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Enzymatic Synthesis of Optically Active Tertiary Alcohols:
Expanding the Biocatalysis Toolbox
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Introduction


The production of building blocks containing quaternary
carbon centres is highly relevant for various applications in
fields ranging from natural products to pharmaceuticals.
Within this sphere, access to enantiopure tertiary alcohols rep-
resents an important, but also challenging, task.[1] Consequent-
ly, tremendous effort has been spent on the development of
synthetic routes to produce such quaternary structures, as
comprehensively discussed in several reviews.[2] However, the
availability of well established and standardized methods for
the production of large numbers of enantiopure tertiary alco-
hols with high yields and purities is still an important synthetic
challenge. Consequently, there is a need for new synthetic
strategies aiming towards furnishing chiral tertiary alcohols.


Driven by the demand for greener, environment-friendly
processes, biocatalysis is currently attracting increasing atten-
tion from chemical industries, as in many cases enzymes can
meet sustainability targets in terms of selectivity, energy sav-
ings and higher atom efficiency. In this respect, a considerable
number of biocatalytic processes have already been imple-
mented on a commercial scale.[3] The key success factor is the
impressive development of molecular biology techniques,
which are changing the approaches by which enzymes and
cells are searched for, found, characterized and used. Even
more so, the possibility of producing tailor-made enzymes on
large scales is a crucial asset for practical purposes. Likewise,
modern biological methods lead to much more reliable biocat-
alysts, an aspect that has traditionally been an important issue
for the systematic use of enzymes, since nonreproducible re-
sults had been achieved in many cases, even when dealing
with the same biocatalyst from the same commercial supplier.


This article provides an overview of biocatalytic routes to
producing chiral tertiary alcohols. It should be noted that, in
contrast to the enzymatic production of optically active pri-
mary and secondary alcohols, the frequently used ketoreduc-
tases (or alcohol dehydrogenases) represent no alternative
here, as no corresponding ketone for the generation of a terti-
ary alcohol by reduction can exist. Consequently, researchers
have to rely mostly on hydrolases—namely lipases and esteras-
es—as the most important enzymes for the kinetic resolution
of tertiary alcohols.[3, 4, 9] Actually, though, their reactivity with-
out the need for external cofactors, their robustness, their
commercial availability at competitive prices and their wide en-
zymatic promiscuity make these biocatalysts highly versatile
for many useful synthetic reactions.[3, 9,10] This article therefore
emphasizes the use of lipases or esterases and their optimiza-
tion by directed evolution and rational protein design, al-
though some other interesting enzymatic approaches are also
covered.
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Enantiopure tertiary alcohols are very valuable building blocks
for the synthesis of many different natural products and pharma-
ceuticals. As a consequence, several chemical and enzymatic
strategies to afford such chiral structures have been described.
Promising enzymatic approaches with agents such as epoxide
hydrolases, dehalogenases and hydroxynitrile lyases have been
reported, as well as dihydroxylation by microorganisms. Apart
from those valuable options, the hydrolase-based kinetic resolu-
tion of tertiary alcohols has been known for the last three de-
cades, as several wild-type enzymes have been reported to be
able to accept these sterically hindered molecules. More recently,
the existence of an amino acid motif within an enzyme’s active


site has been identified as highly relevant for the acceptance of
such bulky structures. This discovery clearly facilitates the identifi-
cation of novel biocatalysts for this application. Although several
tertiary alcohols have been successfully resolved with wild-type
biocatalysts, enantioselectivities have often been too low for syn-
thetic purposes. These limitations have recently been overcome
by accessing enzymes from the metagenome through directed
evolution or by rational protein design. This minireview describes
the state of the art in this area, highlighting aspects of basic aca-
demic research into the practical application of biocatalysts for
the synthesis of optically active tertiary alcohols.
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Epoxide Hydrolases, Dehalogenases, Hydroxy-
nitrile Lyases, Dihydroxylations


Several enzymatic approaches have been proposed as effective
tools for the synthesis of optically active tertiary alcohols.[4] For
instance, successful kinetic resolutions of racemic oxiranes cat-
alysed by epoxide hydrolases from Rhodococcus ruber[5] and
from Bacillus subtilis[1c] have been reported. In both cases the
ring-opening of racemic epoxides in aqueous media in the ki-
netic resolution gave the corresponding tertiary alcohols with
high enantioselectivities (E from 70 to >200) and in good
yields (Scheme 1). Very recently, a new approach to the pro-


duction of tertiary alcohols, again involving the use of quater-
nary racemic epoxides, was disclosed. In this case, however,
the oxirane rings were stereoselectively opened by a halohy-
drin dehalogenase with high enantioselectivities by use of dif-
ferent nucleophiles (i.e. , CN� , N3


� , Cl� , HCOO� ; Scheme 1).[6]


Here, quaternary racemic epoxides were the best substrates in
terms of enantioselectivity, as was confirmed by molecular
modelling studies on 2-ethyl-2-methyloxirane. Remarkably, this
is an interesting case of highly efficient chiral discrimination by
an enzyme towards a substrate that bears very similar substitu-
ents, both in electronic and in steric terms.[6]


Alternatively, hydroxynitrile lyases can be used to form qua-
ternary cyanohydrins directly from ketones and HCN. These
ACHTUNGTRENNUNGenzymes have been subjected to intensive research during the
last decades (Scheme 2). Recently, processes based on hydroxy-
nitrile lyase have led to high enantioselectivities by means of
smart tools of substrate engineering.[8] Examples at industrial
scales, employing tailor-made enzymes and affording produc-
tivities of up to 1 kgL�1 per day and optical purities of up to
>98% ee, have also been reported and have recently been
ACHTUNGTRENNUNGreviewed.[7]


Another very promising approach for the biotechnological
production of chiral tertiary alcohols is based on biooxidation
processes.[11] A reaction that might be of interest for synthetic
purposes is that of enantioselective biodihydroxylation of an


aromatic carboxylic acid to afford a diol containing a
tertiary alcohol moiety (Scheme 3).[12]


These bio-dihydroxylations represent a powerful
synthetic tool, as two stereogenic centres can be pro-
duced concomitantly starting from benzoic acid and
related compounds.[12] Interestingly, this reaction was
reported as early as in 1971, when Reiner and He-
geman disclosed the performance of a mutant strain


of Alcaligenes eutrophus that, when growing in the presence of
benzoic acid, was able to accumulate the cis-1,2-dihydroxyla-
tion product. Presumably, this was due to a defect in the meta-
bolic pathway that usually produces catechol from benzoate.[13]


Some mutants of Pseudomonas putida have also displayed
such performance.[12d,e] Remarkably, this preliminary finding
ACHTUNGTRENNUNGrecently led to an optimized process at a scale of >250 g
product with >95% ee with an ~18 h fermentation time at
30 8C,[12c] which obviously shows the importance that such
type of bioprocesses might have in future.


