – – – –
A. thaliana EH <3 – – – – –
D. radiodurans EH <3 – – – – –


[a] Conversion based on the sum of products formed versus remaining starting material after 24 h; [b] de ofACHTUNGTRENNUNGenantiomeric pairs 3 a + 3 d versus 3 b + 3 c ; + diastereomer 3 a + 3 d in excess, � diastereomer 3 b + 3 c in
excess.
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tory of attack on the “external” carbon atom than for the “in-
ternal” carbon atom (81.98 in pathway A versus 70.58 in path-
way B, Figure 1) would be consistent with the experimentalACHTUNGTRENNUNGresults, which show a slight preference for path A.


The structure of the epoxide hydrolase from M. tuberculosis
differs somewhat from that of limonene-1,2-epoxide hydrolase,
although both enzymes act through the same push-pull bor-
derline-SN2 mechanism. In the latter enzyme, the C-terminal a


helix is shorter and folds back into the active site. Therefore,
the active site of the Mycobacterium enzyme is wider and
more space is available for solvent and substrate (Figure 2). A
structural superposition involving only essential catalytic resi-
dues, however, showed an root mean square deviation of
1.6 �; this indicates very similar active site geometries.


Again, the modelling results are in line with the experimen-
tal results : the wider active site and the increased accessibility
allow the reduced stereospecificities observed for the Myco-
bacterium enzyme to be explained (ee = 62 %). The carbon
atom most likely to be attacked by the water molecule indicat-
ed a preference for pathway D (Figure 3).


In the case of the epoxide hydrolases from A. niger and from
S. tuberosum, which act through SN2 mechanisms, neither mo-
lecular docking simulations nor the subsequent geometry opti-
mizations yielded productive binding modes for the simplified
bis-epoxide substrate (that is, with the catalytic aspartate resi-
due—as nucleophile—close to one of the oxirane rings). A
more qualitative comparison of the active sites of both en-
zymes showed that the active site of the Solanum enzyme is
significantly bigger and forms a deep and wide channel into
the interior of the protein (Figure 4). This structural difference
might also explain the observed small differences in the ste-
reoselectivities of these enzymes.


Conclusions


Epoxide hydrolases from various sources (plants, bacteria and
fungi) were found to catalyse transformations of the meso-bis-
epoxide 1 by hydrolysis/cyclisation cascades to furnish the THF
derivatives 3 a, 3 b and 3 d. Analysis of the stereochemical
courses of the cascades by molecular modelling revealed that
the hydrolytic initiation of the cascade was solely determined
by the stereopreferences of the enzymes, whereas the cyclisa-
tions of the intermediate epoxy-diols were governed by Bald-
win’s rules. Our results show that the reaction pathway is 1) ini-
tiated by epoxide-hydrolase-catalysed hydrolysis of an oxirane
moiety, followed by 2) spontaneous ring-closure of the epoxy-
diol intermediate. Consequently, no involvement of a “cyclase”
is required for this type of cascade cyclisation.


Experimental Section


General : NMR spectra were recorded in CDCl3 with a Bruker
Amx 360 instrument at 360 MHz (1H) and 90 MHz (13C). Chemical
shifts are reported relative to TMS (d= 0.00 ppm) with CHCl3 asACHTUNGTRENNUNGinternal standard; coupling constants (J) are given in Hz. TLC was
performed on Merck 60 silica gel (F254) and compounds were vi-
sualised by dipping into Mo-containing reagent [(NH4)6Mo7O24·
4 H2O (100 g L


�1) and Ce ACHTUNGTRENNUNG(SO4)2 in H2SO4 (10 %)]. Compounds were


Figure 1. Docked and optimized enzyme–substrate complex of limonene-
1,2-epoxide hydrolase (green) and ethyl-substituted bis-epoxide (yellow).ACHTUNGTRENNUNGEssential amino acid residues in active site are labelled, hydrogen bonding
interactions are indicated as red dashes, and the trajectory of nucleophilic
attack of water is indicated as a grey stick including the angle of approach
[8] to the oxirane carbon atom: A) shows pathway A, B) shows pathway B
(picture generated with PyMol, http://www.pymol.org/).


Figure 2. A) Ribbon representations of A) limonene-1,2-epoxide hydrolase
and B) the EH from Mycobacterium tuberculosis (right). The C-terminal a heli-
ces are shown in red. The blue blobs represent the shapes and sizes of the
active site cavities.
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purified by flash chromatography on silica gel (Merck 60, 230–400
mesh). The petroleum ether used had a boiling range of 60–90 8C.


Synthesis of substrates : (6R*,7S*,9R*,10S*)-6,7:9,10-Bis ACHTUNGTRENNUNG(epoxy)-ACHTUNGTRENNUNGpentadecane (1) and the reference materials—the enantiomeric
(6R*,7R*,9S*,10S*)-6,9-epoxypentadecane-7,10-diols 3 b and 3 c and
(6R*,7R*,9R*,10R*)-6,9-epoxypentadecane-7,10-diols 3 a and 3 d—
were synthesised as previously described.[18] NMR data were consis-
tent with the literature.[18]


Enzymes : Cloned G. max EH and mutants thereof were obtained
from Elisabeth Blee (Strasbourg, France). Cell-free extracts of over-
expressed limonene-1,2-epoxide hydrolase and epoxide hydrolases
from S. tuberosum, R. erythropolis, D. radiodurans, Synechocystis sp.
PCC 6803 and M. tuberculosis Rv1938, Rv3617, Rv2214c and Rv2740
were provided by Michael Arand (Z�rich, Switzerland); purified Ara-
bidopsis thaliana epoxide hydrolase was provided by Johan Meijer
(Uppsala, Sweden). Epoxide hydrolase preparations from A. niger
and R. rhodochrous were purchased from Fluka.


Biotransformations


General procedure for the enzymatic
hydrolysis of (6R*,7S*,9R*,10S*)-
6,7:9,10-bis-epoxy-pentadecane (1):
Lyophilised cells (20 mg, in cases
of cell-free extracts and enzyme
preparations 5 mg) were rehydrat-
ed in Tris·HCl buffer (1 mL, 0.05 m,
pH 8) for 1 h at 30 8C and 130 rpm.
After addition of substrate 1 (5 mL)
the mixture was agitated for 24 h
at 30 8C and 130 rpm. The reac-
tions were stopped by extraction
with CH2Cl2 (500 mL). The organic
layer was dried over Na2SO4 and
analysed. For chiral analyses, N-
methyl-bis(trifluoroacetamide)
(40 mL) was added and the mixture
was stirred for 1 h at room temper-
ature. After quenching with water
and drying over Na2SO4, samples
were analysed by GC.


Analytical methods : GC analyses
were carried out on a Varian3800
gas chromatograph equipped with
flame ionisation detection (FID)
and a CP1301 capillary column
(column A, 30 m, 0.25 mm). Enan-
tiomeric purities were analysed


with the aid of an Astec Chiraldex B-TA column (column B, 30 m,
0.25 mm; Whippany, NJ, USA). H2 was used as the carrier gas.
Chiral materials were analysed as the corresponding trifluoroace-
tate esters. For analytical data see Tables 2 and 3.


Docking and molecular mechanics calculations : Molecular
models of the ethyl-simplified bis-epoxide (cf. Scheme 1, meso-1,
R = Et) were built with Sybyl v7.3 (http://www.tripos.com) and opti-
mized by use of the Tripos force field. Partial charges for the
model substrates were computed with the Antechamber program
of Amber 9.0 by the semiempirical AM1-bcc method.[31]


3D-coordinates of the epoxide hydrolase structures were taken
from the PDB (IDs: 1nu3, 2bng, 2cjp and 1qo7) and were prepared
according to the requirements of AutoDock v4.0 (addition of polar
hydrogen atoms, addition of partial charges, assignation of atom
types) by use of the provided python scripts.


Because the four EHs exhibit two different reaction mechanism
types, slightly different docking strategies were chosen. In the case


Figure 3. Stereorepresentation of the final docked and energy-minimized enzyme-substrate complex of Mycobac-
terium tuberculosis EH with ethyl-substituted bis-epoxide. Essential amino acid residues in the active site are la-
belled, hydrogen bonding interactions are indicated as red dashes, and the trajectory of nucleophilic attack of
water is indicated as a grey stick including the angle of approach [76.68] to the oxirane carbon atom and indicat-
ing pathway D (picture generated with PyMol, http://www.pymol.org/).


Figure 4. Ribbon representation of epoxide hydrolases from A) Aspergillus
niger and B) Solanum tuberosum, that show large differences in the shapes
and sizes of the active site architectures (picture generated with PyMol,
http://www.pymol.org/).


Table 2. GC data on an achiral stationary phase.


Compound Column[a, b] tR


[min]


(6R*,7S*,9R*,10S*)-6,7:9,10-bis ACHTUNGTRENNUNG(epoxy)pentadecane (1) A 9.52
(6R*,7R*,9S*,10S*)-6,9-epoxypentadecane-7,10-diols
3 b and 3 c


A 11.79


(6R*,7R*,9R*,10R*)-6,9-epoxypentadecane-7,10-diols
3 a and 3 d


A 11.49


[a] Column A: CP1301 capillary column. [b] Method: 69 kPa N2 ; hold at
200 8C for 5 min; heat rate 5 8C min�1 to 250 8C; hold at 250 8C for 10 min.
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of limonene-1,2-epoxide hydrolase and the epoxide hydrolase from
M. tuberculosis (borderline-SN2 mechanism) a water molecule,
which is believed to be the essential nucleophile for oxirane attack
and is present in both crystal structures (hydrogen-bonded to con-
served tyrosine, aspartate and asparagine residues), was retained
and modelled with a van der Waals radius of 1.4 �, but without
partial charges. In contrast, catalysis by the SN2-type epoxide hy-
drolases from A. niger and S. tuberosum involves a covalent “glycol-
monoester-enzyme” intermediate with the substrate bound onto
an aspartate residue. Because covalent docking turned out to be
difficult with the available software, we decided to generate dock-
ing poses mimicking Michaelis complexes before the substrate is
actually attacked by the aspartate nucleophile of the enzyme.


Docking calculations were performed with AutoDock v4.0[32] with
use of the implemented Lamarckian genetic algorithm with a pop-
ulation size of 150 individuals, and an average number of genera-
tions of about 200. In each case, the cubic energy grid was centred
on the carboxylate group of the essential active site aspartate resi-
due in each protein, extending 22.5 � in each direction. The ligand
was fully flexible, whereas the protein was kept rigid during dock-
ing runs. Every calculation consisted of ten independent docking
runs, after which the resulting binding modes were clustered with
an root mean square deviation of 1.5 �.


Molecular mechanics calculations were carried out with the aid of
programs from the AMBER 9.0 suite.[31] Energy minimization was
performed in vacuo with a distance-dependent dielectric function
for all complex structures obtained in the docking simulations with
use of the gaff force field for the ligands and the ff03 force field
for the protein. All atoms beyond a sphere of 16 � from the centre
of the docking grid were restrained to their original positions. The
minimizations were run for a maximum of 5000 cycles.
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Improvement of Yarrowia lipolytica Lipase
Enantioselectivity by Using Mutagenesis Targeted to the
Substrate Binding Site
F. Bordes,[a] E. Cambon,[a] V. Dossat-L�tisse,[a] I. Andr�,[a] C. Croux,[a] J. M. Nicaud,[b] and
A. Marty*[a]


Introduction


The need for enantiomerically pure compounds in the pharma-
ceutical industry has grown since legislation has become more
stringent regarding the pharmacological effects of each enan-
tiomer. The market of drugs sold as a single enantiomer repre-
sented close to $225 billion worldwide in 2005.[1] The need for
new stereoselective enzymes is thus of great interest. Enantio-
pure carboxylic acid esters are important building blocks for
the synthesis of many pharmaceuticals (for instance nonsteroi-
dal anti-inflammatory drugs such as Ibuprofen), pesticides, and
natural compounds such as pheromones.[2–5] 2-halogeno-car-
boxylic acid esters are important intermediates found in the
synthetic pathways of a number of drugs such as prostaglan-
din, prostacyclin, semisynthetic penicillin, and thiazolium
salts.[6–9] In particular, 2-bromo-o-tolylacetic acid ethyl ester is
used as a precursor for the synthesis of analgesics and non-
peptide angiotensin II-receptor antagonists.[10, 11]


Recently, we demonstrated that Lip2p lipase from Yarrowia
lipolytica yeast was an efficient stereoselective enzyme for the
resolution of 2-halogeno-arylacetic acid esters.[12] During trans-
esterification of 2-bromo-phenyl-acetic acid ethyl ester with 1-
octanol in n-octane, an enantioselectivity value (E value) of 50
toward the S-enantiomer was achieved. Similarly, Lip2p was
also able to resolve the racemic mixture of 2-bromo-o-tolylace-
tic acid ethyl ester with an E value of 27. It is noteworthy that
no commercial lipase was found to be efficient for the resolu-
tion of this compound. The best results were obtained with
the free lipase from Burkholderia cepacia, which led to a poor
E value (4.3).[11] Of note, activity obtained with Y. lipolytica


lipase is one order of magnitude higher than that observed
with B. cepacia lipase.[12] Even if enantioselectivity values ob-
tained with the lipase from Y. lipolytica are considered to be
promising, they might not be sufficient for an industrial appli-
cation in the pharmaceutical industry, in which higher purities
are required. However, Lip2p could be a good candidate toACHTUNGTRENNUNGdevelop enantioselective catalysts through site-directed muta-
genesis or directed evolution. A few directed evolution reports
have demonstrated that distant mutations can increase enan-
tioselectivity.[13] Even if no structural knowledge of the enzyme
is required beforehand in this approach, the limiting step is,
after the creation of a protein library, the screening of thou-
sands of clones to find one enzyme with improved enantiose-
lectivity. Therefore, the easiest and usually the most efficient
way to improve the discrimination between enantiomers con-


Lip2p lipase from Yarrowia lipolytica was shown to be an effi-
cient catalyst for the resolution of 2-bromo-arylacetic acid
esters, an important class of chemical intermediates in the
pharmaceutical industry. Enantioselectivity of this lipase was
improved by site-directed mutagenesis targeted to the sub-
strate binding site. To guide mutagenesis experiments, the
three-dimensional model of this lipase was built by homology
modelling techniques by using the structures of lipases from
Rhizomucor miehei and Thermomyces lanuginosa as templates.
On the basis of this structural model, five amino acid residues
(T88, V94, D97, V232, V285) that form the hydrophobic sub-
strate binding site of the lipase were selected for site-directed
mutagenesis. Position 232 was identified as crucial for the dis-


crimination between enantiomers. Variant V232A displayed an
enantioselectivity enhanced by one order of magnitude,
whereas variant V232L exhibited a selectivity inversion. To fur-
ther explore the diversity, position 232 was systematically re-
placed by the 19 possible amino acids. Screening of this library
led to the identification of the V232S variant, which has a tre-
mendously increased E value compared to the parental
enzyme for the resolution of 2-bromo-phenylacetic acid ethyl
ester (58-fold) and 2-bromo-o-tolylacetic acid ethyl ester (16-
fold). In addition to the gain in enantioselectivity, a remarkable
increase in velocity was observed (eightfold increase) for both
substrates.


[a] Dr. F. Bordes,+ Dr. E. Cambon,+ Dr. V. Dossat-L�tisse, Dr. I. Andr�,
Dr. C. Croux, Prof. A. Marty
Universit� de Toulouse; INSA, UPS, INP; LISBP
135 Avenue de Rangueil, 31077 Toulouse (France)
INRA, UMR792 Ing�nierie des Syst�mes Biologiques et des Proc�d�s.
CNRS, UMR5504
31400 Toulouse (France)
Fax: (+ 33) 5-61-55-94-00
E-mail : alain.marty@insa-toulouse.fr


[b] Dr. J. M. Nicaud
Laboratoire de Microbiologie et G�n�tique Mol�culaire
CNRS-INRA-INAPG UMR 2585
78850 Thieverval-Grignon (France)


[+] These authors contributed equally to this work.


ChemBioChem 2009, 10, 1705 – 1713 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1705







sists in the modification by site-directed mutagenesis of amino
acids located directly in the active site.[14–16]


The strategy followed in the present study aims at applying
site-directed mutagenesis to amino acid residues located at
the substrate binding site to obtain variants of Lip2p lipase
with improved enantiopreference for the resolution of 2-
bromo arylacetic acid ethyl ester and compatible with an in-
dustrial application in the pharmaceutical industry. Given the
absence of crystallographic data on Lip2p lipase, a three-di-
mensional model was built by using homology modelling with
the X-ray structures of highly similar lipases as templates. On
the basis of a structural analysis of Lip2p model in complex
with substrates of interest, amino acid residues from the active
site were selected and modified to create Lip2p variants which
were subsequently evaluated for the resolution of the 2-bromo
arylacetic acid ethyl ester derivatives.


Results and Discussion


Homology modelling of Lip2p from Y. lipolytica


The crucial starting point of a homology modelling strategy is
the identification of related proteins in the Protein DataBank
(PDB) that could be selected as templates. The Lip2p sequence
was submitted for a search against the Protein DataBank using
the PSI-BLAST algorithm.[17] As a result, three lipases of known
3D-structure and one feruloyl esterase were identified as
having a significant homology with Lip2p and were thus se-
lected as templates for homology modelling of Lip2p. All three
identified lipases belong to the fungal lipase family: lipases
from Rhizomucor miehei (RmLIP, PDB codes: 3TGL and 4TGL;
sequence identity 29 %, sequence homology 46 %, gap 16 %),
Rhizopus niveus (RnLIP, PDB ID: 1LGY; sequence identity 33 %,
sequence homology 47 %, gap 17 %) and Thermomyces lanugi-
nosa (TlLIP, PDB ID: 1GT6), (sequence identity 31 %, sequence
homology 47 %, gap 14 %). The feruloyl esterase from Aspergil-
lus niger (PDB ID: 1USW) also revealed a similarity with Lip2p
lipase (sequence identity 30 %, sequence homology 46 %, gap
10 %).


The multiple sequence alignment of proteins identified by
the PSI-BLAST search against the Lip2p sequence is shown in
Figure 1.


The secondary structure pattern appears to be very well
conserved amongst all five enzymes. This multiple alignment
allowed the identification of five catalytically important amino
acid residues that form the conserved catalytic triad and the
oxyanion hole. The catalytic Ser of Lip2p, located in the nucle-
ophilic elbow after b-strand 5, was easily identified as Ser162
by the well-known GxSxG lipase signature. In the case of
Lip2p, this signature is GHSLG, like for other lipases from the
filamentous fungi superfamily. The two other amino acids of
the catalytic triad are perfectly aligned with the catalytic resi-
dues of other proteins, namely Asp230 and His289 located
after b-strands 7 and 8, respectively. Another important region
of lipases is the oxyanion hole, which consists in two residues
that give their backbone amide protons to stabilize the tetra-
hedral intermediate formed during the reaction mechanism.


One of these residues is positioned identically in all lipases,
next to the catalytic Ser. Like in mucoral lipases, this residue is
a Leu (Leu163) in Lip2p. The second residue of the oxyanion
hole is located in a loop after the b-strand 3, and next to a Gly
residue. As for filamentous fungi, this second residue which
forms the oxyanion hole in Lip2p is a rather hydrophilic resi-
due, Thr88, corresponding to Ser82, Ser83 and Thr82 in
R. miehei, T. lanuginosa and R. niveus lipases, respectively.


Like other mucoral lipases, Lip2p belongs to the “GX” type
lipase, which bears specificities for medium and long chains.[18]


Indeed, Y. lipolytica lipase presents a tenfold higher activity for
triolein than for tributyrin.[12] In contrast, Lip1p from Y. lipolytica
belongs to the GGGX type which displays specificities for short
chains according to the classification proposed by Pleiss
et al.[18] In the open form of mucoral lipases, the side chain of
the hydrophilic residue of the oxyanion hole interacts through
a hydrogen bonding interaction with a hydrophilic residue,
called the anchor residue, which is located at the end of the a-
helix B’1 and forms the lid of the lipase (Asp91 in R. miehei and
R. niveus lipases and Asn92 in T. lanuginosa lipase). In Lip2p
from Y. lipolytica this so-called anchor residue could be played
by Asp97 as suggested by sequence alignment (Figure 1).


Lip2p from Y. lipolytica is an excreted protein. These proteins
are known to generally contain numerous disulfide bonds in
eukaryotes. Disulfide bonds play an essential structural role
within proteins by stabilizing their tertiary structure, and the
correct disulfide bridge organization is thus crucial to maintain
protein structure and function. Altogether, Y. lipolytica lipase
contains nine Cys residues. Structural alignment of Lip2p from
Y. lipolytica with other homologous lipases revealed that disul-
fide bridges corresponding to Cys30–Cys299 and Cys43–Cys47
in Y. lipolytica lipase are found in all homologous lipases. The
Cys265–Cys273 disulfide bridge is only found in R. miehei and
R. niveus lipases while the Cys120–Cys123 disulfide bridge is
only observed in T. lanuginosa lipase (Figure 2). Cys244 appears
to be the only free Cys of Lip2p. Therefore, it can be assumed
from this alignment that Lip2p lipase from Y. lipolytica is stabi-
lized by four disulfide bonds (Cys30–Cys299, Cys43–Cys47,
Cys120–Cys123, Cys265–Cys273), and contains one free Cys
(Cys244). Such formation of disulfide bonds is a key step in
protein folding, and an insight on the organization of the di-
sulfide bonds is crucial for the building by homology model-
ling of the enzyme 3D model. The presence of these four disul-
fide bonds was thus postulated in order to build the 3D struc-
ture of the active Lip2p protein.


In most lipases, a mobile element consisting in one or two
short helices covers the catalytic active site. This lid that blocks
the active site in the closed form of the enzyme has been
shown to move away in presence of a hydrophobic interface,
to adopt an open conformation where the active site becomes
accessible to the substrate. All three filamentous fungi lipases
identified by the PSI-BLAST search contain this so-called lid,
identified as Ile86–Leu93 in T. lanuginosa lipase, Ile85–Asp91 in
R. meihei lipase and Phe85–Asp91 in R. niveus lipases On the
basis of the alignment, the a-helix formed by residues com-
prised between Leu91 and Asp97 was assumed to play the
role of the lid in Y. lipolytica lipase.
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Our interest was to obtain a model of the open form of
Y. lipolytica lipase in order to shed some light on the molecular
determinants involved in enantiomer discrimination. Only
R. miehei (4TGL) and T. lanuginosa (1GT6) lipases were co-crys-
tallized in their open forms with diethylphosphonate inhibitor
and oleic acid, respectively, in their active sites. By using the
crystallographic coordinates of these lipases, the three-dimen-
sional model of Lip2p lipase from Y. lipolytica was constructed.
A fragment from the putidaredoxin (1PUT) was also used for


the construction of the loop between amino acids
107 and 119. The lowest energy model of Lip2p built
using MODELLER was further refined using the CFF91
force field implemented within the DISCOVER
module of InsightII suite of programs (Accelrys, San
Diego, CA, USA). The predicted model was then
checked for main chain conformations using the
PROCHECK software implemented in the Biotech Vali-
dation Suite for Protein Structures.[19] The geometry
analysis showed that initially close to 97 % of the F–
Y plots were in the core regions, and less than 3 %
fell into the generously allowed and disallowed re-
gions of the Ramachandran’s plot. Most of the resi-
dues which were in the generously allowed and disal-
lowed regions belonged to the loop regions in which
major insertions and deletions were made. A further
refinement of the main chain conformations was per-


formed selectively in these regions, and F–Y plots of all the
nonglycine residues of the modelled structure which were ini-
tially in the disallowed regions were corrected. Side-chain pla-
narity of the planar groups in aromatic rings (Phe, Tyr, Trp, His)
and planar end groups (Arg, Asn, Asp, Gln, Glu) were checked
using PROCHECK. Deviations from planarity were identified by
measuring root mean square (RMS) distances of planar atoms
from the best fitted plane. Residues having RMS distances
greater than 0.03 � for rings and 0.02 � for other groups were


Figure 1. Multiple sequence alignment of lipases from Yarrowia lipolytica (Y.l.), Thermomyces lanuginosa (T.l.), Rhizomucor miehei (R.m.), Rhizopus niveus (R.n.),
the feruloyl esterase from Aspergillus niger (1USW) and a fragment from a putidaredoxin from Pseudomonas putida (1PUT). Residues forming part of a-helices
and b-strands are coloured in magenta and green, respectively. The three catalytic residues are coloured in red, the two catalytic residue of the oxyanion hole
in orange, the cysteines are blue-coloured and the lid is underlined.


Figure 2. Disulfide bond alignments of lipases from the fungal family.
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marked as outliers.[19] The modelled structure showed a reason-
ably acceptable number of outliers compared to X-ray struc-
tures of R. miehei, T. lanuginosa, and R. niveus lipases. RMS devi-
ations (RMSD) of bond lengths and bond angles of all mod-
elled structure were within 0.02 � and 3.5 degrees respectively
from the standard values; this indicates reasonably good struc-
tural parameters. A rotamer check was performed using
WHATIF implemented in the Biotech Validation Suite for Pro-
tein Structures.[20] This indicated the presence of only two rota-
mer outliers in our modelled structure. The overall protein fold
of Lip2p is shown in Figure 3.


The substrate binding site appears as a hydrophobic crevice
located at the protein surface, with a catalytic triad exposed to
the solvent, like in mucoral lipases such as R. miehei lipase. The
hydrophobic crevice consists of T88, V94, I98, I100, F129, L163,
P190, V232, V235, P236, Y241 corresponding to S82, W88, L92,
F94, F111, L145, P177, V205, L208, P209 and F215 in R. miehei
lipase.[21] The scissile fatty acid of a triglyceride is supposed to
bind to this hydrophobic crevice. The sn-2 substituent would
bind to the hydrophobic dent formed by I204, T252, V254 and
L258 in R. miehei lipase and by I231, V283, V285 and L290.[21]


Figure 4 represents the superimposition of Lip2p and lipases
from Rhizomucor miehei and Thermomyces lanuginosa lipases.


The overall structures are similar, the core of the fold is
largely conserved and as expected, the most significant differ-
ences are seen in the regions of the surface loops. The three
catalytic residues and the two amino acids involved in the oxy-
anion hole are perfectly superposed.


Improvement of Lip2p enantioselectivity


Site-directed mutagenesis targeted at the substrate binding site :
The covalent intermediates between the Lip2p catalytic Ser
(Ser162) and the (R,S)-2-bromo-phenylacetic acid ethyl esters
were constructed and refined using a standard energy minimi-
zation procedure. The five hydrogen bonding interactions de-
scribed as being crucial for the stabilization of the tetrahedral
intermediate are observed for both the R- and the S- sub-
strates (Figure 5). The alcohol group of the ester function and
the phenyl group are oriented towards the exterior of the
active site. A detailed analysis of the resulting complexes was
used to guide the selection of the most promising amino acid
residues of Lip2p to be targeted by site-directed mutagenesis.
On the basis of our analysis, we have focused our attention on
residues located in the active site and in direct contact with
the substrate. Altogether five amino acid residues (Thr88,
Val94, Asp97, Val232 and Val285) potentially involved in
enzyme–substrate interactions that could likely play a role on
enzyme selectivity were identified (Figure 5). The three Val resi-
dues (Val94, Val232 and Val285) were independently changed
into Ala and Leu residues, while Thr88, the first residue of the
oxyanion hole, was replaced by Ser, Leu, Val or Ala and Asp97
was replaced by Ala. The objective of such amino acid replace-
ments was to open up or to further restrain the active site top-
ology in order to alter the enantiopreference.


Variant activities were measured using the classical test of p-
nitrophenol (pNP) butyrate hydrolysis (Table 1). Replacement of
the putative second residue of the oxyanion hole Thr88 by Ala,
Val or Leu residues led to a complete loss of Lip2p activity.


Figure 3. Overall representation of the Lip2p homology model. Hydrogen
atoms on amino acid residues have been omitted for clarity purpose.


Figure 4. Superimposition of Lip2p (colored in magenta) and lipases from
Rhizomucor miehei (colored in green) and Thermomyces lanuginosa (colored
in gray). Catalytic residues and amino acids involved in oxyanion stabiliza-
tion are superposed. Hydrogen atoms on amino acid residues have been
omitted for clarity purpose.
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However, substitution of this residue by a Ser enabled one
third of the activity to be maintained. These results clearly
demonstrate that the presence of a hydrophilic residue at this
key catalytic position, such as Ser or a Thr, is crucial for activity
even though the residue side chain does not interact directly
with the substrate. These results are in agreement with prior
reports on lipases from filamentous fungi.[22–23] Similarly, the ex-
change of Thr by Ser in R. delemar lipase led to a low decrease
in activity, while the replacement by a hydrophobic residue re-
sulted in a loss of activity.[22–23] In an earlier report, Pleiss
et al.[18] suggested that in this lipase superfamily, the hydrophil-
ic oxyanion hole residue (Ser or Thr) is within hydrogen bond-
ing distance from the hydrophilic anchor residue (Asp or Asn) ;
thus, this leads to the stabilization of the oxyanion hole. In our
model of Lip2p, such hydrogen bonding interaction has not
been observed. The variant T88S displayed higher activities for
the resolution of both racemic mixtures of 2-bromo-phenyl
and o-tolyl acetic acid ethyl esters (Tables 2 and 3). However,
enantioselectivity values were decreased for both substrates.


Changes at positions 94 and 285 showed no significantACHTUNGTRENNUNGinfluence on pNP butyrate hydrolysis (Table 1) nor on activity
and enantioselectivity during racemic mixture resolution
(Tables 2 and 3). Changes of these amino acids positioned at
the entrance of the active site by similarly hydrophobic amino
acids did not affect enzyme activity and selectivity.


Figure 5. Representation of Lip2p amino acid residues selected for site-di-
rected mutagenesis. The S-2-bromo-phenylacetic acid ethyl ester covalently
bound to Ser162 is shown in the active site.


Table 1. p-Nitrophenol butyrate hydrolysis activity of wild-type Lip2p and its variants.


Enzyme WT T88S T88X[c] V94A V94L V285A V285L V232A V232L D97A


Initial rate[a,b] 64.0 21.3 0 52.8 42.5 46.0 45.6 47.4 40.3 9.8


[a] mmol of pNP liberated per minute and mL of enzyme. [b] Each experiment was carried out in triplicate. [c] X = A, V, L.


Table 2. 2-bromo-phenylacetic acid ethyl ester hydrolysis activity of wild-type Lip2p and its variants.


Enzyme WT T88S V94A V94L V285A V285L V232A V232L D97 A


viS[a] 1.71 2.13 1.41 1 0.97 1.3 8.8 0.017 0.010
viR[a] 0.58 1.04 0.39 0.44 0.4 0.4 0.101 0.31 0.34
E value[b] 3(S) 2(S) 4(S) 2(S) 2(S) 3(S) 87(S) 18(R) 34(R)
conversion [%] 54.7 (8 h) 52.9 (8.5 h)
ees


[c] [%] 53.5 99.6
eep


[d] [%] 43.7 88.7


[a] mmol of 2-bromo-phenylacetic acid liberated per hour and mL of enzyme. [b] E value = viS/viR or viR/viS according to enantiomer preference; viR, viS :
initial rates. [c] Substrate enantiomeric excess. [d] Product enantiomeric excess.


Table 3. 2-bromo-o-tolylacetic acid ethyl ester hydrolysis activity of wild-type Lip2p and its variants.


Enzyme WT T88S V94A V94L V285A V285L V232A V232L D97A


viS[a] 0.105 0.167 0.099 0.051 0.12 0.072 1.38 0.001 0.002
viR[a] 0.007 0.04 0.007 0.007 0.007 0.005 0.015 0.001 0.04
E value[b] 16(S) 4(S) 15(S) 8(S) 16(S) 16(S) 92(S) 1 20(R)
conversion [%] 53.5 (24 h)
ees


[c] [%] 98.6
eep


[d] [%] 87.7


[a] mmol of 2-bromo-O-tolylacetic acid liberated per hour and mL of enzyme. [b] [E value = ViS/ViR or ViR/ViS according to enantiomer preference; viR, viS :
initial rates. [c] Substrate enantiomeric excess. [d] Product enantiomeric excess.
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Similarly, replacement of V232 by hydrophobic amino acids
such as Ala or Leu did not markedly influence the enzyme ac-
tivity during pNPB hydrolysis. Variants V232A and V232L dis-
played an activity reduced from respectively 74 % and 63 % of
wild-type Lip2p activity. It is noteworthy that position 97 ap-
peared more sensitive, as variant D97A displayed no more
than 11 % of the activity of the parental enzyme (Table 1). Even
if this variant is still active, these results support the stabilizing
role suggested for D97 anchor residue.


Overall, these results reveal the key role of positions 97 and
232 for both the activity and the enantioselectivity of Lip2p
during the resolution of the racemic mixture of 2-bromo-phe-
nylacetic acid ethyl ester (Table 2). Indeed, a small change of
the parental V232 residue into an Ala enabled a remarkable in-
crease in enantioselectivity by an order of magnitude, going
from an E value of three for the wild-type enzyme to 87 for
the V232A variant. An improvement in enantioselectivity is
often accompanied by a decrease in enzyme activity, as im-
provement in enantioselectivity often comes as the result of
an activity loss for the worst enantiomer. However, no such
effect has been observed in the case of V232A variant: it dis-
played a fivefold enhanced activity toward the S-enantiomer,
whereas its activity toward the R-enantiomer is about six times
lower than that obtained using the wild-type Lip2p. Enantio-
meric excesses of the substrate and the product are 99.6 %
and 88.7 %, respectively, at 52.9 % total conversion after 8.5 h


of reaction. At this point in time, 94 % of R-substrate can be re-
covered with a purity of 99.8 %, and 99.8 % at 94.3 % purity for
the S-product. Performances of this variant were analysed in
more details in a prior report.[24] Influence of the ester group
was investigated: replacement of the ethyl group by an octyl
group had slight influence on the activity and on the selectivi-
ty of the variant, whereas the presence of a benzyl group led
to a decrease in both its activity and its selectivity.[24]


Reversely, replacement of V232 by a bulkier amino acid such
as Leu led to an inversion of the enantiopreference (E value
18), mainly caused by a drastic 100-fold drop in the catalysis of
the wild-type enzyme preferred S-enantiomer. The variant
D97A enabled also enantiopreference to be reversed for this
racemic mixture due to a drastic decrease in the catalysis of
the S-enantiomer (Table 2).


During the resolution of the racemic mixture of 2-bromo-o-
tolylacetic acid ethyl ester, variant V232A also exhibited higher
activity and enantioselectivity. In this case, improvement in
enantioselectivity from an E value of 16 for the wild-type
enzyme to 92 for the V232A variant is exclusively due to a
better catalysis of the preferred S enantiomer (13 times
higher), although catalysis of poorly recognized R enantiomer
was also found to be increased by twofold. After 24 h, the con-
version is 53.5 % with enantiomeric excesses of 98.6 and 87.7
for substrate and product, respectively. 93 % of the R substrate
can be recovered with a purity of 99.3 %, and 99.3 % at 93.8 %


Figure 6. Representation of (R,S)-2-bromo-phenylacetic acid ethyl ester enantiomers covalently bound to catalytic Ser162 of Lip2p. A), B) S and R enantiomers
are respectively shown. Lip2p is shown as a Connolly surface mapped with the lipophilic potential, as calculated by the MOLCAD module implemented in
SybyL7.3 (Tripos, Saint Louis, USA). The protein surface is colour-coded (brown colour indicates more lipophilic regions whereas blue codes for more polar
ones). C), D) Arrangement of the S (left) and R (right) enantiomers with respect to the catalytic triad (coloured in yellow) as well as the residues forming the
oxyanion hole (cyan coloured) and the two key positions (V232 and D97) playing a role on enantio-discrimination.
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purity for the S product. For this racemic mixture the variant
V232L showed no activity whereas variant D97A displayed an
inversion of the enantiopreference.