Lipases and Esterases


Application of wild-type enzymes


A range of lipases and esterases able to accept tertiary alco-
hols—coming from plants and mammals, but mainly from mi-
croorganisms—have in the past been identified from the natu-
ral pool. In general, their biological roles with respect to the
conversion of tertiary alcohols are unknown, though in some
cases these enzymes have been associated with certain meta-
bolic degradation pathways such as, for instance, esterases
ACHTUNGTRENNUNGinvolved in the hydrolysis of tertiary esters derived from the
metabolic degradation of methyl tert-butyl ether (MTBE).[14] In
other cases the presence of selective linalyl esterases from


Scheme 1. Epoxide hydrolases or a halohydrin dehalogenase can be used for the stereo-
selective ring-opening of epoxides to yield tertiary alcohols.[1c, 5, 6]


Scheme 2. Some examples of chiral tertiary cyanohydrins produced with the
aid of hydroxynitrile lyases.[7]


Scheme 3. Example of preparative biotransformation with whole
cells of mutants of Alcaligenes eutrophus B9 or Pseudomonas
putida U103.[12]
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plant extracts and microorganisms has been reported.[4,15] En-
zymes capable of hydrolysing aliphatic tert-butyl esters have
also been described,[16] many of them derived from thermo-
philic sources.[17] Modern metagenomic approaches have been
useful as well.[18] The majority of lipases and esterases found to
be active towards the sterically demanding tertiary alcohols (or
their esters) bear GGG(A)X motifs in the oxyanion holes next to
their active sites.[19] Since this structural motif seems to play a
relevant role in the acceptance of tertiary alcohols by hydrolas-
es it is discussed in more detail below. Furthermore, this motif
has guided the identification of a broad set of further biocata-
lysts obtained from metagenomic resources.[18]


In addition to the use of wild-type hydrolases in the kinetic
resolution of tertiary alcohols, it was found that they could
also be efficiently applied in the selective removal of carboxyl
protecting groups. Biocatalysis has been successfully used in
several strategies for protection/deprotection in organic syn-
thesis, as summarized in several extensive reviews.[20]


The high (chemo)selectivity that enzymes usually display is
clearly an asset for these applications. Enzymes capable of
ACHTUNGTRENNUNGhydrolysing tertiary structures are very useful, as they display
high selectivity towards this functionality without affecting
other protected functional groups.[20,21] For instance, an ester-
ase from Bacillus subtilis (BS2) and lipase A from Candida ant-
arctica (CAL-A) were able to hydrolyse tertiary esters selectively
when other amino acid protecting groups were present in the
molecules (Scheme 4).


One remarkable example of an enzyme obtained from the
natural pool is CAL-A. Originally isolated from soil samples
taken from Lake Vanda in Antarctica, which is perennially cov-
ered by ice, the yeast C. antarctica produces two interesting
ACHTUNGTRENNUNGlipases that have found many practical applications. Lipase B
(CAL-B) is probably the most extensively used hydrolase in bio-
catalysis, as it displays an enormous versatility, combined with
high thermostability.[3, 9, 10] In contrast, CAL-A has attracted


much less attention, although it displays unique features
among hydrolases, which confer on it great potential as a prac-
tical biocatalyst for many different applications.[22] For instance,
CAL-A shows high thermostability and robustness, is able to
accept trans-fatty acids and is a very versatile biocatalyst for
conducting dynamic kinetic resolutions (DKRs) of cyanohydrins.
By virtue of these promising performances, cloning and over-
expression of CAL-A in E. coli have been reported by several
groups,[23] together with its crystal structure.[23a]


As well as for deprotection, CAL-A has also been used for
the synthesis of tert-butyl esters through esterifications under
solvent-free conditions with fatty acids as acyl donors, and also
through transesterifications between tributyrin and tert-buta-
nol.[24] Furthermore, CAL-A was found to be an efficient biocat-
alyst in the resolution of (� )-2-phenylbut-3-yn-2-ol by transes-
terification with vinyl acetate as acyl donor (Scheme 5). Other
wild-type hydrolases, such as Candida rugosa lipase, displayed
lower enantioselectivities towards this specific substrate.[25]


Likewise, porcine hydrolases have also been found to accept
tertiary alcohols. For instance, the synthesis of precursors of
several fungicides was effectively conducted with porcine pan-
creatic lipase (PPL) by enantioselective hydrolysis of the race-
mates under aqueous conditions.[26] PPL has also been success-
fully used in other kinetic resolutions to afford tertiary alco-
ACHTUNGTRENNUNGhols.[1i, 27] The well known pig liver esterase (PLE) can also be
used to resolve tertiary alcohols. Coope and Main reported
PLE-catalysed enantioselective kinetic resolutions of quinucli-
dine esters to produce chiral tertiary esters in acceptable yields
(for a kinetic resolution) and enantioselectivities (Scheme 6).[28]


PLE has been shown to be an active biocatalyst towards
other tertiary alcohols,[19] as well as towards a plethora of
(more or less) hindered structures.[9b,29] Coming from an animal
source, its application in certain fields, such as for the produc-


Scheme 4. Hydrolase-based removal strategy for tert-butyl groups. The
arrow indicates the cleavage site. More examples can be found in the litera-
ture.[20, 21]


Scheme 6. PLE-catalysed enantioselective hydrolysis of quinuclidine esters.[28]


Scheme 5. CAL-A-catalysed kinetic resolution of (� )-2-phenylbut-3-yn-2-ol
with vinyl acetate as acyl donor.[25]
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tion of pharmaceuticals, is forbidden. Very recently, a successful
PLE overexpression in E. coli has been reported,[30] and several
PLE mutants have already been described and reviewed.[9b,29–31]


Much more promising research is expected from this field in
the coming years as well, as this successful cloning should pro-
vide pure rec-PLE for large-scale processing. Problems relating
to the enzyme’s animal origin and to the presence of mixtures
of isoenzymes are expected to be solved in this way.