In Figure 6 the energy-minimized covalent intermediates of
Lip2p with R and S enantiomers of 2-bromo phenylacetic acid
ethyl ester are shown. From these docking modes, the bulky
bromine atom positioning appears to be involved in the dis-
crimination between enantiomers. For the S enantiomer, the
bromine atom is facing Val232 (Figure 6 A and C). The size of
this amino acid appears to be crucial for the positioning of the
S-enantiomer; the discrimination mechanism is a very sensitive
system. A smaller amino acid, like Ala, improves the position-
ing of the S enantiomer in the active site, which leads to an in-
crease in its catalysis. On the contrary, introduction of a Leu at
position 232 restrains the enzyme active site, impairing the rec-
ognition of the S enantiomer by the enzyme. The role played
by residue 97 in the discrimination of enantiomers is not clear-
ly apparent (Figure 6 B and D). Indeed, the enantioselectivity
reversion is mainly due to the poor catalysis of the S enantio-ACHTUNGTRENNUNGmer, which cannot easily be explained by the 3D model.


Systematic exploration of position 232 : In the first part of this
work, one key position (V232) was identified for the discrimina-
tion of two racemates of pharmaceutical interest, namely 2-
bromo phenyl and o-tolyl acid esters. To gain a deeper insight
on the role played by this amino acid in Lip2p enantioselectivi-
ty, a replacement of V232 by the other 19 possible amino acids
was investigated. Saturation mutagenesis techniques were dis-
carded. Indeed even if an optimal use of degenerated codons
permits to reduce greatly the number of clones to screen,[25]


this process is still time consuming and require the develop-
ment of high throughput screening procedures. The systematic
replacement of V232 by other 19 possible amino acids was un-
dertaken using site directed mutagenesis. A library of 19
mono ACHTUNGTRENNUNGmutants was built and expressed in the recently devel-
oped Y. lipolytica strain JMY1212.[26] The use of this strain ena-
bles the expression cassette containing the lipase gene to be
introduced in a single copy at the zeta docking platform at the
LEU2 locus in the genome. After transformation, three trans-
formants were randomly chosen and cultivated for lipase ex-
pression. The activity coefficient of variance was lower than
5 % (data not shown).


Figures 7 and 8 show the screening results of the V232
mono ACHTUNGTRENNUNGmutant library for the hydrolysis of the 2-bromo- phenyl-
acetic and the 2-bromo-o-tolylacetic acid ethyl esters, respec-
tively. Most variants showed a very low activity and selectivity
toward both substrates and were thus not detected (variants
V232 D, E, K, R, H, Q, W, N, P, M and Y). In addition, variants
V232L, I and F that showed lowest hydrolytic activities towards
phenylacetic acid ethyl ester did not reveal any hydrolytic ac-
tivity for the racemic mixture of o-tolyl acid ester.


Two variants, V232G and V232S, exhibited a significant en-
hancement in selectivity compared to the earlier described var-
iant V232A[24] (Figure 7) for the resolution of 2-bromo-phenyl-
acetic ester racemate. Compared to the wild-type Lip2p, an
E value increase of 32- and 58-fold for variants V232G and
V232S, respectively, was achieved for the resolution of the
2-bromo-phenylacetic ester racemate. It is noteworthy that


V232Y, V232L, V232I, V232F variants displayed an invertedACHTUNGTRENNUNGselectivity toward the S-enantiomer with E values of 2.5, 16, 2
and 2.5, respectively.


Regarding the resolution of 2-bromo-o-tolylacetic acid ethyl
esters racemate, the variant V232S emerges as the best variant
with an E value of 250, a 16-fold increase in enantioselectivity
compared to the wild type enzyme (Figure 8). Interestingly,
variant V232T appeared significantly more active than the wild
enzyme (with a 19-fold increase in activity) for the catalysis of
the o-tolyl acid ester but its enantioselectivity was quite low.


This paper describes a successful rational design approach
to increase enzyme enantioselectivity guided by homology
modeling. One original finding was to be able to increase
enantioselectivity one or two orders of magnitude by changing
only one amino acid. A second finding is that the improved
E value is the consequence of increased reaction rate of the
fast-reacting enantiomer with the nice consequence that enan-
tioselectivity improvement is accompanied by a eightfold in-
crease in velocity. Variant V232S is now compatible with indus-
trial application in the pharmaceutical industry.


Figure 7. Activity and enantioselectivity of V232 variants in 2-bromo-phenyl-
acetic octyl ester racemate hydrolysis reaction. WT: wild-type Lip2p. A posi-
tive E value corresponds to S selectivity, a negative E value to R selectivity.


Figure 8. Activity and enantioselectivity of V232 variants in 2-bromo-o-tolyl-
acetic octyl ester racemate hydrolysis reaction. WT: wild-type Lip2p. A posi-
tive E value corresponds to S selectivity, a negative E value to R selectivity.
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Overall, these results indicate that the size of the amino acid
at position 232 is clearly of importance rather than its polarity.
Substitution by small amino acid residues such as a Gly, Ala or
Ser enabled a better recognition of the S enantiomer; this em-
phasizes the sterically controlled recognition of the S-enantio-
mer during catalysis. On the other hand, the presence of a
bulkier amino acid such as a Leu, Ile or a Phe led to an inver-
sion of enantiopreference. Discrimination between enantio-
mers is in this case a very accurate process and clearly position
232 is crucial.


Position 97 also appeared to have an influence on enantio-
selectivity, leading to reversion of enantiopreference. Satura-
tion at this position was also realised but the best variant was
the variant D97A earlier described.


We are currently working on the determination of the crys-
tallographic structure of this lipase in order to improve our
knowledge on the key structural determinants involved in
enantioselectivity at a molecular level.


Experimental Section


Chemical reagents : Yeast extract and tryptone were purchased
from Difco (Sparks, USA), oleic acid from Prolabo (Fontenay sous
Bois, France), Tween-40 and n-octane from Sigma. n-Octane was
dried over molecular sieves (3 �) before use.


The procedures for the preparations of (� )-2-bromo phenylacetic
acid ethyl and octyl esters as well as (� )-2-bromo-o/m/p-tolylacetic
acid ethyl and octyl esters were previously described[11]


Construction of Lip2p variants : The plasmid JMP8 containing the
expression cassette carrying the wild-type LIP2 gene is described
elsewhere.[27]The gene LIP2 encoding the extracellular lipase Lip2p
was placed under the transcriptional control of the strong pro-ACHTUNGTRENNUNGmoter POX2 inducible by oleic acid. The derivative plasmids
JMP8V232A, JMP8V232L, JMP8V94A, JMP8V94L, JMP8V285A,
JMP8V285L, JMP8-T88A, JMP8-T88S and those relative to saturation
mutagenesis at the position 232 carrying single amino acid
changes in the LIP2 gene were constructed by site-directed muta-
genesis using the QuikChangeTM site-directed mutagenesis kit
(Stratagene). The procedure utilized the JMP8 double-stranded
DNA vector and two synthetic oligonucleotide primers, each com-
plementary to opposite strands of the vector. Primers contained
the desired mutation (underlined in the following sequences). The
following primers and their complementary reverse counterparts
were used to construct the variant enzymes:


V232A for: 5’-GGA GAT ATC GCC CCT CAA GTG CCC TTC TGG GAC
GGC TAC CAG CAC TGC-3; V232L for: 5’-GGA GAT ATC CTC CCT
CAA GTG CCC TTC TGG GAC GGC TAC CAG CAC TGC-3; V94A for:
5’-TCG AGG AAC CCA CTC TCT CGA GGA CGC CAT AAC CGA CAT
CCG-3; V94L for: 5’-TCG AGG AAC CCA CTC TCT CGA GGA CCT CAT
AAC CGA CAT CCG-3; V285A for: 5’-CTC CAG CAG GTC AAT GCC
ATT GGT AAC CAT CTG CAG TAC-3; V285L for: 5’-CTC CAG CAG
GTC AAT CTG ATT GGT AAC CAT CTG CAG TAC-3; T88A for: 5’-CCT
TGT TAT TCG AGG AGC CCA CTC TCT CGA GGA CGT CAT AAC CG-
3; T88S for: 5’-CCT TGT TAT TCG AGG ATC CCA CTC TCT GGA GG-3.


The following primers and their complementary reverse counter-
part were used for systematic directed mutagenesis at position
232:


5’-CGA GGA GAT ATC XXX CCT CAA GTG CCC-3’ with XXX being
GCC for V232A, TGC for V232C, GAC for V232D, GAG for V232E,
TTC for V232F, GGC for V232G, CAC for V232 H, ATC for V232I, AAG
for V232K, CTC for V232L, ATG for V232M, AAC for V232N, CCC for
V232P, CAG for V232Q, CGA for V232R, TCC for V232S, ACC for
V232T, TGG for V232W, TAC for V232Y.


Mutations were confirmed by DNA sequencing (Genome Express,
Grenoble, France).


E. coli DH5a was used as the host to produce the different plas-
mids. The plasmids were digested with NotI and used for transfor-
mation of strain JMY1212 (MATA ura3–302 leu2–270-LEU2-zeta
xpr2–322 Dlip2 Dlip7D lip8)[26] by the lithium acetate method asACHTUNGTRENNUNGdescribed previously.[8]


Erlenmeyer flasks (500 mL) containing medium Y1T2O2 (50 mL total)
made of yeast extract (10 g L�1), bactotryptone (20 g L�1), and oleic
acid (20 g L�1), buffered with phosphate buffer (100 mm, pH 6.8)
were inoculated with cells pregrown in YPD containing of yeastACHTUNGTRENNUNGextract (10 g L�1), bactopeptone (10 g L�1), and glucose (10 g L�1) at
an initial cell density of OD600 = 0.2. Stock solutions containing oleic
acid (200 g L�1) and Tween40 (5 g L�1) were subjected to sonication
three times for 1 min each on ice for emulsification purposes.
Cells were incubated at 28 8C for 24 h until complete oleic acid
consumption. The cells were removed through centrifugation
(10 000 rpm for 10 min). Supernatants were directly used in reac-
tions.


Determination of lipase activity : The lipase activity in the culture
supernatant was determined by monitoring the hydrolysis of p-ni-
trophenyl butyrate (pNPB) into butyrate and p-nitrophenol. The
method was optimized using 2-methyl-butan-2-ol (2M2B) as sol-
vent to solubilise p-nitrophenyl butyrate. Lipase activity was mea-
sured in 96-well microplates with Lip2p supernatant (20 mL) con-
taining phosphate buffer (175 mL of a 100 mm solution, pH 7.2),
NaCl (100 mm) and of pNPB (5 mL of a 40 mm solution) in 2M2B.
Activity was measured by following absorbance at 405 nm at 25 8C
for 10 min using the VersaMax tunable microplate reader apparatus
(Molecular Devices, Rennes, France). One unit of lipase activity was
defined as the amount of enzyme releasing 1 mmol of fatty acid
per min at 25 8C and pH 7.2


Hydrolysis of 2-bromo phenyl and o-tolyl acetic acid esters : Hy-
drolysis was carried out in Eppendorf tubes (1.5 mL) containing a
biphasic medium composed of dried octane (0.3 mL) containing
the ester (50 mm) and the aqueous enzymatic solution (0.5 mL).
The mixture was shaken in a Vortex Genie 2 (D. Dutscher, Brumat,
France). Reactions were realized at 20 8C. At regular time intervals
the progress of the reaction was followed by analyzing organic
phase composition after phase separation by centrifugation
(100 mL diluted in 1 mL hexane).


HPLC analysis : The HPLC device was equipped with a chiral
column: Chiralpack OJ (25 cm � 4.6 mm; Daicel Chemical Industries
Ltd, Tokyo, Japan) connected to a UV detector (at 254 nm). A flow
rate of 1.0 mL min�1 was used. The mobile phase was a mixture of
n-hexane/isopropanol, 80:20 v/v for (� )-2-bromo phenyl octyl or
ethyl acetate and 98:2 v/v for (� )-2-bromo-o-tolyl octyl or ethyl
acetate.


Determination of enantiomeric excess (ee), conversion and
enantioselectivity (E): From HPLC results, enantiomeric excess (ee)
was calculated as defined below [Eq (1)]:


ees ¼ f½R��½S�gs=f½R� þ ½S�gs ðs ¼ substrateÞ ð1Þ
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and the conversion [Eq. (2)]:


C ¼ 1�fðR�SÞt=R�SÞt¼0g � 100 ð2Þ


The enantioselectivity value was the ratio of initial rate of R enan-
tiomer production (viR) versus the initial rate of S enantiomer pro-
duction (viS): E = (viR/viS). The initial rates were determined by
linear regression over at least five points before 10 % of substrate
conversion.


Multiple sequence alignments : Lipase sequence alignments were
realized using FUGUE server (http://www-cryst.bioc.cam.ac.uk/~
fugue/) (Figure 1). Secondary structure elements were predicted
using the software PSIPRED available on the Web (http://bioinf.
cs.ucl.ac.uk/psipred), while the secondary structure for templates
was taken from the Protein DataBank. The fine adjustment of gap
positions was assessed by superimposition of predicted and ob-
served secondary structure.


Model building : A three dimensional model of Lip2p lipase from
Y. lipolytica was constructed using the program MODELLER imple-
mented in the HOMOLOGY module of the InsightII suite of pro-
grams (Accelrys, San Diego, CA, USA) and the sequence alignments
obtained above.


The lowest-energy structure predicted using MODELLER was fur-
ther refined using the CFF91 forcefield implemented within the
DISCOVER module of InsightII software suite (Accelrys, San Diego,
CA, USA). For the minimization, the CFF91cross terms, a harmonic
bond potential, and a dielectric of 1.0 were used. An initial minimi-
zation with a restraint on the protein backbone was performed
using a steepest descent algorithm followed by conjugated gradi-
ent minimization steps until the maximum RMS was less than 0.5.
In a subsequent step, the system was fully relaxed. Calculations
were performed on a Silicon Graphics O2 workstation.
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Malonyl carba ACHTUNGTRENNUNG(dethia)- and Malonyl oxaACHTUNGTRENNUNG(dethia)-
coenzyme A as Tools for Trapping Polyketide
Intermediates
Manuela Tosin,*[a, b] Dieter Spiteller,[a, c] and Jonathan B. Spencer†[a]


Introduction


Among natural products polyketides constitute a unique pool
of structurally and functionally diverse compounds endowed
with extraordinary medicinal activity. Examples of polyketides
in clinical use include erythromycin (antibiotic), epothilone (an-
ticancer), lovastatin (anticholesterol drug) and rapamycin (im-
munosuppressant).[1]


Polyketides are produced in bacteria, fungi, plants and pro-
tists by polyketide synthases (PKSs), and are still usefully classi-
fied in three main categories according to their biosynthetic
mechanism, although examples of intermediate types of PKS
are increasing in number.[2] Type I modular PKSs are giant mul-
tifunctional enzymes in which modules of fatty acid synthase-
related activities each catalyze a specific step of polyketide
chain elongation. These modular synthases are often referred
to as “multidomain assembly lines” and their typical products
are complex macrolides, which can be further decorated by
“post-PKS” modifications, such as methylation and glycosyla-
tion.[3] In classic type I iterative systems a single module is used
iteratively to synthesize the polyketide chain.[4, 5] In type II PKSs
several discrete mono- or bifunctional enzymes act in an itera-
tive manner during biosynthesis to produce complex aromatic
compounds.[6, 7] Type III PKSs are homodimers with a single
active site where all the catalytic transformations take place to
produce simple aromatic compounds.[8] For type III PKSs the
substrates and intermediates are attached to coenzyme A
(CoA), whereas for type I and II the intermediates are attached
to acyl carrier proteins (ACPs), which are discrete proteins
(type II) or are domains in giant multifunctional enzymes
(type I).


Despite the differences in enzyme architecture, all polyketide
synthases generate a growing polyketide chain in the same
way by repetitive condensation steps that attach malonyl (or
substituted malonyl units) to a starter unit with concomitant
decarboxylation (Scheme 1 A). In contrast to saturated fatty


acid biosynthesis,[2, 9, 10] either no reduction, partial reduction, or
full reduction of the carbonyl group can occur in each cycle of
chain extension. This and other modifications, such as cycliza-
tion and aromatization, account for the large variety of struc-
tures produced by PKSs.


A key role in PKSs is played by a flexible phosphopante-
theine arm attached to the ACP or part of coenzyme A. This
arm is responsible for the delivery of the malonyl units to the
ketosynthase (KS) active site and it carries the extended poly-
ketide chain throughout its elaboration. There is intense cur-
rent interest in understanding the evolution of PKS catalysis
and in manipulating the pathways towards the creation of
new compounds of increased medicinal value.[11–13] Since the
first pioneering experiments with isotopic labelling enormous
progress in this field has been made thanks to genetic ap-
proaches and latterly to X-ray crystallography,[14, 15] but many
details remain obscure, such as the timing of chain termina-
tion, release and cyclization and the ability of iterative PKSs to
differentiate between substrates that vary both in their chain
length and state of reduction.[1, 8]


In order to study intermediates in polyketide biosynthesis two
nonhydrolyzable malonyl coenzyme A analogues were synthes-
ised by a chemoenzymatic route. In these analogues the sulfur
atom of CoA was replaced either by a methylene group (carba-
dethia analogue) or by an oxygen atom (oxadethia analogue).
These malonyl-CoA analogues were found to compete with
the natural extender unit malonyl-CoA and to trap intermedi-
ates from stilbene synthase, a type III polyketide synthase


(PKS). From the reaction of stilbene synthase with its natural
phenylpropanoid substrates, diketide, triketide and tetraketide
species were successfully off-loaded and characterised by LC-
MS. Moreover, the reactivity of the nonhydrolyzable analogues
offers insights into the flexibility of substrate alignment in the
PKS active site for efficient malonyl decarboxylation and con-
densation.
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Characterisation of intermediates of polyketide biosynthesis
has proved difficult, as they remain covalently attached to the
PKS throughout their elaboration. The cloning and sequencing
of genes for many modular PKSs have enabled the design of
mutants that alter or halt biosynthesis at a desired point,[16, 17]


which leads to the accumulation of polyketide precursors.[5]


However, this approach is quite laborious and of limited use
for iterative PKSs. Advances in mass spectrometry techniques
have allowed the direct observation of some enzyme-bound
species. Using tandem-proteolysis mass spectrometry, Schnarr
and co-workers have detected KS-bound diketide intermedi-
ates from DEBS3 fed with N-acetylcysteamine-derived synthetic
substrates.[18]


Kelleher and co-workers have applied FT mass spectrometry
to monitor KS-AT and ACP/PCP-bound diketide/dipeptide inter-
mediates upon limited proteolysis[19, 20] and, very recently, ACP-
bound late-stage precursors of the aflatoxin biosynthesis in
vitro.[21]


In our laboratory we have been pursuing an alternative
strategy towards the isolation and characterisation of polyke-
tide intermediates—their chemical off-loading from a PKS by
using nonhydrolyzable malonyl coenzyme A analogues.[22] As
malonyl-CoA (1) is responsible for polyketide chain extension
(Scheme 1 A), we had envisaged that a nonhydrolyzable ana-
logue might intercept the growing polyketide chain, but
would then not be susceptible to its subsequent transesterifi-
cation onto the cysteine group of the KS. As a result, polyke-
tide intermediates should accumulate, attached to the ana-
logue (Scheme 1 B). The thioether analogue 2 was originally
prepared in our laboratory and when used in the reaction of
type III PKS stilbene synthase (STS) with 4-hydroxyphenylace-
tyl-CoA as starter unit, a trapped diketide and triketide were
identified.[22] However, no intermediates were detected for STS


with its true substrate coumaroyl-CoA; this suggests that the
extra methylene group between the thiol and the malonate
moiety could have been detrimental to the correct positioning
of the analogue in the active site.