Another relevant synthetic application in the field of tertiary
alcohols and hydrolases lies in the resolution of racemic cyano-
hydrins. These chemicals are very useful building blocks, and,
as mentioned above, several studies relating to hydroxynitrile
lyases have been published.[7,8] In addition to this approach,
the hydrolytic resolution of racemic cyanohydrin esters is also
a promising synthetic alternative. Pichia miso and Bacillus co-
ACHTUNGTRENNUNGagulans strains were reported to be active in such hydrolyses,
presumably due to the presence of hydrolases.[32] To comple-
ment this approach, some isolated hydrolases have very re-
cently been shown to be efficient catalysts in the stereoselec-
tive hydrolysis of a,a-disubstituted cyanohydrin acetates. The
kinetic resolution of these tertiary esters with the protease
subtilisin A or lipase from C. rugosa (CRL; Scheme 7) have been
reported.[33] Remarkably, the two hydrolases displayed opposite
enantioselectivities, which allows the production of both possi-
ble isomers with high purities and yields.


Interestingly, the GGG(A)X amino acid motif has also been
found in CRL, and other kinetic resolutions of tertiary alcohols
with this biocatalyst have been described, but enantioselectivi-
ties were usually unsatisfactory.[34]


Probably the best studied hydrolase is an esterase from Ba-
cillus subtilis (BS2).[36a] BS2 esterase has recently been cloned
and overexpressed in E. coli and has been a major target for
protein engineering to resolve tertiary alcohols efficiently,[37]


and so it is discussed in detail below. Furthermore, it shows a
promiscuous amidase activity.[36b] Finally, a recent screening of
enzymes obtained from the metagenome provided a set of
ACHTUNGTRENNUNGhydrolases active towards tertiary alcohols.[18] Although most
of those new wild-type enzymes displayed low enantioselectiv-
ities, one of them was able to hydrolyse 1,1,1-trifluoro-2-phe-
nylbut-3-yn-2-yl acetate at E>100 (Scheme 8).[18] Obviously,
the metagenomic approach should become increasingly im-
portant in many biocatalytic disciplines, as it can provide


access to a diverse range of enzymes from “nonculturable” bio-
diversity.


In this section it has been shown that hydrolases isolated
from the natural pool are able to accept tertiary alcohols and
can readily be used for several tertiary alcohols of interest.
However, if the biochemical properties, and especially the
enantioselectivities, are unsatisfactory, protein engineering is
the method of choice for further improving the biocatalysts,
especially when they are already available recombinantly and
thus easily amenable to mutagenesis. The following sections
therefore focus on these aspects from an academic and a
ACHTUNGTRENNUNGpractical viewpoint.


Insights into proteins: the importance of the GGG(A)X motif


The ability of lipases and esterases containing a/b-hydrolase
folds to accept and to enantiomerically resolve tertiary alcohols
has successfully been associated with structural properties of
their active sites. To understand this capability, a screening of
25 commercial enzymes was conducted, with the hydrolyses
of four different tertiary alcohol acetates being evaluated
(Scheme 9). In this study, only lipase from C. rugosa (CRL) and


lipase A from C. antarctica (CAL-A) were found to be active.[19b]


A further study based on the 3D structure of CRL revealed
that its active site was wider than those of enzymes unable to
convert tertiary alcohols. Subsequently, the ability of CRL to hy-
drolyse tertiary alcohol esters was then related to an amino
acid pattern in the oxyanion hole, the binding site that stabiliz-
es the oxyanions of the tetrahedral intermediates in the hy-
drolysis of esters. This so-called GGG(A)X motif was first identi-
fied in an extensive study of sequence–structure–function rela-
tionships of 92 microbial serine hydrolases,[38] in which two
main types of oxyanion hole structures were found. In the
first—more common—type the C-terminal neighbour of a con-
served glycine is involved in the stabilization of the anionic
carbonyl oxygen atom of the tetrahedral intermediate (GX


Scheme 9. Substrates used for the identification of new enzymes capable of
converting tertiary alcohol esters.[18, 19]


Scheme 7. Hydrolase-catalysed resolution of cyanohydrin acetates.[33]


Scheme 8. Hydrolase-based kinetic resolution of 1,1,1-trifluoro-2-phenylbut-
3-yn-2-yl acetate catalysed by a new esterase isolated from the metage-
nome.[18]
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type). In the so-called GGG(A)X type, however, the oxyanion
hole residue is shifted by one position towards the C terminus
relative to the GX type and, in most cases, three glycines are
present in the oxyanion hole.[38] (In a few other hydrolases, the
third glycine is replaced by alanine.[19a]) This GGG(A)X pattern
has been found mainly in carboxylesterases and short-chain
fatty acid-specific lipases, often of eukaryotic origin. Table 1
lists examples of enzymes and substrates used.


Comparison of several structures of GGG(A)X and GX hydro-
lases revealed that the alcohol binding pockets in GGG(A)X hy-
drolases are 1.5–2 N wider than those of the GX hydrolases.[19b]


In GX hydrolases the backbone carbonyl C atom of the X resi-
due is oriented towards the binding pocket, which was as-
sumed to induce a repulsive interaction with the substituents
of the quaternary Ca atom of the tertiary alcohols. In GGG(A)X
hydrolases, however, the GGG(A)X loop is likely to provide a
more flexible structure. This concept was verified by the iden-
tification of three GGG(A)X esterases that showed activity to-
wards esters of tertiary alcohols.[19b] One of these esterases, the
acetylcholine esterase (AChE) from Bungarius fasciotus, dis-
played a moderate enantioselectivity (E=10) towards 2-phe-
nylbut-3-yn-2-yl acetate.[19a] Furthermore, attempts to create
activity towards tertiary alcohols in the GX esterases from Pseu-
domonas fluorescens and Bacillus stearothermophilus by direct-
ed evolution failed.[19b] In view of the difficulty in inducing ac-
tivity towards tertiary alcohol esters by random mutagenesis,
this negative result seems to confirm the importance of the
GGG(A)X pattern in the active site.