Here, we present a significant improvement of this off-load-
ing strategy using new malonyl-CoA analogues (3 and 4) that
more closely resemble malonyl-CoA (1).


Results and Discussion


Preparation of malonyl carba ACHTUNGTRENNUNG(dethia)- and malonyloxa-ACHTUNGTRENNUNG(dethia)-coenzyme A


The use of carba ACHTUNGTRENNUNG(dethia)- and oxa ACHTUNGTRENNUNG(dethia)-CoA derivatives for
mechanistic investigations is well documented.[23–25] To the
best of our knowledge malonyl carba ACHTUNGTRENNUNG(dethia)-CoA (3) has been
previously obtained only in situ by enzymatic reaction of
acetyl carbaACHTUNGTRENNUNG(dethia)-CoA with acetyl-CoA carboxylase.[26]


Our approach to the preparation of the malonyl-CoA ana-
logue 3 consisted of the chemical synthesis of a protectedACHTUNGTRENNUNGmalonyl carba ACHTUNGTRENNUNG(dethia)pantetheine (9) and its conversion to the
corresponding CoA derivative 10 using the E. coli enzymes for
the biosynthesis of coenzyme A (Scheme 2).[27, 28]


Briefly, sodium pantothenate (5) was acetylated in acetic an-
hydride with catalytic iodine to afford a protected mixed anhy-
dride,[29] which was promptly hydrolyzed to the corresponding
acid 6 (85 % over two steps). EDC/HOBt coupling of 6 to g-ami-
nobutyric acid tert-butyl ester and subsequent treatment with
TFA gave the acid 7 in 68 % yield. This substrate was further
treated with Meldrum’s acid and EDC/DMAP to yield the cyclic
adduct 8 (85 %). After reflux in dry methanol[30] and deacetyla-
tion by potassium carbonate in methanol, the deprotected
b-ketoester 9 was obtained in 89 % yield. The enzymes pan-


Scheme 1. A) Polyketide formation by decarboxylative malonate condensation (type III PKS); B) Off-loading of polyketide intermediates by using malonyl-CoA
analogues;[22] KS: ketosynthase.
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tothenate kinase (PanK), phosphopantotheine adenyltransfer-
ase (PPAT) and dephosphocoenzyme A kinase (DPCK) from
E. coli[27] were over-expressed as His-tagged proteins (see the
Supporting Information).


The enzymes quantitatively converted malonyl carba-ACHTUNGTRENNUNG(dethia)pantetheine methyl ester (9) into the corresponding
malonyl carba ACHTUNGTRENNUNG(dethia)-CoA analogue (10) in the presence of
ATP at pH 7.5. After protein precipitation, 10 was purified by
RP-HPLC and then subjected to selective hydrolysis with pig
liver esterase (PLE)[31] to generate 3 in situ. This last step re-
quired a basic pH, which led to partial decarboxylation of 3 to
acetyl carba ACHTUNGTRENNUNG(dethia)-CoA (see the Supporting Information).
Nonetheless this enzymatic deprotection is selective and mild
compared to standard chemical methods, and it can be direct-
ly carried out in the presence of the PKS, which makes the
generated 3 immediately available for the reaction with the
natural biosynthetic intermediates (Scheme 1 B).


Preparation of the malonyloxa ACHTUNGTRENNUNG(dethia)-CoA (4) was initially
pursued by following a similar strategy with modification of
the diol protection for sodium pantothenate (5 ; Scheme 3).


Isopropylidene pantothenic acid (11) was isolated in high
yield from the treatment of 5 with 2,2-dimethoxypropane and
p-toluenesulfonic acid in dry DMF;[32] 11 was then converted,
in situ, to a mixed anhydride by treatment with ethylchlorofor-
mate, and nucleophilic attack of ethanolamine under basic
conditions resulted in the formation of the alcohol 12 (76 %).
Compound 12 was initially coupled to malonic acid monome-
thylester (obtained by methanolysis of Meldrum’s acid)[33] by
using HATU in the presence of N,N’-diisopropylethylamine


(67 %). Isopropylidene deprotection of 13 resulted in the ma-
lonyl oxa ACHTUNGTRENNUNG(dethia)panthetheine methyl ester (14). Compound 14
was efficiently converted to the corresponding CoA derivative
15 and subjected to PLE hydrolysis. Unfortunately, this last
step was not regioselective and oxaACHTUNGTRENNUNG(dethia)-CoA (16)[34] was
obtained as the major product. Therefore, it was necessary to
modify our protection strategy for the malonyl moiety. Com-
pound 12 was successfully coupled to malonic acid allyl mono-
ester by using HATU and N,N’-diisopropylethylamine (65 %).
The allyl ester of 17 was selectively removed with the aid of
Pd ACHTUNGTRENNUNG(Ph3)4 in acetonitrile to generate 18. Treatment of 18 with
Dowex 50-X8-400 gave the malonyl oxaACHTUNGTRENNUNG(dethia)panthetheine
(19 ; 98 %), which was enzymatically converted to 4.


Trapping polyketide intermediates of the STS reaction


Type III PKSs have recently received much attention due to the
discovery of new biological activities of their products (as anti-
oxidants, platelet aggregation inhibitors, anti-inflammatory and
anticancer agents).[8] STS is one of the few type III PKSs the
structure of which has been elucidated by X-ray crystallogra-
phy.[35, 36] STS produces stilbenes, in particular resveratrol (26),
and pyrones by condensation of malonyl-CoA (1) with phenyl-
propanoid-CoA esters.[37–39] Resveratrol was originally identified
as a phytoalexin, and is currently believed to be the antioxi-
dant responsible for the so-called “French paradox”.[40] During
the biosynthesis of stilbenes, a C2!C7 intramolecular aldol
condensation is thought to occur on a tetraketide intermedi-
ate, possibly enzyme bound. Thioester chain hydrolysis, decar-


Scheme 2. Preparation of malonylcarba ACHTUNGTRENNUNG(dethia)-CoA (3).
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boxylation, dehydration and cyclization are thought to occur
to afford the final polyketide, but the order of these events
still remains unclear.[8, 35] Additionally, we recently found that
besides the tetraketide resveratrol, STS produces the penta-ACHTUNGTRENNUNGketide 2-malonylresveratrol ; this indicates that the enzyme is
unable to precisely control the number of condensations.[41]


Therefore, methodologies to reveal details of the polyketide
chain growth within the active site of PKS enzymes are highly
desirable; a more detailed understanding of the factors con-
trolling PKS biosynthesis could, for example, furnish valuable
information for optimising combinatorial biochemistry ap-
proaches. We analyzed the reaction of STS from Pinus silvest-
ris[42] with different starter units and malonyl-CoA in the pres-


ence of the nonhydrolyzable an-
alogues 3 or 4 (Scheme 4) in an
attempt to trap polyketide in-
termediates following the strat-
egy of Scheme 1 B. Multiple
assays were carried out at vari-
ous temperatures, incubation
times and enzyme and reactant
concentrations in HEPES buffer
(50 mm, pH 7.5–8.5). Assays car-
ried out in the absence of
either STS or one of the starter
units were used as controls.
Malonylcarba ACHTUNGTRENNUNG(dethia)-CoA (3)
was either added to standard
STS assays after PLE hydrolysis
of 10 or it was generated in situ
by PLE hydrolysis of 10 in the
presence of STS and the sub-
strates. After enzyme precipita-
tion or filtration through a cut-
off membrane, the reaction mix-
tures were analyzed by LC-ESI-
MS/MS.


A summary of the outcome
of the experiments with malon-
yl-CoA analogues 3 and 4 as
trapping agents is presented in
Table 1.


In contrast to the experi-
ments previously carried out
with the thioether analogue
2,[22] trapped polyketide species
were found in the reaction mix-
tures of STS with phenylpropa-
noid starter units (Table 1, en-
tries a–c and j–k) ; this indicates
the improved properties of 3
and 4. From the reaction of STS
with cinnamoyl-CoA (20 a) in
the presence of 3, a diketide
(21 a), a triketide (22 a), a tetra-ACHTUNGTRENNUNGketide (23 a) and a dehydrated,
possibly cyclized, tetraketide


species (24 a) were identified (Table 1, entry a, and Figure 1 A–
D). These species were absent in control samples and their
MS/MS fragmentation pattern was consistent with that of
coenzyme A derivatives.[43] While the assignment of m/z 922
(Figure 1 A) and 964 (Figure 1 B) to the diketide 21 a and the
triketide 22 a, respectively, was clear-cut, two distinct peaks
were found for m/z 1006 at 15.9 and 19.9 min (Figure 1 C and
E). Their different MS/MS fragmentation patterns allowed their
assignment to the nonhydrolyzable tetraketide 23 a (Figure 1 C)
and to the dehydrated, possibly cyclized, natural tetraketide
25, respectively (Figure 1 E), with the latter showing the m/z
768 fragment diagnostic for a coenzyme A thioester.[41] In addi-
tion, a significant peak with m/z 988 was found, which corre-


Scheme 3. Preparation of malonyloxa ACHTUNGTRENNUNG(dethia)-CoA (4).
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sponds to a dehydrated, likely cyclized, trapped tet-
raketide 24 a (Figure 1 D). Its m/z 776 fragment is di-
agnostic for 23 a, which originates from the C2!C7
intramolecular aldol condensation and subsequent
dehydration.


From the reaction of STS with phenylpropionyl-
CoA (20 b) in the presence of 3, three trapped bio-
synthetic intermediates, 21–23 b, were identified
(Table 1, entry b). The amount of the tetraketide 23 b
was considerably lower compared to the other spe-
cies (see the Supporting Information), but its MS/MS
pattern was consistent with that of 23 a. To provide
extra evidence for the trapping of tetraketides, some
samples of the STS reaction with coumaroyl-CoA
(20 c) in the presence of 3 were analyzed by micro-
LC-ESI-HR-MS.[44] After incubation for 4 h at 37 8C,
the tetraketide 23 c and its dehydration product 24 c


were identified (Table 1, entry c,
Figure 2 and the Supporting In-
formation).


The potential of 3 to trap in-
termediates of STS was further
tested by incubating the
enzyme with unnatural sub-
strates. Interestingly, 3-hydroxy-
cinnamoyl-CoA (20 d) as starter
unit did not yield any intermedi-
ates (Table 1, entry d). Incuba-
tion with 4-hydroxyphenylace-
tyl-CoA (20 e) yielded the dike-
tide 21 e and the triketide 22 e
as expected for two rounds of
condensation (Table 1, entry e).
However, when smaller and
shorter starter units, such as
phenylacetyl-CoA, 4-fluoroben-
zoyl-CoA, benzoyl-CoA and cy-
clohexanoyl-CoA were em-
ployed, either only low levels
(entry g) or no intermediates
(entries f, h–i) were detected.
Nonetheless, in all the experi-
ments carried out in the pres-
ence of 3 we observed partial
inhibition of polyketide produc-
tion. This is consistent with the
mechanism of action proposed
for 3 (Scheme 1 B).


When malonyl oxaACHTUNGTRENNUNG(dethia)-
CoA (4) was employed as a trap-
ping agent for STS biosynthetic
intermediates, only the oxa-ACHTUNGTRENNUNG(dethia)monoketide species
21 j–l were found (Table 1, en-
tries j–l, Figure 3 and the Sup-
porting Information). The higher
efficiency of malonylcarba-


Scheme 4. Trapping intermediates of the STS by using 3 or 4.


Table 1. Trapped intermediates for type III PKS stilbene synthase.


Trapping agent Substrate R Trapped
intermediates (m/z)[a]


X


a 20 a[b] 21 a (922)
22 a (964) CH2


23 a (1006)
24 a (988)


b 3 20 b 21 b (924)
22 b (966) CH2


23 b (1008)
c 3 20 c[b] 21 c (938)[a, c]


22 c (980)[c] CH2


23 c (1022)[c]


24 c (1004)[c]


d 3 20 d[b] n.d.


e 3 20 e 21 e (926) CH2


22 e (968)


f 3 20 f n.d.


g 3 20 g 21 g (914) CH2


h 3 20 h n.d.


i 3 20 i n.d.


j 20 b 21 j (926) O


k 4 20 c[b] 21 k (940) O


l 4 20 e 21 l (928) O


[a] [M+H]+ detected by LCQ (unless stated otherwise) ; [b] trans isomer; [c] [M+H]+ detected by LTQ Orbitrap.
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ACHTUNGTRENNUNG(dethia)-CoA (3) compared to ma ACHTUNGTRENNUNGlo ACHTUNGTRENNUNGnyloxa ACHTUNGTRENNUNG(dethia)-CoA (4) may
be explained by its nonhydrolyzability (of the trapped species),
and its relative ease of decarboxylation. Indeed 3 decarboxy-
lates at a faster rate than malonyl-CoA (1) itself, as expected
for a b-keto acid. Compound 4 did not decarboxylate sponta-
neously to any significant extent, but the detection of one
condensation species 21 j–l in the presence of STS indicates
that the enzyme can catalyze this process, although to a low
extent and not at the competitive rate required to trap longer
chain intermediates.


Because 4 is more resistant to hydrolysis and less reactive
than malonyl-CoA (1), we speculated whether it would be ac-
cepted by STS as an alternative extender unit and still yield a
polyketide product or some of its direct precursors. However,
even after prolonged incubation of 4 in the absence of 1 with
coumaroyl-CoA (20 c) and STS neither resveratrol (26) nor any
intermediates other than the oxa ACHTUNGTRENNUNG(dethia)monoketide (21 k)
were found.


In the past, derailed triketide
and tetraketide compounds
have been isolated from STS-
catalyzed reactions as heterocy-
clic lactones[8, 45] and, together
with feeding studies,[46] have
supported a biosynthetic path-
way leading to stilbenes
through a tetraketide intermedi-
ate.


Herein, we have shown that
with 3 and 4, intermediate CoA-
linked polyketides can be off-
loaded from a PKS; this pro-
vides direct evidence for the
formation of these intermedi-
ates and of their ability to dif-
fuse in and out of the enzyme
active site.[8] In particular,
among all the malonyl-CoA ana-
logues prepared so far, the
carba ACHTUNGTRENNUNG(dethia) compound 3 is
the most efficient trapping
agent because of the polyketide
nature of the isolated species
and its closer structural resem-
blance to malonyl-CoA (1). Be-
sides the close steric match and
the nonhydrolyzability, the be-
haviour of 3 possibly reflects
the importance of decarboxyla-
tion of the extender unit for po-
lyketide/fatty acid synthase as a
requirement for efficient con-


densation and chain extension.[47]


Taken together, the results from this study and our earlier
work with the thioether 2[22] offer some insights into the flexi-
bility of substrate alignment in the PKS active site. The simple
model in Figure 4 A shows the STS natural starter unit cou-
maroyl (enzyme bound) and the extender unit malonyl-CoA
(and analogues 3 and 4) positioned in their respective binding
pockets[8, 35] and optimally arranged for decarboxylation and
chain extension at the pockets’ interface. Because of the extra
methylene unit, it was envisaged that the thioether 2 would
be misaligned for reaction with coumaroyl-CoA (20 c ; Fig-
ure 4 B) and indeed no trapped intermediates were found.[22]


With 4-hydroxyphenylacetyl-CoA (20 e) as starter unit, malonyl-
CoA (1) and 2 (Figure 4 C, left) however, trapped intermediates
were observed.[22] This suggests that substrate realignment
probably occurs by “stretching” of the starter unit within its
binding pocket (Figure 4 C, right).


Figure 1. (Previous page) LC-ESI-MS analysis of the STS reaction with trans-cinnamoyl-CoA (20 a ; 1 mm), malonyl-CoA (1; 3 mm), 10 (3 mm), STS and PLE. The
reaction mixture was analyzed after 6 h incubation at room temperature. The panels show ESI-MS [M + H]+ ion traces and the MS/MS fragmentation of trap-
ped: A) diketide 21 a, B) triketide 22 a, C) tetraketide 23 a, D) the dehydrated (possibly cyclized) trapped tetraketide 24 a, and E) the natural dehydrated (possi-
bly cyclized) tetraketide 25. For simplicity all the species are represented in their polyketone form only (the degree of enolization/tautomerism is unknown).


Figure 2. The [M+H]+ ion traces of trapped tetraketides 23 c and 24 c from the reaction of STS, malonyl-CoA (1),
coumaroyl-CoA (20 c) and 3, which was added to the standard assay after 20 min incubation at 37 8C in a 3:4 ratio
relative to 1. After 4 h incubation at 37 8C the mixture was analysed by using a PepMap 100 microcolumn
(15 mm � 1 mm, 3 mm). The presence of two resveratrol peaks (26) arises from acid- and/or light-catalyzed cis–
trans isomerization.[41]
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Further, the yield of accumulated diketides, triketides and
tetraketides seems to depend on the starter unit (Table 1). This
could be related to different stereoelectronic effects within the
active site, to the local concentration of trapping agent in solu-
tion at a particular time and also to possible differences in the
kinetics of two/three condensation steps.[8]


Malonyl-CoA analogues effectively act as “reactivity probes”
that are able to reveal details of the modality and the timing
of polyketide formation. For instance, the presence of the pos-
sibly cyclized trapped intermediates 24 a (Figure 1 D) and 24 c
(Figure 2) in the biosynthesis of stilbenes, besides the natural
intermediate 25, would indicate that cyclization can take place
for a CoA-bound tetraketide prior to thioester hydrolysis and
decarboxylation. Cyclization followed by decarboxylation to
give a readily hydrolyzed tetraketide intermediate has been


previously postulated.[35] Howev-
er, only recently the direct in-
volvement of CoA-bound species
has been considered[41] and fur-
ther work in this direction is in
progress. Finally, the isolation of
nonhydrolyzable species offers
clear advantages for intermedi-
ate characterisation; whereas for
thioester species, such as 25
(Figure 1 E; very rarely detecta-
ble), the major mass fragment
m/z 768 is merely diagnostic of a
CoA derivative, the m/z 776 frag-
ment of its counterpart 24 a
strongly supports its C2!C7 cy-
clized structure.


Conclusions


In summary, we have chemoenzymatically prepared two novel
malonyl-CoA analogues (3 and 4) and demonstrated their utili-
ty in trapping intermediates of type III polyketide biosynthesis.
In particular, the carba ACHTUNGTRENNUNG(dethia)-CoA analogue 3 has proved to
be highly efficient for the direct off-loading of polyketide pre-
cursors thanks to its nonhydrolyzability, its close steric match
to malonyl-CoA (1) and competitive decarboxylation potential.


By using 3, diketide-, triketide- and tetraketide intermediates
were off-loaded from the stilbene synthase, and the likely tet-
raketide cyclization offers new perspectives on the mechanism
and the timing of stilbene biosynthesis. Moreover, comparison
of the results from the trapping experiments with the different
malonyl-CoA analogues (2, 3, 4) provides insights into the flexi-
bility/limitation of substrate binding/alignment within the
enzyme active site of the STS.


In combination with LC-MS/MS our methodology to trap
PKS intermediates using malonyl-CoA analogues allows the
straightforward characterisation of biosynthetic intermediates
and avoids enzyme reengineering, enzyme feeding with sub-
strate surrogates and laborious work-up procedures. The meth-
odology for polyketide-chain termination also prevents theACHTUNGTRENNUNGintramolecular formation of pyrone products,[48] and it can be
further extended to other PKS. Analogues of pantetheines
have recently been used to tag carrier proteins to trap transi-
ent protein–protein interactions[49] or to manipulate the carrier
geometry.[50] We anticipate that upon loading nonhydrolyzable
malonyl carba ACHTUNGTRENNUNG(dethia)pantetheine (from 2) onto the acyl carrier
protein (ACP) using phosphopantetheinyl transferase Sfp,[51]


our approach will prove to be a powerful tool for studying
such complex PKS systems.


Experimental Section


Syntheses and characterisation of compounds 6–9, 11–12 and 17–
19 and related intermediates are described in the Supporting Infor-
mation.


Figure 4. A) Malonyl-CoA (1; X = S) and the analogues 3 and 4 (X = CH2 and
O) are optimally aligned with the enzyme-bound coumaroyl group for ma-
lonyl decarboxylation and condensation. B) The malonyl analogue 2 is mis-
aligned for condensation with the coumaroyl moiety due to its extra methyl-
ene group. C) Compound 2 is initially misaligned with the enzyme-bound 4-
hydroxyphenylacetyl group (left), however, “stretching” of the latter within
the active site allows substrate realignment and decarboxylative condensa-
tion.


Figure 3. ESI-MS/MS of the [M+H]+ of the trapped oxa ACHTUNGTRENNUNG(dethia)monoketide 21 j from the reaction of STS and phe-
nylpropionyl-CoA (20 b) in the presence of 4.
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Malonyl carbaACHTUNGTRENNUNG(dethia)-CoA methylester (10): Purified malonyl
carba ACHTUNGTRENNUNG(dethia)pantetheine methylester (9 ; 4.8 mg, 0.013 mmol) was
dissolved in Tris-HCl (50 mm), KCl (20 mm), MgCl2 (10 mm),
pH 7.5[27] (1.5 mL). ATP disodium salt (24 mg, 0.046 mmol) was
added and the pH was adjusted to 7 by addition of NaOH (4 m).
Pantothenate kinase, phosphopantetheine adenyltransferase, and
dephosphocoenzyme A kinase (450 mg each) were added to a total
volume of 3 mL. After overnight incubation and addition of extra
DPCK (50 mg), LC-MS analysis of the mixture showed 100 % conver-
sion to the CoA derivative 10. The enzymes were precipitated by
addition of CHCl3 (3 mL); the water layer, which contained the
product, was isolated and washed twice with CHCl3 before being
freeze dried. This crude material was purified by semipreparative
HPLC (tR 10.5 min gradient elution with water and acetonitrile con-
taining 0.05 % TFA) and 10 was obtained as a white powder (6 mg,
55 %); 1H NMR (400 MHz, D2O): d= 8.59, 8.36 (s, 1 H; ArCH), 6.14 (d,
3J = 5.5 Hz, 1 H; CH), 4.80 (m, 2 H; CH, overlapping with HOD), 4.51
(br t, 1 H; CH), 4.17 (br t, 2 H; CH2), 3.94 (s, 1 H; CH), 3.77 (dd, 3J =
4.5 Hz, 2J = 10.0 Hz, 1 H; CH), 3.63 (s, 3 H; OCH3), 3.51 (dd, 1 H; CH2),
3.38 (t, 3J = 6.5 Hz, 2 H; CH2), 3.05 (t, 3J = 7.0 Hz, 2 H; CH2), 2.56 (t,
3J = 7.0 Hz, 2 H; CH2), 2.36 (t, 3J = 6.5 Hz, 2 H; CH2), 1.63 (quint, 3J =


7.0 Hz, 2 H; CH2), 0.85, 0.73 (s, 3 H; CH3) ; 13C NMR (100 MHz, D2O):
d= 207.5 (CH2C=OCH2), 174.7, 173.8, 170.1 (C=O), 149.9 (ArC), 148.5
(ArC), 144.6 (ArCH), 142.5 (ArCH), 118.6 (ArC), 87.4, 83.5, 74.1, 74.0,
73.9 (CH), 71.9, 71.8, 65.0 (CH2), 52.7 (CH3, OMe), 39.9, 38.4 (CH2),
38.3 (CACHTUNGTRENNUNG(CH3)2), 35.4, 35.3, 22.3 (CH2), 20.8, 18.2 (CCH3); 31P NMR
(162 MHz, D2O): d= 0.35, �10.22, �10.68; HR-ESI-MS: [M+H]+


found: 850.1817, calcd: 850.1821.


Malonyl carbaACHTUNGTRENNUNG(dethia)-CoA (3)


Method A : Pig liver esterase (Sigma, suspension at pH 8) was added
(73 units per mmol) to a solution of methylester 10 in HEPES
(50 mm), NaCl (25 mm), pH 8.0. The mixture was incubated at room
temperature for 16 h, after which LC-MS analysis showed complete
consumption of 10, and 3 was found as the major product (ESI-
HR-MS: [M+H]+ found: 836.1658, calcd: 836.1743). Acetyl carba-ACHTUNGTRENNUNG(dethia)-CoA[52] (ESI-HR-MS: [M+H]+ found: 792.1723, calcd:
792.1766) was also present as a byproduct of decarboxylation of 3
(around 40 %, as judged by LC-MS; see the Supporting informa-
tion). PLE was precipitated by addition of chloroform, and the
aqueous layer was used as a source of 3 for the stilbene synthase
assays.


Method B : The methylester 10 was directly used in the stilbene
synthase assays together with an appropriate amount of PLE.


Malonyl oxaACHTUNGTRENNUNG(dethia)-CoA (4): Malonyl oxaACHTUNGTRENNUNG(dethia)pantetheine 19
(2.7 mg, 0.008 mmol) was dissolved in Tris-HCl buffer (50 mm,
pH 7.5; 0.9 mL). ATP disodium salt (14 mg, 0.025 mmol), PanK, PPAT
and DPCK (260 mg each) were then added (final volume adjusted
to 2 mL). After overnight incubation and quantitative conversion
to 4, the enzymes were precipitated by addition of CHCl3 (2 mL).
The aqueous layer was separated, washed twice with CHCl3 and
freeze dried. The crude material was purified by HPLC (tR = 9.3 min
gradient elution with water and acetonitrile containing 0.05 % TFA)
to yield 4 as a white powder (3.5 mg, 54 %); 1H NMR: (500 MHz,
D2O): d= 8.72 (s, 1 H; ArCH), 8.47 (s, 1 H; ArCH), 6.26 (d, 3J = 6.0 Hz,
1 H; CH), 4.93–4.88 (m, 2 H; CH), 4.63 (br s, 1 H; CH), 4.29 (br s, 2 H;
CH2), 4.25 (t, 3J = 5.0 Hz, 2 H; CH2), 4.06 (s, 1 H; CH), 3.89 (br dd, 1 H;
CH), 3.62 (br dd, 1 H; CH), 3.50 (t, 3J = 6.3 Hz, 2 H; CH2), 3.48 (t, 3J =
4.7 Hz, 2 H; CH2), 2.50 (t, 3J = 6.5 Hz, 2 H; CH2), 0.96, 0.84 (s, 3 H;
CH3) ; 13C NMR (125.7 MHz, D2O): d= 174.7, 174.1, 170.8, 169.0 (C=
O), 150.0, 148.5 (ArC), 144.7, 142.5 (ArCH), 118.6 (ArC), 87.4, 83.6,
74.1, 74.0, 73.9 (CH), 71.8, 65.1, 64.1 (CH2), 38.3 (CACHTUNGTRENNUNG(CH3)2), 38.2, 38.0,


35.3, 35.2 (CH2), 20.8, 18.1 (CCH3); 31P NMR (162 MHz, D2O): d= 3.05,
�7.46, �8.07; HR-ESI-MS: [M+H]+ found: 838.1460, calcd:
838.1457.


Cloning, expression and purification of PanK, PPAT, DPCK : PanK,
PPAT and DPCK were amplified from E. coli K12 genomic DNA as
previously reported[27] by using modified primers (see the Support-
ing Information) and cloned into pET29b and pET20b(+) (Nova-
gen). The enzymes were over-expressed in E. coli Rosetta BL21ACHTUNGTRENNUNG(DE3)
and Rosetta 2, respectively, and purified according to published
procedures.[27]


STS assays and detection of polyketide intermediates : Substrates
20 a–i were prepared according to published procedures.[53] The
STS was expressed and purified as previously reported.[22, 41] The
assays were typically carried out either at room temperature or at
37 8C in HEPES buffer (50 mm, pH 8, 25 mm NaCl) with starter unit
CoA (20 a–i ; 1.0 mm), malonyl-CoA (1; 3 mm), malonyl-CoA ana-
logues (3 or 4 ; 1–10 mm) and STS (20–200 mg) in a final volume of
100 mL. Control assays lacking either the enzyme or one of the sub-
strates were set up in parallel. After precipitation of the enzyme
with HCl (10 mL of 20 % solution) or filtration through a 10 kDa cut-
off membrane (Microcon YM-10, Millipore), the mixtures were ana-
lysed at different reaction times by LC-MS. LC-ESI-MS/MS and HR-
ESI-MS spectra of trapped polyketide intermediates are available in
the Supporting Information. The best results for intermediate trap-
ping were obtained with a 3:4 ratio of 3 (or 4):1.[22]
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Introduction


The galectins are a family of b-galactoside-binding proteins.[1–3]


Fifteen mammalian galectins have been identified and they
can be subdivided into those containing one or two carbohy-
drate-binding domains.[2–4] The galectins are involved in many
different biological processes, including apoptosis,[5–8] inflam-
mation,[9–14] cell signaling,[7, 15, 16] cell adhesion,[17] and cancer
progression.[16] Galectins are present intra- and extracellularly,
and their expression is altered in tumor cells compared to
normal, healthy cells.[18] A change in subcellular localization has
been observed during the transition from normal cells to
cancer cells.[15, 18] Galectins interact with a number of intracellu-
lar proteins that are involved in cell regulation—for example
galectin-3 interacts with oncogenic Ras,[19, 20] cell cycle regula-
tors such as the cyclins, and cell cycle inhibitors such as p21
and p27.[21–23] In several tumor cell types, it was shown thatACHTUNGTRENNUNGgalectin-3 possesses anti-apoptotic activity.[6, 15, 24, 25] Selective
galectin-3 inhibitors have potential as (indirect) inducers of
apoptosis,[26] but also as anti-inflammatory agents.[27] Because
the mechanisms in which galectin-3 plays a role are generally
poorly understood, a synthetic molecular probe that can
detect and identify certain galectins would be particularly
useful in generating a better understanding of the role of this
protein, both in and outside the cell. We previously reported
on the chemical probe-based method.[27–30] In this paper we
used the best available galectin-3 inhibitors,[31] based on thio-
digalactoside, as the starting point for a new series of galectin-
3 probes. This class of compounds is interesting because of
their high affinity, stability, and their ease of synthesis. Free
thio ACHTUNGTRENNUNGdigalactoside has a Kd of 43 mm. Attachment of an aromatic
moiety to the 3-OH of the sugar increases the affinity 10–1000
times;[31] this is due to a favorable interaction of an aromatic
ring of the ligand with the side chains of Arg144 and 186.[32–35]


By attaching aromatic photolabels to the 3-OH of the probe,
we take advantage of this phenomenon. Various photolabels


are used in the literature,[36, 37] however, the aryl ketones are re-
ported to have the highest labeling specificity and efficiency.[38]


Another advantage of this type of photolabel is that UV irradia-
tion can be used with light of wavelengths of over 300 nm,
and this greatly limits the damage to the protein. The position
of the photolabel with respect to nearby amino acid residues
of the protein in the bound state is critical for efficient label-
ing. This is one of the reasons why some variations in the
linker between the photolabel and the sugar moiety were
made. The linker can also affect affinity, specificity, and sensitiv-
ity to proteolytic degradation. Our studies started with the
preparation of a series of ester derivatives of thiodigalacto-
side 1.[39, 40] After evaluation of these derivatives (7–9), the less
hydrophobic acetophenone,[41] was also incorporated (10). De-
spite the greater loss in entropy upon binding, the flexibility of
a photolabel can highly improve the labeling efficiency.[42] We
subsequently synthesized probes with amide (16, 17) and tri-ACHTUNGTRENNUNGazole (19) linkers to further increase the affinity for galectin-3.
The amide linkage was part of the best known galectin-3ACHTUNGTRENNUNGligands,[31] and triazole moieties are known to mimic amide


New chemical probes were synthesized to label galectin-3.
They are based on the high affinity thiodigalactoside ligand.
The probes were synthesized with benzophenone or acetophe-
none moieties as the photolabel for covalent attachment to
the protein. Besides labeling the protein, these aromatic pho-
tolabels also greatly enhance the affinity of the probes towards
galectin-3, due to the interaction of the photolabel with two
arginine guanidinium groups of the protein. The linkage be-


tween the sugar and the photolabel was varied as an ester, an
amide, and a triazole. For the amide and triazole derivatives, a
versatile synthetic route towards a symmetrical 3-azido-3-
deoxy-thiodigalactoside was developed. The new probes were
evaluated for their binding affinity of human galectin-3. They
were subsequently tested for their labeling efficiency, as well
as specificity in the presence of a protein mixture and a
human cancer cell lysate.
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bonds.[43] Furthermore, a triazole moiety is known to enhance
affinities for certain galectins.[44–46] To enable these syntheses a
new 3-azido-3-deoxy-thiodigalactoside building block was pre-
pared that allowed easy access to different amide and triazole
derivatives.


Results and Discussion


Synthesis of ester-linked probes


The synthesis of thiodigalactoside was performed as previously
described.[39] To couple the photolabel selectively to the 3-posi-
tion of the sugar, ideally the other free hydroxyl groups had to
be protected. However, as recently shown,[40] it is possible to
use only a benzylidene protecting group on the 4- and 6-posi-
tions of the thiodigalactoside. Coupling takes place preferen-
tially at the 3-position, and this obviates the need to protect
the 2-OH. Still, minor coupling to the 2-OH occurred as well
(Scheme 1). For the benzophenone-based probes the 3-mono-


substituted, and 2,3’-disubstituted compounds (3 and 4) were
actually isolated and evaluated. The use of N-hydroxybenzo-
triazole esters to couple the photoprobes proved more effi-
cient than coupling of the corresponding N-hydroxysuccin-
imide (NHS) esters. It brought reaction times down from 18 to
about 2 hours, and selectivities appeared to be similar. After
deprotection of the coupled products, probes 7–10 were ob-
tained.


Synthesis of the amide- and triazole-linked probes


The amide- and triazole-linked probes can either be made by
coupling two monosaccharide building blocks, each containing
a photolabel, or by first synthesizing the appropriate thiodiga-
lactoside, and subsequently attaching the photolabel. The ad-
vantage of the second strategy is its flexibility, because multi-
ple labels can be made from a common intermediate. First the
azido-galactose building block 11 (Scheme 2) was synthesized
according to known procedures.[47–50] However, a conventional
sodium sulfide coupling to the thiodigalactoside did not work
with this compound.[33] After some experimentation, the use of
thiourea, as used for the preparation of thioglycosides, proved
successful.[51–53] Compound 11 was treated with BF3·Et2O and
two equivalents thiourea. Subsequent addition of 12, together
with an excess of base, resulted in the formation of 13 as the
main product. The difficult purification resulted in a low isolat-
ed yield of 37 %, although the product is present in the reac-
tion mixture in at least 70 % (as judged by TLC).