Furthermore, the GGG(A)X concept proved to be successfully
applicable to the identification of active esterases by a screen-
ing for activity in the hydrolysis of tert-butyl acetate by a series
of metagenome-derived esterases bearing the GGG(A)X motif.


Thus, 75% of the screened enzymes were active and for the
“inactive” hydrolases it was assumed either that the amount of
enzyme was too low or that they might have different sub-
strate preferences.[18] However, the enantioselectivities of
almost all enzymes towards the three chiral tertiary alcohol
acetates (Scheme 9) were very low (up to E=5). Interestingly,
one of the studied enzymes, the so-called esterase 34, showed
an excellent enantioselectivity (E>100, Scheme 8) towards (S)-
1,1,1-trifluoro-2-phenylbut-3-yn-2-yl acetate, while all GGG(A)X
esterases studied so far have a preference for the R enantio-
mer.[18] As the gene encoding esterase 34 was isolated at high
temperature (106 8C, pH 6) it is likely that the origin of the
enzyme was a hyperthermophilic organism. The thermostable
esterase from the hyperthermophilic archeon Pyrobaculum cali-
difontis VA1 also features a GGG(A)X motif and was active in
the hydrolysis of tert-butyl acetate.[17] The fact that the
GGG(A)X motif seems to occur frequently in hyperthermophile
organisms[17] makes them attractive candidates for the identifi-
cation of new enzymes for the hydrolysis of tertiary alcohols. A
metagenome approach including sample isolation in hot sites
and further selection for activity towards tertiary alcohols
would be therefore a tempting thought.


Nevertheless, it appears that activity towards tertiary alco-
hols is not restricted to GGG(A)X-type a/b-hydrolases (Table 1),
although only very few examples have been described. For in-
stance, G(X)-type lipases from Burkholderia cepacia and Rhizo-
mucor miehei were reported to be active towards cyanohydrin
acetates[33] and cyclic tertiary alcohol esters,[35] respectively.
ACHTUNGTRENNUNGInterestingly, these lipases were also studied with the com-
pounds shown in Scheme 9 and were not active in this in-
stance. Activity towards tertiary alcohols has also been found
in enzymes that do not strictly belong to the class of a/b-hy-


Table 1. Selected examples of microbial-, plant- and mammalian-derived hydrolases active in the bioconversion of tertiary alcohols.


Enzyme Type Comment References


Bungarius fasciotus AchE[a] GGG(A)X E>10 towards 2-phenylbut-3-yn-2-yl acetate [19]


Electrophorus electricus, AChE GGG(A)X – [19]


human AChE GGG(A)X – [19]


Bacillus subtilis BS2 esterase GGG(A)X enantioselective towards tertiary alcohols ; removal of protecting [19,21,36,37]


groups
Burkholderia cepacia lipase GX active towards several cyanohydrin acetates [33]


Burkholderia gladioli esterase EstB homology to enantioselective towards linalyl acetate [15d,g,h]


b-lactamases
Burkholderia sp. YY62 hydrolase unknown tert-butyl octanoate synthesis [16]


C. antarctica lipase A similarity to tert-butyl ester synthesis ; removal of protecting groups; [20–22, 23a,24,25]


peptidases enantioselective towards tertiary alcohols
C. rugosa lipase GGG(A)X enantioselective towards tertiary alcohols and cyanohydrin esters [19,33,34]


esterase 34 GGG(A)X metagenome-derived esterase; E>100 towards a certain substrate [18]


esterases from Mycobacterium unknown presumably involved in the hydrolysis of tertiary esters [14]


produced from the metabolic degradation of MTBE
esterases from Lippia alba, Mentha citrata unknown plant esterase; active in the hydrolysis of linalyl acetate [15a]


linalyl acetate hydrolases from Rhodococcus unknown enantioselective in the hydrolysis of linalyl acetate [4,15]


ruber
Rhizomucor miehei lipase GX enantioselective towards tertiary structures [35]


pig liver esterase GGG(A)X enantioselective towards quinuclidine esters [1928]


porcine pancreas lipase GGG(A)X enantioselective towards tertiary alcohols [1b,26,27]


Pyrobaculum calidifontis VA1 esterase GGG(A)X active in the hydrolysis of tert-butyl acetate [1725]


subtilisin A protease enantioselective towards several cyanohydrin acetates [33]


[a] AChE: acetyl choline esterase.
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drolases: EstB from Burkholderia gladioli hydrolyses linalyl ace-
tate.[15d] This esterase bears the common Gly-X-Ser-X-Gly con-
sensus, which is, however, apparently not involved in catalysis.
Moreover, the active site of Estb resembles that of b-lactama-
ses.[15g,h]


Lipase A from C. antarctica was first proposed to be a
GGG(A)X hydrolase.[19] The recently solved crystal structure,[23a]


however, revealed that the initially proposed catalytically
active serine is not actually involved in catalysis. Nevertheless,
the low similarity of both sequence and structure[23a] of CAL-A
to those of other known hydrolases and the fact that most re-
lated enzymes belong to the peptidases[23a] underline the fact
that CAL-A is an enzyme with unique properties.[22] Other pro-
teases such as, for instance, subtilisin A were also active in the
hydrolysis of tertiary structures such as cyanohydrin acetates
with low to good enantioselectivities (Scheme 7).[33]


Apart from these examples, it has in some other cases not
yet been clarified whether or not enzymes capable of convert-
ing tertiary alcohols can be classified as GGG(A)X hydrolases,
as structural information is not available.


Regardless of these considerations, the observation that it is
mostly GGG(A)X hydrolases that are active towards tertiary
ACHTUNGTRENNUNGalcohols in the case of classical a/b-hydrolase fold lipases and
esterases has markedly improved understanding of the molec-
ular basis of substrate acceptance, thus facilitating the identifi-
cation of new hydrolases capable of resolving tertiary alcohol
acetates.