For the synthesis of the amide-linked derivatives, the azido
groups on the disaccharide were reduced by the Staudinger
reaction[54, 55] using PPh3, which was more efficient than catalyt-
ic hydrogenation. The subsequent coupling reaction of the dia-
mine with activated esters of the photolabels proved problem-
atic, likely due to acetyl migration to the nitrogen.[56] To over-
come this, the hydroxyl groups of 13 were first deprotected,
followed by Staudinger reduction of the azides to give 15, and
the coupling of the photolabels through their NHS esters. Only
low yields of coupling products were obtained; this was due
to the limited solubility of the compounds, which complicated
their purification. Finally, probes 16 and 17 were obtained
after Zemplen deprotection. The triazole-linked probe 19 was
prepared using a click chemistry reaction of 13 and the photo-
label-linked dialkyne 20 followed by removal of the acetyl
groups. In the click reaction the photolabel was added in a
tenfold excess with respect to the sugar, to prevent polymeri-
zation.


Binding affinity of the probes for galectin-3


First, all probes were tested for binding to human galectin-3
with a fluorescence polarization assay.[57] The results are shown
in Table 1. When we compare the probes to N-acetyl lactosa-
mine derivative 21 (Galb1-4GlcNAc b-OMe) or thiodigalactoside
1, all of the 3,3’-substituted sugars (9, 10, 16, 17, 19) show in-
creased affinity. The mono- (7) and 2,3’-disubstituted (8) ana-
logues lose affinity compared to the unsubstituted 1. The ob-
servation for 8 can be rationalized by computer modeling
studies. It is clear that a substitution on the 2-OH either hin-
ders the binding of the sugar to the protein, or, alternatively, it
unfavorably points into the solvent. Furthermore, the 2-OH can
no longer contribute as a hydrogen bond donor if it is substi-
tuted, and finally the photoprobe on the 2 position cannot
reach either of the two crucial arginine residues to enhance
the binding.


When we compare the benzophenone-linked (9, 16) probes
with the acetophenone-linked ones (10, 17), for both ester and


Scheme 1. Synthesis of ester-linked photoprobes. A) benzaldehyde dimethyl
acetal (4.5 equiv), camphor sulfonic acid (CSA) (0.1 equiv), DMSO, 60 8C, 20 h,
68 %; B) HOBt-ester (3 equiv), Et3N, DCM, 2 h, 19–51 %; c) AcOH/H2O 3:1 (v/v),
90 8C, 1 h, 32–67 % for 5 and 6, 14 % for 4, 87 % for 3 (when using 1.5 equiv
of HOBt-ester).
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amide linkages, the acetophenone probes showed improved
affinity. When comparing the linkages in the benzophenone
series, the triazole-linked compound 19 was significantly less
effective than the ester- (9) and amide- (16) linked versions.
The best compound (17) contained both the optimal elements


to enhance the affinity—that is, the flexible aceto-
phenone moiety and the amide linkage, and showed
a Kd of 0.9 mm.


Molecular modeling


In order to evaluate to what extent the binding affini-
ties can be predicted/explained by molecular meth-
ods we used the Lamarckian genetic algorithm in Au-
todock 4.[58] The scoring function was previously
tested with 188 PDB complexes with success and
had a standard error of around 1.5 log units.[59] The
free energy estimate includes intermolecular and in-
tramolecular energies from bound and unbound con-
formations, as well as solvation parameters for atoms
and entropic penalties for torsional freedom. We
used the local docking procedure as implemented in
Yasara,[60] which means minimization followed by
rigid docking. The method was tested with the re-
docking of the high-affinity cyclic urea ligand
DMP323, binding to HIV-protease (PDB ID: 1mes) and
found two clusters of results with a Kd of 295 pm and
965 pm as the best cluster hits. This is remarkably
close to the experimental Kd value of 0.5 nm.[61] Fur-
thermore, the redocking results for LacNAc and
LacNAc 3’-tetrafluoro-p-OMe-benzamide binding to
galectin-3, as given in Table 2, also suggest that the
scoring function is remarkably accurate.


Two X-ray structures were used in the modeling
study: 1) 1kjl in which LacNAc is bound to galectin-3,
and 2) 1kjr in which LacNAc 3’tetrafluoro-p-OMe-ben-
zamide is bound, a ligand that benefits from interac-
tions of its 3’ aromatic group with Arg144. The differ-
ence between these structures is the open position


of Arg144 in 1kjr ; this allows it to interact with the aromatic
ring. Cross-docking of these ligands to the other PDB file
shows that LacNAc 3’-tetrafluoro-p-OMe-benzamide has indeed
a strong preference for the galectin-3 conformation in PDB ID:
1kjr, in which Arg144 is in a more open conformation to allow


Scheme 2. Synthesis of the amide- and triazole- linked photoprobes A) TiBr4, CH2Cl2/
EtOAc (10:1 v/v) 3 d, 48 %; B) BF3·Et2O, CH3CN, 5 min, 0 8C; C) thiourea, CH3CN, 80 8C, 2 h;
D) 12, Et3N, 4 h, 34 %; E) NaOMe, MeOH, 1 h, quant. ; F) PPh3, CH3CN/H2O, 20 h, quant. ;
G) OSu ester (3 equiv), CH3CN/0.1 m NaHCO3, 20 h, 8–18 %; H) 10 equiv 20, 0.15 equiv
CuSO4, 0.3 equiv sodium ascorbate, DMF, 20 min, 80 8C, mwave; I) NaOMe, MeOH, Dowex
H+ , quant. over two steps.


Table 1. Kd values of all the probes for galectin-3.[a]


Compound Kd [mm] Relative affinity


thiodigal (1) 49 1
7 143 0.3
8 >250 <0.2
9 14 3.5


10 2 25
16 2.4 20
17 0.9 54
19 23 2.1
LacNAc-b-OMe (21) 59 0.8


[a] Values were determined by a fluorescence polarization assay. LacNAc-
OMe 21 and thiodigalactoside 1 are included in the Table as reference
compounds.[40]


Table 2. Results of computer docking.


Compound Calcd Ki [mm] with Exp. Kd


1kjl 1kjr [mm][a]


LacNAc 88.0 57.3 59[b]


(RMSD 0.95 �)[c]


LacNAc 3’-tetrafluoro- 75.8 4 0.88[35]


p-OMe-benzamide (RMSD 1.1 �)[c]


9 0.14 0.18 14
10 102 35 2
17 80 28 0.9
19 0.14 1.1 23


[a] Values were determined by fluorescence polarization. [b] for the
anomeric b-OMe derivative. [c] deviation of the modeled ligand position
from that in the crystal structure.
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for interaction with the aromatic ring. This can be seen in
Table 2, in which its predicted affinities are 4 mm and 75.8 mm


for 1kjr and is1kjl, respectively.
In our modeling procedure the ligand and protein side


chains within 7 �ngstrom of the ligand are subjected to mini-
mization and simulated annealing with the Amber force field
before rigid (re)docking within Autodock. Following this proce-
dure, the structure of the complex of the original ligand
LacNAc and galectin-3 revealed only minor changes to the
ligand and the protein when compared to 1kjl. During model-
ing of the compounds 9, 10, 17, and 19 only Arg168 moves to-
wards the ligands. Next, modeling studies were performed
with the protein structure part of 1kjr. These studies also re-
vealed only minor changes to the structure of galectin-3.
Arg144 moves slightly and Arg168 more pronounced during
the modeling of compounds 9, 10, 17, and 19. Furthermore,
modeling predicts the bis-triazole compound 19 to be of very
high affinity, and interact with Arg144, 162, 168 and 186 as
well as with Trp181 and Glu184 (Figure 1).


Although the predicted Ki values are nicely within the range
of the experimental values, the rank ordering is quite different.
Compound 19 was measured and found to be the worst
probe, whereas it is predicted to be the best. Surprisingly, in
the modeling of the series of probes with the 1kjr-derived
structures with exposed arginine, most probes actually bound
worse than they do to the 1kjl-derived structure. (Table 2)


Galectin-3 labeling experiments


In order to see if the probes indeed were able to label galec-
tin-3, they were exposed to the previously reported proto-
col.[30] In this protocol the protein and the probe are incubated,
exposed to UV radiation and subsequently a fluorescein azide
moiety is attached to the probe’s alkyne group by using click
chemistry. The labeling was visualized by running the protein
samples on an SDS-PAGE gel and visualizing fluorescent pro-
teins in a fluorescent scanner. In order to confirm that the syn-
thesized probes indeed bind in the binding pocket of human
galectin-3, probe 7 and isomeric probes 8 and 9 were also in-


cubated in the presence of varying amounts of competingACHTUNGTRENNUNGlactose, a relatively weak ligand for galectin-3 (Kd�0.2 mm)
(Figure 2). In all cases labeling of galectin-3 was observed, but
this was much better for the probes containing two photola-


bels, despite a tenfold lower concentration. However, only in
the case of the 3,3’-disubstituted thiodigalactoside 9 competi-
tion by lactose was observed. The observation for 9 seems to
be in agreement with the measured Kd value, considering that
the labeling does not go to zero since the gel reflects the ac-
cumulation of covalent bound probe over time as previously
noted.[30] No competition was observed for 7 and 8 and these
compounds had high Kd values for galectin-3; this indicates
that these compounds label nonspecifically.


Labeling specificity of the probes


Compound 9 was also compared to the previously reported[30]


divalent probe 22 (Kd = 4 mm) for their specificity in bindingACHTUNGTRENNUNGgalectin-3 in the presence of other proteins. Both probes were
incubated with 10, 50 or 100 ng of galectin-3 and five other
proteins (100 ng each; Figure 3). From this fluorescent picture
it seems that both probes are comparable in their selectivity
for binding galectin-3. However, a tenfold lower concentration
of 9 can be used which is indicative of an enhanced labeling
efficiency.


A direct comparison was made with the other probes for
their ability to label galectin-3. Figure 4 A shows their respec-
tive labeling efficiencies. Strikingly, the acetophenone-based
probes 10 and 17 showed the most pronounced labeling. This
is likely due to the stronger interaction between the probe
and galectin-3, and/or the increased mobility of the photola-
bel. Apparently, these properties are more important than the
reactivity (see the Supporting Information) of the photolabel
itself. Interestingly, 19 seems to label galectin-3 efficiently at
lower concentrations.


Based on the above results probes 10, 17, and 19 were
chosen for an experiment in which the probes are compared
for their ability to label human galectin-3 specifically in the
presence of many other proteins. A human cancer (HeLa) cell
lysate was used as a relevant protein environment. The result
is shown in Figure 4 B. Both the acetophenone-probes 10 and


Figure 1. Modeling structure of the complex of 19 and galectin-3 (derived
from 1kjl). Selected residues in direct contact with the ligand are shown.


Figure 2. Comparison of galectin-3 labeling by probes 7, 8, and 9, with
30 ng of human galectin-3 per sample and different concentrations of lac-
tose. Lane 1–3: 7 (10 mm) and 0, 1, and 10 mm lactose; Lanes 4–6: 8 (1 mm)
and 0, 1, and 10 mm lactose; Lanes 7–9: 9 (1 mm) and 0, 1, and 10 mm ofACHTUNGTRENNUNGlactose. Upper panel : fluorescence picture, lower panel : silver stain shows
equal protein loading.
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17 were able to label galectin-3. However when increasing
amounts of other proteins were added, the probes seemed to
have a preference for labeling the highly abundant proteins
present in the cell lysate. Surprisingly, this is in contrast with
the results observed for the benzophenone-triazole probe 19.
Even with up to 2 mg of other proteins, the probe still labeled
its target protein specifically.


Conclusions


New chemical probes have been synthesized to label galectin-
3 and they were evaluated in the presence of other proteins
and in a human cancer cell lysate. Three different linkages be-
tween the disaccharide and the photolabel were compared in
binding affinity, labeling efficiency, and labeling specificity of
galectin-3. Also two different photolabels were compared. A
new disaccharide building block was synthesized that allowed
a rapid assembly of a novel thiodigalactoside-triazole probe.
Taking all the different experiments together, it can be con-
cluded that firstly, the labeling efficiency and affinity is higher
for the acetophenone-derivatives than for the benzophenone-
derivatives. The linker between the acetophenone and the
sugar is more flexible; this may allow a more optimal stacking
of an aryl moiety onto Arg144 and 186 of the protein, thereby
increasing the affinity as well as labeling efficiency over the
more rigid, benzophenone-based probes. As for the affinity,
however, the opposite trend was obtained from the computer
modeling, although the calculated affinities were within the
range of the experimental values. Secondly, the amide deriva-
tives have a higher binding affinity for galectin-3 than the
ester derivatives, with a factor of two and six. The affinity im-
provements obtained in this study are mainly reflected in the
concentrations of the chemical probe that can be used in the
biochemical labeling experiments. Unfortunately, being able to
use the probes at lower concentrations did not improve their
selectivity for the target protein. Finding an effective photo-ACHTUNGTRENNUNGprobe is a multidimensional challenge with issues such as affin-


Figure 3. Comparison of 9 with the divalent probe 22, for their specificity
for galectin-3 labeling in a mixture of other proteins. In all samples, 100 ng
of all the proteins is present, except for lane 2. These proteins are (from
high to low molecular weight): A) phosphorylase B, B) albumin, C) ovalal-
bumin, D) carbonic anhydrase and E) trypsin inhibitor. The amount of galec-
tin-3 was varied over the samples. Lane 1: Coomassie stain of lane 3; Lane 2:
10 ng galectin-3, labeled with 1 mm of 9 ; Lane 3: protein mixture without
any galectin-3 present, labeled with 1 mm of 9 ; Lanes 4–6: 1 mm of 9 with
100, 50, 10 ng galectin-3 respectively; Lane 7–9: 10 mm of divalent probe 22
with 100, 50 and 10 ng galectin-3 respectively.


Figure 4. A) Concentration ranges of the probes show the comparison in the efficiency of labeling galectin-3. 50 ng of galectin-3 is present in each sample.
Concentrations of the probes are (from left to right) 10, 1, 0.5, and 0.1 mm respectively. B) Comparison of the thiodigalactoside based probes in labeling hu-ACHTUNGTRENNUNGman galectin-3 in the presence of a human cancer (HeLa) cell lysate. In all the lanes, 50 ng of galectin-3 is present. Concentration ranges were made of the
cell lysate: from left to right for each probe 0, 0.25, 0.5, 1, and 2 mg of total protein lane. Probe concentrations: 17: 2 mm ; 10 : 2 mm ; 19 : 1 mm. Upper panel :
fluorescence picture, lower panel: silver stain of the corresponding lanes (arrows and asterisks denote the position of galectin-3).
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ity, labeling efficiency, lipophilicity, and flexibility that all
impact the finale outcome in a complex protein mixture. These
issues may similarly play a role in drug efficacy in a complex
protein environment. In a labeling experiment flexibility of the
photoprobe can increase the labeling efficiency but rigidity is
better if the geometry is of the probe is appropriate.[42] Nota-
bly, rigidity seems beneficial for optimal selectivity in complex
mixtures as seen for 19, which was really specific for its target
protein. Affinity played only a secondary role, as this com-
pound only exhibited limited affinity for galectin-3, although
the computer docking predicted a very high affinity. The tri-ACHTUNGTRENNUNGazole linkage in probe 19 is a very attractive attribute of this
compound and possibly crucial for its favorable properties.
Gratifyingly, its synthesis was also the most straightforward.
Additional advantages of the triazole moiety over the ester
and amide include its stability towards chemical hydrolysis, re-
duction, oxidation and proteases.[46] Probe 19 greatly contrib-
uted to solving the nonspecific binding issue in galectin-3 la-
beling about which we reported previously.[30] The probe may
find applications in proteomics and cell biology experiments,
and thereby provide an additional tool in the study towards
the roles of galectin-3.


Experimental Section


General methods : All reagents were purchased from commercial
sources and used without further purification. Dowex 50 � 8 (H+


form, 20–50 mesh) was purchased from Sigma. Analytical thin layer
chromatography (TLC) was performed on Merck precoated silica
gel 60 F254 (0.25 mm) plates. Spots were visualized with UV light,
H2SO4, or ninhydrin. Column chromatography was carried out with
Merck Kieselgel 60 (40–63 mm). 1H NMR and 13C NMR were ob-
tained on a Varian 300 MHz spectrometer. Chemical shifts are
given in ppm with respect to internal TMS for 1H NMR. 13C NMR
spectra were recorded using the attached proton test (APT) pulse
sequence. Two-dimensional 1H,1H correlation and total correlation
spectroscopy (COSY and TOCSY) and 1H,13C correlated heteronu-
clear single quantum coherence (HSQC) NMR spectra (500 MHz)
were recorded at 300 K with a Varian Unity INOVA 500 spectrome-
ter. Low resolution ESI-MS experiments were performed on a Shi-
madzu LCMS QP8000 system. Exact masses were measured by
nanoelectrospray time-of-flight mass spectrometry on a Micromass
LCToF mass spectrometer at a resolution of 5000 FWHM. Gold-
coated capillaries were loaded with 1 mL of sample (concentration
20 mm) dissolved in CH3CN/H2O (1:1, v/v). NaI or poly(ethylene
glycol) (PEG) was added as internal standard. The capillary voltage
was set between 1100 and 1350 V, and the cone voltage was set at
30 V.


4,4’,6,6’-O-Benzylidene-1-thio-b-d-digalactopyranoside (2):[40] Thi-
odigalactoside 1 (948 mg, 2.65 mmol) was dissolved in DMSO
(16 mL). Camphor sulfonic acid (CSA, 62 mg, 0.3 mmol) and benzal-
dehyde dimethyl acetal (1.79 mL, 11.9 mmol) were added at inter-
vals. The mixture was stirred at 60 8C for 20 h. The reaction was
quenched with a few drops of NEt3, and concentrated in vacuo.
The product (2) was purified by using silica gel column chromatog-
raphy and obtained as a white solid (960 mg, 68 % yield). Rf = 0.50
(CH2Cl2/MeOH 9:1, v/v) 1H NMR (500 MHz, CDCl3): d= 3.51 (s, 1 H; 5-
H), 3.59 (dd, J2,3 = 3.0 Hz, J1,2 = 9.5 Hz, 1 H; 2-H), 4.01 (d, Ja,b =
12.5 Hz, 1 H; 6a-H), 4.20 (d, J3,2 = 3.0 Hz, 1 H; 3-H), 4.29 (d, Ja,b =
12.5 Hz, 1 H; 6b-H), 3.70 (d, J1,2 = 9.5 Hz, 1 H; 1-H), 4.40 (d, J4,3 =


9.5 Hz, 1 H; 4-H), 5.50 (s, 1 H; CHC6H5), 7.21–7.41 (m, 10 H; 10 Harom) ;
13C NMR (75.5 MHz, CDCl3): d= 69.4, 70.1, 71.3, 73.6, 76.1 (C-6, C-4,
C-5, C-2, C-3), 85.5 (C-1), 101.3 (CHC6H5), 126.5–129.4 (10 CHarom),
137.5 (2 Carom).


General procedure for the synthesis of a HOBt-esters : Benzophe-
none and acetophenone derivatives 24 and 26 (see Supporting In-
formation) (0.5 mmol) and HOBt·H2O (2.0 mmol) were dissolved in
dry THF (10 mL) and stirred under N2 for about 20 min. 4-Dimeth-ACHTUNGTRENNUNGylaminopyridine (DMAP, 0.15 mmol) and 1-ethyl-3-(3-dimethyl-ACHTUNGTRENNUNGaminopropyl) carbodiimide (EDC, 2.0 mmol) were added to the
mixture and the mixture was stirred for 1 h. The mixture was deca-
nted onto a small silica plug. Flash chromatography was performed
in hexane/EtOAc (1:1 v/v), and the first fractions were pooled and
concentrated in vacuo. The white solid that was obtained was
used immediately in the synthesis of 3–6.


3,3’-Dibenzophenone-4,4’,6,6’-O-benzylidene-1-thio-b-d-digalac-
topyranoside (5): Compound 2 (61 mg, 0.11 mmol) was dissolved
in dry CH2Cl2 (2 mL). The HOBt-ester (3 equiv) and NEt3 (70 mL)
were added. The reaction was stirred for 2 h, after which it wasACHTUNGTRENNUNGdiluted with CH2Cl2 (50 mL), washed with sat. NaHCO3 (2 � 25 mL),
dried with Na2SO4, filtered, and concentrated in vacuo. The product
5 was obtained from silica column chromatography (hexane/EtOAc
1:1!1:2, v/v) in 51 % yield as a white solid (59 mg, along with
16 mg or 14 % of 4, see below). Rf = 0.66 (CH2Cl2/MeOH 92:8, v/v) ;
1H NMR (500 MHz, CDCl3): d= 2.56 (s, 1 H; CH2CCH), 3.77 (s, 1 H; 5-
H), 4.13 (d, Ja,b = 12.5 Hz, 1 H; 6a-H), 4.38 (d, Ja,b = 12.5 Hz, 1 H; 6b-
H), 4.60 (d, J3,2 = 9.5 Hz, 1 H; 3-H), 4.71 (s, 1 H; 1-H), 4.76 (s, 2 H;
OCH2CCH), 5.05 (dd� t, J2,3 = 9.5 Hz, 1 H; 2-H), 5.18 (d, J4,3 = 10.0 Hz,
1 H; 4-H), 5.51 (s, 1 H; CHC6H5), 6.81–7.01 (m, 10 H; 10 Hbenzylidene),
7.50 (d, J = 8.0 Hz, 2 H; COC3H2C3H2OCH2CHCH), 7.53 (d, J = 8.0 Hz,
2 H; COC3H2C3H2COO), 7.72 (d, J = 8.5 Hz, 2 H;
COC3H2C3H2OCH2CHCH), 7.97 (d, J = 8.5 Hz, 2 H; COC3H2C3H2COO);
13C NMR (75.5 MHz, CDCl3): d= 56.1 (OCH2CCH), 67.8, 69.7, 71.8,
75.0, 75.9 (C-2, C-6, C-5, C-3, C-4), 76.5 (CH2CCH), 86.4 (C-1), 103.1
(CHC6H5), 114.7 (HCCCH2OCC2H2C2H2CCO), 127.1, 128.2, 129.5
(10 CHbenzylidene), 136.9 (2 Carom, benzylidene), 129.1 (COCC2H2C2H2CCOO),
130.2 (COCC2H2C2H2CCOO), 130.4 (HCCCH2OCC2H2C2H2CCO), 132.3
(HCCCH2OCC4H4CCO), 132.7 (COCC4H4CCOO), 142.2
(COCC4H4CCOO), 161.5 (HCCCH2OCC4H4CCO), 166.2
(COCC4H4CCOO), 194.8 (CaromCOCarom).


2,3’-Dibenzophenone-4,4’,6,6’-O-benzylidene-1-thio-b-d-digalac-
topyranoside (4): The product was obtained from the above reac-
tion as a white solid (14 % yield, 16 mg). Rf = 0.72 (CH2Cl2/MeOH
92:8, v/v) ; 1H NMR (500 MHz, CDCl3): d= 2.56 (s, 2 H; 2 CH2CCH),
3.69 (s, 2 H; 2 � 5-H), 4.06 (d, Ja,b = 12.6 Hz, 2 H; 2 � 6a-H), 4.07–4.16
(m, 1 H; 2b-H), 4.20 (t, J = 8.8 Hz, 1 H; 3b-H), 4.36–4.41 (m, 3 H; 2 �
6b-H, 2a-H), 4.54 (dd, J3,4 = 3.5 Hz, J3,2 = 12 Hz, 1 H; 3a-H), 4.60 (d,
J1,2 = 7.0 Hz, 2 H; 2 � 1-H), 4.77 (s, 4 H; OCH2CCH), 5.18 (dd, J4,3 =
3.5 Hz, J4,5 = 9.2 Hz, 2 H; 4-H), 5.53 (s, 1 H; CHAC6H5), 5.63 (s, 1 H;
CHBC6H5), 7.04 (d, J = 8.5 Hz, 4 H; COC3H2C3H2OCH2CHCH), 7.19–7.49
(m, 10 H; 10 CHbenzylidene), 7.71–7.83 (m, 8 H; CH2arom A,BCOCH2arom A,B),
8.09 (d, J = 8 Hz, 2 H; CH2, arom, BCOO), 8.20 (d, J = 8 Hz, 2 H;
CH2,arom,ACOO); 13C NMR (75.5 MHz, CDCl3): d= 56.1 (OCH2CCH), 64.6,
68.2 (C-6), 69.4 (C-3b), 70.0 (C-5), 73.4 (C-2b), 74.5 (C-3a), 75.3, 76.0,
76.6 (CH2CCH), 79.8, 84.7 (C-2a), 86.0 (C-1), 101.4 (CHC6H5-a), 103.4
(CHC6H5-b), 114.9 (HCCCH2OCC2H2C2H2CCO), 126.3, 128.5, 129.7
(10 CHbenzylidene), 137.5 (2 Carom, benzylidene), 129.2 (COCC2H2C2H2CCOO),
130.4 (COCC2H2C2H2CCOO), 130.4 (HCCCH2OCC2H2C2H2CCO), 132.3
(HCCCH2OCC4H4CCO), 132.7 (COCC4H4CCOO), 138.9, 142.5
(COCC4H4CCOO), 161.6 (HCCCH2OCC4H4CCO), 165.9
(COCC4H4CCOO), 194.8 (CaromCOCarom).
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3,3’-Dibenzophenone-1-thio-b-d-digalactopyranoside (9): Com-
pound 5 (59 mg) was dissolved in acetic acid/H2O (3:1, v/v) and re-
fluxed for 1 h at 90 8C. Disappearance of the starting material was
followed by TLC analysis. The solvent was coevaporated with
MeOH (3 � ) in vacuo, and the product purified by silica gel column
chromatography (CH2Cl2/MeOH 9:1, v/v) and obtained as a white
solid (38 % yield, 19 mg). Rf = 0.66 (CH2Cl2/MeOH 8:2, v/v) ; 1H NMR
(300 MHz, CD3OD): d= 3.02 (t, J = 2 Hz, 2 H; C�CH), 3.61-3.95 (m,
6 H; H-5, H-6ab), 4.06 (t, J2,3 = 9.6 Hz, 2 H; H-2), 4.23 (d, J4,3 = 3.3 Hz,
2 H; H-4), 4.59 (~ s, 2 H; H-1), 5.09 (dd, J3,2 = 9.6 Hz, J3,4 = 3.3 Hz, 2 H;
H-3), 7.12 (d, J = 9.0 Hz, 4 H; CHar), 7.80 (d, J = 8.1 Hz, 4 H; CHar), 7.81
(d, J = 9.0 Hz, 4 H; CHar), 8.25 (d, J = 8.1 Hz, 4 H); HRMS (m/z): calcd
for C46H42O16SNa [M+Na]+ 905.2086; found 905.2080.


2,3’-Dibenzophenone-1-thio-b-d-digalactopyranoside (8): Com-
pound 4 (16 mg, 15 mmol) was dissolved in acetic acid/H2O (3:1,
v/v, 5 mL) and heated for 1 h at 90 8C. Disappearance of the start-
ing material was followed by TLC analysis. The solvent was coeva-
porated with MeOH (3 � ) in vacuo, and the product was purified
by silica gel column chromatography (CH2Cl2/MeOH 9:1, v/v) and
obtained as a white solid (67 % yield, 9 mg, 10 mmol). Rf (CH2Cl2/
MeOH 9:1, v/v) = 0.14; 1H NMR (300 MHz, CD3OD): d= 2.98, 3.02
(2 t, J = 2.4 Hz, 2 H; C�CH), 3.38–3.42 (m, 2 H; H-5), 3.55–3.77 (m,
4 H; H-6ab), 3.95–4.08 (m, 4 H; H-2, H-4), 4.49–4.74 (m, 4 H; H-1, H-
3), 7.11 (~ t, J = 9.0 Hz, J = 8.1 Hz, 4 H; CHar), 7.74–7.86 (m, 8 H; CHar),
8.14 (d, J = 8.1 Hz, 2 H; CHar), 8.24 (d, J = 8.7 Hz, 2 H; CHar) ; HRMS
(m/z): calcd for C46H43O16SNa [M+Na]+ 905.2086; found 905.2065.


3-Benzophenone-4,4’,6,6’-O-benzylidene-1-thio-b-d-digalactopyr-
anoside (3): Compound 2 (64 mg, 0.12 mmol) was dissolved in dry
CH2Cl2 (2 mL). The HOBt-ester (1.5 equiv) and Et3N (70 mL) were
added. The reaction was stirred for 2 h, after which it was diluted
with CH2Cl2 (50 mL), washed with saturated NaHCO3 (2 � 25 mL),
dried with Na2SO4, filtered and concentrated in vacuo. The product
was obtained from silica column chromatography (hexane/EtOAc
2:1!3:1, v/v) as a white solid (87 % yield, 82 mg). Rf = 0.42 (CH2Cl2/
MeOH 92:8, v/v) ; 1H NMR (500 MHz, CDCl3): d= 2.57 (t, J = 2 Hz,
1 H; C�CH), 3.56 (~ s, 1 H; H-5’), 3.68 (dd ~m, 1 H; H-2’), 3.75 (~ s,
1 H; H-5), 4.05–4.13 (m, 2 H; H-6b, H-6b’), 4.25 (d, J6a’,6b’= 3.5 Hz,
1 H; H-6a’), 4.30 (d, J1’,2’= 12.5 Hz, 1 H; H-1’), 4.37–4.40 (m, 2 H; H-4’,
H-6a), 4.51–4.58 (m, J1,2 = 9.5 Hz, 2 H; H-1, H-3’), 4.69 (d, J4,3 3.0 Hz,
1 H; H-4), 4.78 (d, J = 2 Hz, 2 H; HC�CCH2O), 4.93 (t, J2,3 = 10.0 Hz,
J2,1 = 9.5 Hz, 1 H; H-2), 5.13 (dd, J3,4 = 3.0 Hz, J3,2 = 10.0 Hz, 1 H; H-3),
5.46 (s, 1 H; CHC’benzylidene), 5.58 (s, 1 H; CHCbenzylidene), 6.95–7.13 (m,
6 H; CHbenzylidene), 7.03 (d, J = 9.0 Hz, 2 H; CHbenzoph), 7.37 (d, J = 7 Hz,
2 H; CH’benzylidene), 7.49 (d, J = 7.5 Hz, 2 H; CHbenzylidene), 7.54 (d, J =
8.5 Hz, 2 H; CHbenzoph), 7.76 (d, J = 8.5 Hz, 2 H; CHbenzoph), 7.90 (d, J =
8.0 Hz, 2 H; CHbenzoph) ; 13C NMR (75.5 MHz, CDCl3): d= 56.1 (OCH2C�
CH), 67.5, 69.4, 69.8, 70.5, 71.4, 71.9, 73.9, 74.9, 75.9, 76.3, 76.5 (C-2,
C-2’, C-3, C-3’, C-4, C-4’, C-5, C-5’, C-6, C-6’, C�CH, C�CH), 85.8 (C-
1’), 86.2 (C-1), 101.8 (CHC’benzylidene), 102.7 (CHCbenzylidene), 114.8 (2x
CbenzophCOCH2C�C), 126.7- 132.7 (18x Car), 137.2 (2x CHCbenzylidene),
142.1 (COO), 161.6 (CbenzophOCH2C�C), 166.3 (CbenzophCOO), 194.9
(C=Obenzoph).


3-Benzophenone-1-thio-b-d-digalactopyranoside (7): Com-
pound 3 (16 mg, 20 mmol) was dissolved in acetic acid/H2O (3:1
v/v, 5 mL) and heated for 1 h at 90 8C. Disappearance of the start-
ing material was followed by TLC analysis. The solvent was coeva-
porated with toluene (3 � ) in vacuo, and the product purified by
silica gel column chromatography (CH2Cl2/MeOH 92:8, v/v) and ob-
tained as a white solid (32 % yield, 4 mg, 6 mmol). Rf (CH2Cl2/MeOH
8:2, v/v) = 0.11; 1H NMR (300 MHz, CD3OD): d= 3.03 (t, J = 2.4 Hz,
1 H; C�CH), 3.46–3.99 (m, 10 H; H-2, H-4, H-5, H-6ab), 4.48 (dd,
J3’,4’= 4.2 Hz, J3’,2’= 11.7 Hz, 1 H; H-3’), 4.61 (dd, J3,4 = 3 Hz, J3,2 = 9 Hz,


1 H; H-3), 4.70 (d, J1’,2 = 9.6 Hz, 1 H; H-1’), 4.75 (d, J1,2 = 9.6 Hz, 1 H;
H-1), 7.14 (d, J = 9.0 Hz, 2 H; CHar), 7.80–7.85 (m, 4 H; CHar), 8.22 (d,
J = 8.4 Hz, 2 H; CHar) ; HRMS (m/z): calcd for C29H32O13SNa [M+Na]+


643.1456; found 643.1469.


3,3’-Diacetophenone-4,4’,6,6’-O-benzylidene-1-thio-b-d-digalac-
topyranoside (6): Compound 2 (59 mg, 0.11 mmol) was dissolved
in dry CH2Cl2 (2 mL). The HOBt-ester (3 equiv) and NEt3 (70 mL)
were added. The reaction was stirred for 2 h, after which it wasACHTUNGTRENNUNGdiluted with CH2Cl2 (50 mL), washed with saturated NaHCO3 (2 �
25 mL), dried with Na2SO4, filtered and concentrated in vacuo. The
product was obtained from silica column chromatography
(hexane/EtOAc 1:2, v/v) as a white solid (19 % yield, 20 mg,
20 mmol). Rf = 0.49 (CH2Cl2/MeOH 92:8, v/v) ; 1H NMR (300 MHz,
CDCl3): d= 2.56 (t, J = 2 Hz, 2 H; C�CH), 2.70 (t, J = 6.9 Hz, 4 H;
CH2COO), 3.15 (t, J = 6.9 Hz, 4 H; CH2CH2COCar), 3.58 (s, 1 H; H-5)
4.01 (d, Ja,b = 13 Hz, 2 H; H-6a), 4.26 (d, Ja,b = 13 Hz, 1 H; H-6b), 4.40
(d, J4,3 = 3 Hz, 2 H; H-4), 4.48 (d, J1,2 = 9.6 Hz, 2 H; H-1), 4.73 (m,
JOCH2C�CH = 2 Hz, 6 H; OCH2C�CH, H-2), 4.99 (dd, J3,2 = 9.9 Hz, J3,4 =
3.3 Hz, 2 H; H-3), 5.46 (s, 2 H; CHC6H5), 6.94 (d, Jacetoph = 9.0 Hz, 4 H;
CHar), 7.06–7.46 (m, 10 H; CHbenzylidene), 7.85 (d, Jacetoph = 9.0 Hz, 4 H;
CHar) ; 13C NMR (75.5 MHz, CDCl3): d= 28.8 (CH2COO), 33.4
(CH2CH2COCar), 56.0 (OCH2C�CH), 67.8, 69.5, 71.4, 74.5, 74.9 (C-2,
C-3, C-4, C-5, C-6), 76.4 (C�CH), 78.0 (C�CH), 85.9 (C-1), 102.4
(CHCbenzylidene), 114.7 (2 Cacetoph), 127.1, 128.1, 128.4, 129.1, 130.5
(8 Car), 137.1 (CHCbenzylidene), 161.5 (CH2OCacetoph), 173.2 (C(=O)O),
196.8 (C=O).


3,3’-Diacetophenone-1-thio-b-d-digalactopyranoside (10): Com-
pound 6 (20 mg, 20 mmol) was dissolved in acetic acid/H2O 3:1 v/v
(5 mL) and refluxed for 1 h at 90 8C. Disappearance of the starting
material was followed by TLC analysis. The solvent was coevaporat-
ed with MeOH (3 � ) in vacuo, and the product purified by silica gel
column chromatography (CH2Cl2/MeOH 9:1, v/v) and obtained as a
white solid (50 % yield, 8 mg, 10 mmol). Rf = 0.15 (CH2Cl2/MeOH 9:1,
v/v) ; HRMS (m/z): calcd for C38H42O16SNa [M+Na]+ 809.2086; found
809.2092.