Protein engineering of esterases


Modern methods of protein design, either through rational ap-
proaches or by directed evolution, have substantially expanded
the toolbox available for understanding and improving biocat-
alysts at a molecular level. Indeed, protein design has proved
to be a versatile approach for improving the enantioselectivity
of esterase BS2 from Bacillus subtilis towards tertiary alcohols,
as the enantioselectivity could be shifted in both directions,
ACHTUNGTRENNUNGresulting in highly selective mutants for both enantiomers.


In a first attempt, the efficacy of the wild-type BS2, with a
low enantioselectivity in the hydrolysis of 2-phenylbut-3-yn-2-
yl acetate, was increased sixfold (up to E=19) by exchanging a
glycine in position 105 for alanine.[19a] It must be noted, how-
ever, that in this particular case a non-enzymatic hydrolysis of
this compound—therefore nonselective, by a SN1 mecha-
nism[34e]—considerably decreased the overall enantioselectivity
of the reaction. This was easily overcome by the addition of
the water-miscible co-solvent DMSO, resulting in a better E
value (E=54 in 20% v/v DMSO instead of E=19) for the overall
reaction.[37b] Moreover, the chemically stable trifluoromethyl
ACHTUNGTRENNUNGanalogue was converted with excellent enantioselectivity (E>
100), whereas wild-type BS2 had an E value of 42 towards this
compound.[37b] Gly105 lies in the active site of BS2 and is part
of the GGG(A)X motif. The observation that mutant G105A
with the Ala-Gly-Ala sequence instead of Gly-Gly-Gly in the
oxyanion hole still retained—though decreased tenfold—activ-
ity towards tertiary alcohols demonstrates that small changes
in the GGG(A)X motif do not inevitably suppress this activity.


The effect of the substitution by alanine on enantioselectivity
was attributed to an unfavourable interaction between the
phenyl ring of the more slowly reacting enantiomer and the
sterically more demanding alanine side chain. Thus, a series of
a-acetylenic tertiary alcohol acetates could be resolved with
excellent enantioselectivities by kinetic resolution catalysed by
BS2 G105A. Small changes in substrate structure, however,
strongly affected enantioselectivity and activity, resulting in a
rather limited substrate scope.[37a]


As well as position Gly105, the N-terminal neighbour Glu188
of the catalytically active Ser189 turned out to be a second key
residue for control of enantioselectivity. By rational protein de-
sign[37b] and directed evolution[37c] a relation between the size
of this residue and the enantioselectivity of BS2 esterase was
found: whereas smaller residues favour the conversion of the R
enantiomer—as was the case with glutamate (WT) or aspartate
(mutant) in position 188—other variants with larger residues,
such as phenylalanine or tryptophan, displayed an inversed
enantiopreference (Scheme 10).


The most striking example was the recent identification of
a double mutant (E188W/M193C) capable of preferentially
ACHTUNGTRENNUNGconverting the S enantiomer with excellent enantioselectivity
(E(S)=64).[37c] Here, the E188W displayed low S selectivity (E(S)=
26) and the M193C had R preference (E(R)=16). Thus, only the
combination of both mutations gave high enantioselectivity
towards the S enantiomer. It was suggested that the two enan-
tiomers have opposite orientations in the active site. While the
phenyl ring of the S enantiomer is oriented towards the GGA
motif, the phenyl ring of the R enantiomer points towards the
amino acid residue 188, and thus experiences unfavourable in-
teractions with larger substituents at this position (Figure 1).


Conclusions


In the past few years, considerable progress has been made in
the identification of enzymes capable of catalysing the enan-
tioselective synthesis of tertiary alcohols. Epoxide hydrolases,
dehalogenases and hydroxynitrile lyases have thus been de-
scribed, together with some biodihydroxylation processes.


Scheme 10. Influence of the size of residue 188 in esterase BS2 from B. sub-
tilis on the enantioselectivity in the conversion of 1,1,1-trifluoro-2-phenylbut-
3-yn-2-yl acetate. The wild-type enzyme has a glutamate in this position.
Adapted from Bornscheuer et al.[37c]
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Apart from these strategies, the use of lipases and esterases is
of pivotal importance. Especially, the discovery of a GGG(A)X
motif has facilitated the discovery of new hydrolases capable
of accepting these sterically demanding substrates. Further-
more, protein engineering has substantially helped in the un-
derstanding and improvement of enzymes to make them syn-
thetically useful. The substrate ranges and specific activities of
most biocatalysts acting on tertiary alcohols are still too limited
to allow their broad use in organic synthesis, however. Further
efforts will therefore have to be made in order to make the
ACHTUNGTRENNUNGenzymatic conversion of tertiary alcohols as straightforward as
the resolution of primary and secondary alcohols.
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The Human Histone Acetyltransferase P/CAF is a Promiscuous Histone
Propionyltransferase


Hans Leemhuis,[a] Len C. Packman,[a] Karl P. Nightingale,[b] and Florian Hollfelder*[a]


The histone-code hypothesis[1] suggests that specific histone
protein modifications act as “marks” in chromatin and deter-
mine gene expression. These marks are brought about by co-
valent modification (for example, acetylation, methylation, and
phosphorylation) of the histone N-terminal tails. The resulting
epigenetic pattern defines transcriptional activation and silenc-
ing by the recruitment of specific effector proteins which have
structural or enzymatic consequences for the surrounding
region of chromatin. The acetylation of lysine residues on all
four core histones, one of the most abundant and highly char-
acterised modifications, is associated with transcriptionally
active regions of chromatin, though this acetylation also plays
roles in chromatin assembly and repair. In common with all
histone modifications, the location and abundance of histone
acetylation is dynamically regulated by two opposing classes
of enzymes, histone acetyltransferases (HAT) and histone de-
acetylases (HDAC). These activities are typically found in multi-
subunit complexes, which are recruited to their target loci by
interactions with transcriptional activators or repressors, re-
spectively.[2] This is consistent with the distribution of many
ACHTUNGTRENNUNGactivating histone modifications, which are typically restricted
to the promoter regions of actively transcribed genes.


Histone acetylation exerts its functional effect by two mech-
anisms. The charge neutralisation associated with lysine acety-
lation (see Scheme 1) reduces the interaction of histone tails


with DNA, thereby facilitating the accessibility of chromatin
structure, and enabling transcription factor access to the un-
derlying DNA template. In addition, specific acetyl-lysine resi-


dues (R1) are recognised by “bromodomains”, a specific protein
fold found in many chromatin-associated proteins including
transcriptional regulators and chromatin remodellers.[3]


Revisiting[4] previous mass spectrometric fragmentation pat-
terns of nuclear proteins from human HeLa S3 cells[5] revealed
the existence of two new histone marks, namely propionylated
and butyrylated lysines on H4 histones. This observation raises
the question how these modifications were brought about. In
vitro analysis indicates that several HATs can both acetylate
and propionylate H4 peptides, although the lysine specificity
of these modifications was not explored.[4,6] We now report
that the human histone acetyltransferase P/CAF has the ability
to transfer propionyl and acetyl groups with similar efficiency
and specificity. When a histone H3 peptide (corresponding to
the N-terminal H3 tail) and P/CAF enzyme were incubated with
propionyl-CoA (ProCoA, R2) a mass increase of 56 Da was ob-
served in MALDI-TOF MS spectra (Figure 1), corresponding to


addition of one propionyl group. Analogously, P/CAF also cata-
lysed butyrylation (BuCoA, R3; Supporting Information). In the
absence of P/CAF (Figure 1), no significant propionylation or
butyrylation was detected.


A kinetic assay in which acyl transfer was detected spectro-
photometrically by CoA formation[7] was used to quantify the
rates of transfer of various acyl donors to the histone H3 tail
peptide, the preferential substrate of P/CAF.[8] Activity was ob-
served not only for AcCoA, but also for ProCoA and, to a lesser
extent, with BuCoA.[9] No activity was detected with malonyl-


Scheme 1. The acyltransferase reactions catalysed by P/CAF by using native
(R1) and promiscuous (R2, R3) acyl donors. Figure 1. Propionylation of histone H3 peptide by the histone acetyl trans-


ferase P/CAF. MALDI-TOF MS spectrum of the H3 peptide (ARTKQTARKSTGG-
KAPRKQLC) incubated with ProCoA in the presence and absence of P/CAF,
showing full turnover. Conditions: 1 h incubation, pH 7.5, 25 8C, 3.8 mm P/
CAF, 300 mm H3 peptide, 400 mm ProCoA. See Figures S1 and S2 for the full
spectra and analogoues spectra for incubations with BuCoA.
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CoA, methylmalonyl-CoA, isovaleryl-CoA, or hexanoyl-CoA.
Figure 2 shows the saturation profiles obtained for Ac- and
ProCoA.


The kcat for propionylation is 8.8�1.5 min�1, only slightly
lower than the rate of acetylation (12.2�0.4 min�1) determined
under identical conditions (extrapolated to saturating H3 pep-
tide concentration, Figure 2A). The Kacyl


M increased from 0.38�
0.04 mm for AcCoA to 1.6�0.9 mm for ProCoA (Figure 2B),[10]


rendering the kcat/K
acyl
M sixfold smaller. There is a marked de-


crease in the affinity for the peptide acceptor substrate: the
KH3


M increases tenfold (from 41�5 to 453�49 mm), leading to
an approximately 15-fold lower second-order rate constant.


An active site mutation, Glu570Gln,[11] reduces both the
ACHTUNGTRENNUNGacetylation and propionylation rates to the background rate of


AcCoA and ProCoA hydrolysis, providing evidence that the
same catalytic machinery is involved in catalysis of both sub-
strates.


The histone H3 tail has four potential acetylation sites, but
only one, Lys14, is acetylated by P/CAF.[8a] We determined the
specificity of propionyl transfer by mass spectrometry (MS).
MS/MS fragmentation of the intact propionylated peptide was
unproductive as the internal Arg residues inhibited fragmenta-
tion. The peptide was therefore treated with acetic anhydride,
to acetylate free lysines, cysteine, and the N terminus, and
cleaved with trypsin (after Arg only). The resulting tryptic pep-
tide masses indicated that the propionylated lysine was locat-
ed in a single peptide containing Lys9 and Lys14 (Figure 3).
MS/MS fragmentation of this peptide clearly showed the pro-
pionyl group to be on Lys14 (Figure 3). This indicates that ac-
ceptor specificity remains unchanged for the alternative acyl
donor.


Enzymes are normally thought to be both highly efficient
and specific for one single cognate substrate. However, there
is a growing body of evidence that enzymes can acquire the
ability to perform a new function, while still maintaining high
activity for the original reaction.[12] Promiscuous activities have
been invoked to explain the evolutionary mechanism of gene
duplication, in which additional activities play a role for func-
tional diversification by providing a “head start” activity for cat-
alysis of new reactions.[12a,13] However, evolution of a promiscu-
ous enzyme may also lead to a catalyst with multiple functions
in one active site.[14] The observation of an alternative acyl
donor for P/CAF provides further evidence that promiscuous
activities can occur with efficiencies similar to their native ac-
tivity. Such multispecificity may have a well-defined biological
function: For example, substrate promiscuity by the enzymes
of the Entner-Doudoroff metabolic pathway enables the ar-
chaeon Sulfolobus solfataricus to grow on glucose and galac-
tose, forming pyruvate with only a single set of enzymes.[15]


Other acetyltransferases related to the HAT GCN5 have been
shown to transfer acetyl and propionyl groups to modify the
activity of propionyl-CoA-synthetase by introducing propionyl-
lysine modifications that can in turn be removed by sirtuins.[16]


The high efficiency of the reaction makes the enzymatic pro-
pionylation of histone tails feasible under in vivo conditions.
ProCoA is readily available in cells, for example, as a result of
the breakdown of odd-chain fatty acids and the amino acids
isoleucine, methionine, threonine, and valine. In vivo HAT activ-
ities are actively recruited to target loci by protein–protein in-
teractions, such that the effective local concentration of his-
tone tails will be high, and should easily overcome the relative-
ly high KH3


M measured for the H3 peptide in the propionylation
reaction. To date the biological effects of histone propionyla-
tion are not known. Lysine propionylation, like lysine acetyla-
tion, leads to charge neutralisation and is likely to induce simi-
lar structural changes in chromatin. However, the two groups
differ in the steric bulk of the additional methylene group, of-
fering the possibility of differential recognition of propionylat-
ed and acetylated histones by bromodomains or other pro-
teins.