2,4,6-Tri-O-acetyl-3-azido-3-deoxy-a-d-galactopyranosyl bromide
(12): Compound 11 (637 mg, 1.69 mmol) was dissolved in CH2Cl2/
EtOAc (10:1, 44 mL). Titanium tetrabromide (1.11 g, 2.5 mmol) was
added and the mixture was stirred for three days. The reaction was
quenched by adding NaOAc (1 g) and stirring for 1 h. The suspen-
sion was diluted with CH2Cl2 and extracted with water. The organic
layer was dried with Na2SO4, filtered and evaporated. 12 was puri-
fied from the residue with silica gel column chromatography
(hexane/EtOAc 3:1) and isolated as a yellowish oil (48 % yield,
317 mg, 0.80 mmol); Rf = 0.42 (hexane/EtOAc 3:1); 1H NMR (CDCl3):
d= 2.07, 2.16, 1.18 (3 s, 9 H; OCH3), 4.03 (dd, J6a,5 = 6.9 Hz, J6a,6b =
11 Hz, 1 H; H-6a), 4.12 (dd, J3,4 = 3.3 Hz, J3,2 = 10.5 Hz, 1 H; H-3), 4.17
(dd, J6b,5 = 6 Hz, J6a,6b = 11 Hz, 1 H; H-6b), 4.40 (t, J5,6 = 6 Hz, 1 H; H-5),
4.93 (dd, J2,3 = 10.5 Hz, J2,1 = 3.9 Hz, 1 H; H-2), 5.48 (dd, J4,3 = 3.3 Hz,
J4,5 = 1 Hz, 1 H; H-4), 6.69 (d, J1,2 = 3.9 Hz, 1 H; H-1); 13C NMR
(75.5 MHz, CDCl3): d= 28.2, 28.3, 28.4 (3 OC(O)CH3), 68.7 (C-6), 66.1,
74.9, 77.2, 79.1 (C-2, C-3, C-4, C-5), 96.1 (C-1), 177.3, 177.5, 177.9
(3 C=O).


3,3’-Diazido-3,3’-dideoxy-2,2’,4,4’,6,6’-hexa-O-acetyl-b-d-thiodi-
galactoside (13): Compound 11 was dissolved in dry CH3CN (1 mL)
and stirred on an ice bath. BF3· Et2O (74 mL) was added and the
mixture was stirred for 5 min at 0 8C. Thiourea (61 mg, 0.8 mmol)
was added and the mixture was refluxed for 2 h. The mixture was
allowed to cool to RT. Bromide 12 (238 mg, 0.60 mmol) was dis-
solved in dry CH3CN (1 mL) and added to the mixture. NEt3


(0.5 mL) was added and the mixture was stirred for 20 h. The mix-
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ture was diluted with CH2Cl2 (100 mL) and washed with H2O (1 � )
and brine (1 � ). The organic layer was dried with Na2SO4, filtered
and evaporated. 13 was purified with silica gel column chromatog-
raphy (hexane/EtOAc/CH3CN 300:80:20!200:85:15, v/v/v) and ob-
tained in 34 % yield. Rf = 0.30 (hexane/EtOAc 1:1); 1H NMR (CDCl3):
d= 2.06, 2.13, 2.17 (3 s, 9 H; OCH3), 3.64 (dd, J2,3 = 9.9 Hz, J3,4 =
3.3 Hz, 1 H; H-3), 3.84 (dt, J5,6 = 6.6 Hz, J5,4 = 1.2 Hz, 1 H; H-5), 4.11 (d,
J6.5 = 6.6 Hz, 2 H; H-6ab), 4.78 (d, J1,2 = 9.9 Hz, 1 H; H-1), 5.17 (t, J2,1 =
9.9 Hz, 1 H; H-2), 5.47 (dd, J4,5 = 1.2 Hz, J4,3 = 3.3 Hz, 1 H; H-4);
13C NMR (75.5 MHz, CDCl3): d= 20.9, 21.0 (3 OC(O)CH3), 61.7 (C-6),
63.1, 67.9, 68.6, 75.7 (C-2, C-3, C-4, C-5), 81.4 (C-1), 169.6, 170.1,
170.6 (3 C=O). ESI-MS: m/z 683.2 [M+Na]+ .


3,3’-Diazido-3,3’-dideoxy-b-d-thiodigalactoside (14): Com-
pound 13 (14 mg, 0.022 mmol) was dissolved in MeOH (10 mL). A
few drops of a NaOMe-solution (30 % w/v in MeOH) were added
and the mixture was stirred for 3 h. The mixture was neutralized
with Dowex H+ resin, filtered, and concentrated in vacuo. The col-
orless oil was obtained in quantitative yield (10 mg, 0.022 mmol).
Rf = 0.79 (EtOAc/MeOH/H2O 4:2:1) ; 1H NMR (300 MHz, CD3OD): d=
3.36 (dd, J3,2 = 9.9 Hz, J3,4 = 3.0 Hz, 2 H; H-3), 3.57 (dt, J5,4 = 1 Hz,
J5,6a = 7.5 Hz, J5,6b = 4.5 Hz, 2 H; H-5), 3.64 (dd, J6b,5 = 4.5 Hz, J6b,6a =
11.4 Hz, 2 H; H-6b), 3.74 (dd, J6a,5 = 7.5 Hz, J6a,6b = 11.4 Hz, 2 H; H-6a),
3.84 (t, J = 9.9 Hz, 2 H; H-2), 3.94 (dd~d, J4,3 = 3.0 Hz, 2 H; H-4), 4.71
(d, J1,2 = 9.9 Hz, 2 H; H-1); 13C NMR (75.5 MHz, CD3OD): d= 61.5,
67.2, 68.5, 68.9, 80.0, 84.5.


3,3’-Diamino-3,3’-dideoxy-b-d-thiodigalactoside (15): Com-
pound 14 (0.066 mmol) was suspended in CH3CN (3 mL). PPh3


(44 mg, 0.17 mmol) was added. When the PPh3 was dissolved com-
pletely, H2O (1 mL) was added to dissolve the sugar. The clear reac-
tion mixture was stirred for 20 h. TLC analysis (EtOAc/MeOH/H2O
4:2:1) showed the product on the baseline. The mixture was dilut-
ed with H2O (30 mL) and washed twice with EtOAc. The H2O-layer
was evaporated in vacuo and a yellow solid was obtained in quan-
titative yield (23 mg, 0.066 mmol). 1H NMR (300 MHz, D2O): d= 2.86
(dd, J3,2 = 9.9 Hz, J3,4 = 2.6 Hz, 2 H; H-3), 3.40 (t, J = 9.9 Hz, 2 H; H-2),
3.60 (m, 6 H; H-5, H-6a, H-6b), 3.85 (dd ~ s, 2 H; H-4), 4.70 (d, J1,2 =
9.9 Hz, 2 H; H-1); 13C NMR (75.5 MHz, D2O): d= 56.8, 61.4, 67.8, 69.6,
80.1, 84.2. ESI-MS: m/z 356.95 [M+H]+ .


3,3’-Dideoxy-3,3’-(dibenzophenone-amide)-b-d-thiodigalactoside
(16): Compound 15 was dissolved in NaHCO3 solution (1 mL,
0.1 m). Compound 24 was dissolved in CH3CN (1 mL). The two solu-
tions were mixed together with DMF (1 mL) to dissolve the re-
agents completely. The mixture was stirred for 20 h. The mixture
was concentrated in vacuo and the product purified using silica
gel column chromatography (5!15 % MeOH in CH2Cl2). After lyo-
philization, a white powder was obtained (6.2 mg, 7.0 mmol, 18 %).
Rf = 0.62 (MeOH/CH2Cl2 2:8). 1H NMR (500 MHz, DMSO): d= 2.54 (t,
J = 6.5 Hz, 4 H; CH2C(=O)NH), 3.17 (t, J = 6.5 Hz, 4 H; CH2C(=O)O),
3.53–3.54 (m, 4 H; H-6ab), 3.65 (s, 2 H; C�CH), 3.73 (dd, J2,1 = 10 Hz,
J2,3 = 16.5 Hz, 2 H; H-2), 4.00 (ddd, 2 H; H-3), 4.62 (t, J5,6ab = 5.5 Hz,
2 H; H-5), 4.75 (d, J1,2 = 10 Hz, 2 H; H-1), 4.92–4.97 (m, 6 H; H-4,
CH2O), 7.16 (d, J = 9.0 Hz, 4 H; CHar), 7.77 (dd, 8 H; CHar), 8.07 (d, J =
8.5 Hz, 4 H; CHarNH), 8.31 (d, J = 7.5 Hz, 2 H; NH); HRMS (m/z): calcd
for C46H44N2O14SNa: 903.2405 [M+Na]+ ; found 903.2391.


3,3’-Dideoxy-3,3’-(diacetophenone-amide)-b-d-thiodigalactoside
(17): Compound 15 (15 mg, 42 mmol) and OSu ester 27 (41 mg,
125 mmol, see supporting information) were suspended in CH3CN
(2 mL) and a NaHCO3 solution (0.1 m, 1 mL) was added. The pH
was checked (�8) and the mixture was stirred for 20 h. The mix-
ture was concentrated in vacuo and 17 was isolated using prepara-
tive HPLC. After lyophilization, a white powder was obtained (8 %


yield, 2.7 mg, 3.4 mmol). Rf = 0.093 (CH2Cl2/MeOH 9:1). 1H NMR
(500 MHz, DMSO): d= 2.50–2.57 (t, 4 H; CH2C(O)Ar), 3.18 (t, J = 7 Hz,
4 H; CH2C(O)NH), 3.33–3.40 (m, 4 H; H-6a, H-6b), 3.46 (dd, 2 H; H-2),
3.62 (t ~ s, 2 H; C�CH), 3.71 (ddd, 2 H; H-3), 4.57 (t, J5,6ab = 6 Hz,
2 H; H-5), 4.61 (d, J1,2 = 9.5 Hz, 2 H; H-1), 4.78 (d, J4,3 = 5.5 Hz, 2 H),
4.91 (d, J = 2 Hz, 4 H; OCH2), 7.09 (d, J = 9 Hz, 4 H; CHar), 7.76 (d, J =
7.5 Hz, 2 H; NH), 7.96 (d, J = 9 Hz, 4 H; CHar). ESI-MS: m/z 785.80
[M+H]+ ; HRMS (m/z): calcd for C38H45N2O14SNa: 807.2405 [M+Na]+ ;
found 807.2403.


3,3’-(Ditriazol-4-benzophenone-1-yl)-2,2’,4,4’,6,6’-hexa-O-acetyl
b-d-thiodigalactoside (18): Compound 13 (5.2 mg, 7.8 mmol),
sodium ascorbate (0.5 mg, 2.3 mmol), CuSO4 (0.3 mg, 1.2 mmol) and
OSu ester 25 (22 mg, 0.075 mmol, see Supporting Information)
were dissolved in DMF (2 mL). The mixture was heated under mi-
crowave irradiation to 80 8C for 20 min. The mixture was concen-
trated in vacuo and the product purified with silica gel column
chromatography (MeOH/CH2Cl2 2:98). The product was obtained as
a white solid in quantitative yield. Rf = 0.48 (CH2Cl2/MeOH 9:1, v/v).
1H NMR (CDCl3): d= 1.87, 1.95, 2.07 (3 s, 6 H; OCH3), 2.56 (t, J =
2.4 Hz, 2 H; C�CH), 4.08–4.22 (m, 6 H; H-5, H-6a, H-6b), 4.77 (d, J =
2.4 Hz, 4 H; OCH2CC�CH), 4.98 (d, J1,2 = 9.6 Hz, 2 H; H-1), 5.16 (dd,
J3,2 = 11.1 Hz, J3,4 = 3.3 Hz, 2 H; 3-H), 5.28 (s, 2 H; OCH2ACHTUNGTRENNUNG(triazole)), 5.57
(dd~d, J4,3 = 3 Hz, 2 H; H-4), 5.68 (t, J2,1 = 9.6 Hz, J2,3 = 11.1 Hz, 1 H;
H-2), 6.99 (d, J = 8.4 Hz, 2 H; CHar), 7.04 (d, J = 8.7 Hz, 2 H; CHar) 7.67
(s, 1 H; C=CHtriazole), 7.77 (d, J = 8.4 Hz, 2 H; CHar), 7.79 (d, J = 8.7 Hz,
2 H; CHar) ; 13C NMR (75.5 MHz, CDCl3): d= 20.4, 20.7, 20.9
(3 C(O)CH3), 56.1 (OCH2C�CH), 61.5 (OCH2Ctriazole), 62.2 (C-6), 63.3,
66.6, 68.7, 75.9 (C-2, C-3, C-4, C-5), 76.4 (C�CH), 82.4 (C-1), 114.5,
114.6 (4 CHar), 131.5 (2 Car), 132.4, 132.5 (2 CHar), 144.5 (N-C=C),
161.0, 161.3 (2 Car), 168.9, 169.6, 170.6 (3 C(O)CH3), 194.4 (C=O).


3,3’-(Ditriazol-4-benzophenone-1-yl)-b-d-thiodigalactoside (19):
18 (7.8 mmol) was dissolved in MeOH (10 mL), and a few drops of a
30 % (w/v) NaOMe-solution in MeOH were added. The mixture was
stirred for 4 h, neutralized with Dowex H+ resin, filtered, and the
solvent was evaporated in vacuo. The white solid was dissolved in
a few mL CH3CN/H2O (1:1, v/v) and lyophilized to obtain a white
powder (9 mg) in quantitative yield. 1H NMR (300 MHz, CD3OD):
d= 3.00 (t, J = 2.4 Hz, 2 H; C�CH), 3.67 (dd, J3,2 = 10 Hz, J3,4 = 3 Hz,
2 H; H-3), 3.75–3.84 (m, 6 H; H-5, H-6ab), 4.10 (d, J4,3 = 3 Hz, 2 H; H-
4), 4.95 (t, 2 H; H-2), 4.95 (d, J1,2 = 10 Hz, 2 H; H-1), 5.29 (s, 4 H;
OCH2Ctriazole), 7.12 (~dd, J = 9 Hz, 8 H; CHar), 7.75 (d, J = 9 Hz, 8 H;
CHar), 8.32 (s, 2 H; NCH=CN), 8.54 (s, 2 H; NH); HRMS (m/z): calcd for
C50H48N6O14SNa [M+Na]+ 1011.2841; found 1011.2913.


Galectin-3 binding assay by fluorescence polarization : Galectin-3
was produced and potency of inhibitors determined by fluorescent
polarization in principle as described.[57] A fluorescein tagged A-tet-
rasaccharide (0.1 mm, 4 in Table SII of Ref. [62]) was used as tracer
(probe) with galectin-3 (1 mm), and compounds were tested as in-
hibitors using concentrations between ~0.5 and 500 mm, to cover
a factor of at least ~5 below and above the concentration giving
50 % inhibition.


Modeling : The 3D coordinates of galectin-3 with N-acetyllactosa-
mine (lacNAc) and the fluorinated 3’-substituted carbohydrate
were downloaded from the PDB (IDs: 1kjl and 1kjr). The difference
between these structures is the open position of Arg144 in 1kjr ;
this open position allows hydrophobic rings to interact. The pro-
gram Autodock 4.0[58] was used for the local docking experiments
as implemented in Yasara. In this procedure the ligand and protein
side chains within 7 � are subjected to minimization with Amber
before rigid docking with Autodock. To remove bumps and to cor-
rect the covalent geometry, the structure was energy-minimized
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with the Amber99 force field,[63] using a 10.4 � VdW force cutoff
and the Particle Mesh Ewald algorithm[64] to treat long range elec-
trostatic interactions. After removal of conformational stress by a
short steepest descent minimization, the procedure was continued
by simulated annealing (time step 2 fs, atom velocities scaled
down by 0.9 every tenth step) until convergence was reached, that
is, the energy improved by less than 0.1 % during 200 steps (Yasara
documentation). After that Autodock 4 was used to do a Solis and
Wetts local search[58] with rigid protein and rigid ligand to find the
best position and give an estimate of the free energy (Ki value)
using a procedure described in.[59] The best local search parameters
were empirically chosen to be 300 for the maximum amount of
Solis and Wetts iterations, 15 000 for the population size in theACHTUNGTRENNUNGgenetic algorithm and 200 local docking runs. These parameters
always led to only a limited number of clusters (RMSD for cluster-
ing was taken to be 5.0 �) and with the best hit well within 1.0
Angstrom from the X-ray complex during redocking of a test file
(1 mes). The compounds 9, 10, 17, and 19 were built in Yasara
based on LacNAc in the 1JKL PDB file.


Typical procedure for the labeling of human galectin-3 : One of
the chemical probes (7, 8, 9, 10, 16, 17, or 19, with 1, 2 or 10 mL of
a 50 mm stock solution in water/DMSO 10:1, or dilutions from this
stock) was added to galectin-3 stock solution (3.8 mL, 0.1 mg mL�1


in HEPES buffer, human, recombinant form, carrier free, R&D Sys-
tems Europe, Abingdon, UK), together with a six protein mixture
solution (10 mL, 200 mg mL�1 in each lactalbumin, trypsin inhibitor,
carbonic anhydrase, ovalbumin, albumin and phosphorylase B),
HeLa cell lysate (natural galectin-3 abundance about 5 ng per lane,
based on a Western blot), or lactose, and the samples were adjust-
ed to a total volume of 50 mL with HEPES buffer (pH 7.4, 150 mm


NaCl). The resulting solutions were irradiated for 30 min under a
366 nm UV lamp at 4–5 cm distance at 4 8C. After photoincubation,
ligand (6 mL, 100 mm in DMSO/t-butanol 1:4), CuSO4 (2 mL of 50 mm


in water), tris(2-carboxyethyl)phosphine (TCEP; 2 mL, 50 mm in
water) and Alexa 488–N3 conjugate (15 mL, 100 mm stock solution
in water) were added and the volume adjusted to 100 mL with
HEPES buffer. The samples were then gently shaken overnight in
the dark at 4 8C and denatured (50 mL of a 10 % SDS, 40 % glycerol
and 2 % dithiothreitol solution by boiling at 95 8C for 5 min. From
the total volume of 150 mL, 20 mL was loaded onto a Tris–HCl gel
(15 %) for SDS-PAGE. After extensive washing of the developed gel
(1–5 h in water) to eliminate excess dye reagent, fluorescence was
detected with a Typhoon fluorescence scanner and each gel was
subsequently silver stained.
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