Figure 2. Michaelis–Menten plots for acyl transfer with a histone H3 peptide
substrate (ARTKQTARKSTGGKAPRKQLC). A) Rates at varying histone H3
ACHTUNGTRENNUNGpeptide concentrations and saturating AcCoA (*, 30 mm) and ProCoA (~,
100 mm). B) Rates at varying concentrations of AcCoA (*) versus ProCoA (~)
in the presence of H3 peptide (50 or 250 mm, approximately at the respec-
tive KM). Conditions: pH 7.5, 25 8C, [P/CAF]=0.83 mm.
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Figure 3. Specificity of propionylation. A) MALDI-TOF MS of the H3 peptide propionylated by P/CAF; B) the propionylated H3 shown in panel A after treat-
ment with acetic anhydride, and C) following subsequent trypsin digestion of the sample shown in panel B. D) ESI-MS/MS spectrum of the acylated 998.5 Da
fragment (KSTGGKAPR; amino acids 9–17) obtained after trypsin digestion. The MS spectrum in B shows that the mass of the peptide increases by 210 Da
upon acetic anhydride treatment revealing acetylation at five sites, four amines, and one thiol. Spectrum C (all singly charged species) shows that the N-termi-
nal peptide ARTKQTAR (amino acids 1–8; mass 1014.49 Da) is acetylated at its N terminus and at Lys4. The C-terminal peptide KSTGGKAPRKQLC (amino acids
9-21; 1554.79 Da) carries one propionyl group and two acetyl groups. The mass of the smaller peptide KSTGGKAPR (amino acids 9-17; 998.5 Da) shows that
the propionyl moiety is located here, on either Lys9 or Lys14. The b-ion and y-ion series data in spectrum D are consistent with propionylation of Lys14 only.
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Histone modifications are dynamic marks, regulated by en-
zymes with opposing functions (that is, acetylases and deace-
tylases). This suggests that if histone propionylation is biologi-
cally relevant it will also require depropionylating enzymes.
This is consistent with findings that both an HDAC activity ob-
tained from rat liver,[17] and two members of the human sirtuin
family of HDACs (SIRT2 and SIRT3) can catalyse the depropio-
nylation of lysine residues,[16] suggesting that these may act as
the other half of a regulatory system for this modification. It is
possible that additional unidentified enzymes are required for
the depropionylation of histones.


The observation that a metabolite, ProCoA, can act as a sub-
strate for histone modification is consistent with suggestions
that cellular metabolism may impact on gene expression via
epigenetic mechanisms.[18] In addition to cofactor concentra-
tions as a regulatory mechanism, the chemical nature of alter-
native cofactors may generate distinct epigenetic marks, with
specific effector proteins and different regulatory outcomes.
This notion links cell nutrition and transcriptional outcome di-
rectly.[18] Taken together, the observation of propionyl marks in
biological samples,[4] the substantial and residue-specific pro-
miscuous histone propionyl-transferase activity of a human
enzyme identified here, and the existence of depropionylating
activities make it conceivable that histone propionylation activ-
ity has a regulatory biological role. We speculate that histone
propionylation may prove to be a distinct epigenetic mark, rec-
ognised by either a subset of bromodomains, or by a novel
protein fold.


Experimental Section


Peptides and chemicals : Histone H3 tail peptide, ARTKQ-
TARKSTGGKAPRKQLC and H4 tail peptide, SGRGKGGKGLGKGGAK-
ACHTUNGTRENNUNGRHRKVGGK-biotin were synthesised by the PNAC facility (Cam-
bridge University, UK). Acetyl-CoA, propionyl-CoA, butyryl-CoA,
ACHTUNGTRENNUNGmalonyl-CoA, methylmalonyl-CoA, succinyl-CoA, and hexanoyl-CoA
were from Sigma–Aldrich.


Expression and purification : The catalytic domain of P/CAF
(amino acids 492–658) was expressed in Escherichia coli BL21 ACHTUNGTRENNUNG(DE3)
from the pRSET-P/CAF[19] plasmid in liquid medium (NaCl (10 gL


�1),
yeast extract (10 gL


�1), and bacto tryptone (20 gL
�1)) at 25 8C for


12–14 h. Expression was induced by the addition of IPTG
(0.25 mm). Cells were harvested by centrifugation, resuspended in
sodium phosphate buffer (50 mm, pH 6.5) supplemented with DTT
(1 mm), EDTA (1 mm), and one tablet of protease inhibitor cocktail
(Roche) per 30 mL. After cell lysis and centrifugation (20000g,
45 min), the supernatant was filtered (0.45 mm) and applied on a
5 mL HiTrap SP-FF cation exchange column (Pharmacia). Protein
was eluted with a gradient of 0–1m NaCl in sodium phosphate
buffer (50 mm, pH 6.5) supplemented with DTT (1 mm) and EDTA
(1 mm). Fractions containing P/CAF protein were pooled and fur-
ther purified using a 120 mL GL16/60 Sephadex 75 size exclusion
column (Pharmacia) run with sodium phosphate buffer (50 mm,
pH 7.5) supplemented with NaCl (150 mm), DTT (1 mm), and EDTA
(1 mm). Fractions containing pure P/CAF, as judged by SDS-PAGE,
were pooled and stored at 4 8C or at �80 8C in the presence of
glycerol (10%).


Site-directed mutagenesis : An E570Q active site mutant of P/CAF
was created using the QuickChange Kit (Stratagene) with the oligo-


nucleotides E570Q-for 5’-CAAGGATTCACACAGATTGTCTTCTGTG-
3’ and E570Q-rev 5’-CACAGAAGACAATCTGTGTGAATCCTTG-3’
and the pRSET-P/CAF plasmid as PCR template.


Continuous HAT assay : HAT activity was followed in time using a
coupled enzyme assay.[7] Briefly, the transfer of the acyl moiety
from acyl-CoA to an acceptor molecule (e-amino group of a lysine)
generates CoA as a by-product. The CoA is then converted to suc-
cinyl-CoA by a-ketoglutarate dehydrogenase (or acetyl-CoA by pyr-
uvate dehydrogenase), which is accompanied by NAD+ reduction
to NADH. Pyruvate dehydrogenase was only used to measure the
KM for acetyl-CoA; this enzyme could not be used for assay using
acyl-CoA compounds other than acetyl-CoA as it generates acetyl-
CoA from CoA. The absorbance of NADH at 340 nm was followed
in time as a measure of the amount of CoA produced. Reactions
were carried out in 300 mL volumes in 96-well plates at 25 8C. Reac-
tion mixtures contained MES buffer (100 mm, pH 7.5), 0–1000 mm


H3 peptide, NAD+ (0.2 mm), thiamine pyrophosphate (0.2 mm),
MgCl2 (5 mm), DTT (1 mm), a-ketoglutarate (2.4 mm ; or pyruvate),
and a-ketoglutarate (0.1 units; or pyruvate) dehydrogenase
(Sigma). P/CAF enzyme was added to a final concentration of 0.83
to 10 mm and reactions were started by the addition of the acyl-
CoA compounds. Initial rates were measured at 340 nm and kinetic
data were fitted to the Michaelis–Menten equation (rate=
kcat[S]/ ACHTUNGTRENNUNG(KM +[S])) and the rates of spontaneous acyl-CoA hydrolysis
(no enzyme) were subtracted from the initial rates. The extinction
of NADH coefficient was 4984 Abs M�1 under the conditions used.
Rates were calculated by dividing the measured slope by the pro-
tein concentration and the eNADH ([slope (Abs min�1)]/ACHTUNGTRENNUNG[protein (m) *
eNADH (Abs m


�1)]).


Mass-spectrometric data and experimental details : Propionyla-
tion of the H3 peptide by P/CAF was carried out in MES buffer
(25 mm, pH 7.5) containing H3 peptide (300 mm), propionyl-CoA
(400 mm), and P/CAF enzyme (3.8 mm) at 25 8C for 1 h. Butyrylation
of the H3 peptide by P/CAF was carried out in the same buffer
containing H3 peptide (300 mm), butyryl-CoA (600 mm), and P/CAF
enzyme (40 mm) at 25 8C for 4 h. Negative controls did not contain
the P/CAF enzyme. Reactions were stopped by heating the sam-
ples to 65 8C for 5 min to inactivate the enzyme. Samples were
then analysed by MALDI-TOF mass spectrometry on a Waters Mi-
cromass TofSpec2E instrument using a-cyano-4-hydroxycinnamic
acid matrix; a propionylation/butyrylation event will increase the
mass of the H3 peptide by 56/70 Da respectively. Lysine residue
specificity was determined by treating the propionylated H3 pep-
tide (50 mm in 0.5m Tris-Cl, pH 7.5) with 0.2 mL acetic anhydride
(5 min, 21 8C) to acetylate all free amine and thiol groups. Mass
analysis confirmed complete reaction; 210 Da added=5 acetyls (4
amine, 1 thiol). The reaction mixture was titrated back to pH 7.5
with Tris-Cl (1m, pH 7.5) and modified trypsin (5 mg, Promega) was
added. Digestion, now at the C-terminal side of Arg only as the Lys
residues are acylated, was at 37 8C for 15 min and it produced four
peptide products. Following desalting by mC18 ZipTip (Millipore),
MALDI-TOF MS showed propionylation in one peptide only, m/z
999.5 [M+H]+ , at either Lys9 or Lys14 in the H3 peptide. ESI-MS/
MS of this peptide, on a ThermoFinnigan LCQ Classic mass spec-
trometer, showed b- and y-ion series corresponding to propionyla-
tion of Lys14.
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Flavoprotein Iodotyrosine Deiodinase Functions without Cysteine Residues


James A. Watson, Jr. , Patrick M. McTamney, Jennifer M. Adler, and Steven E. Rokita*[a]


Flavoproteins are able to catalyze a variety of metabolic pro-
cesses due to the wide range of reactions promoted by
flavin.[1–4] Appreciation for the catalytic power of flavin contin-
ues to increase as still more flavin-dependent processes are
discovered. Typically, once a new activity is detected in one or-
ganism, related reactions are often identified soon thereafter
in numerous other organisms, as recently illustrated by the
growing class of flavin-dependent halogenases.[5] In contrast,
only one highly conserved flavoprotein has yet been directly
associated with reductive deha-
logenation. This enzyme, iodo-
tyrosine deiodinase (IYD), is criti-
cal in the thyroid for recycling
iodide from the by-products of
thyroxine (T4, 4-(4-hydroxy-3,5-
diiodophenoxy)-3,5-diiodophe-
nylalanine) biosynthesis
(Scheme 1).
Reductive dehalogenation is


unusual in aerobic life and par-
ticularly rare in higher organ-
isms. Humans express only two
representatives, the flavoprotein
mentioned above that acts on
iodinated tyrosine and a seleno-
protein iodothyronine deiodi-
nase (ID) that acts on T4 and its
derivatives.[6] Similar mechanisms have been proposed for
these enzymes based on their reported dependence on a cys-
teine and selenocysteine residue, respectively.[7–10] ID is thought
to stabilize a nonaromatic tautomer of T4 and then release an
equivalent of I+ that oxidizes its selenocysteine residue
(Scheme 2).[6] An analogous process of stabilizing a substrate
tautomer and reacting with an active site cysteine has also
been proposed for a reductive dechlorination catalyzed by the
bacterial enzyme tetrachlorohydroquinone dehalogenase (TD)
(Scheme 2).[11,12] Similarly, IYD appears to stabilize a nonaromat-
ic tautomer of diiodotyrosine because a pyridone derivative
that mimics the intermediate tautomer binds to the enzyme
with very high affinity.[10] Subsequent evidence was then ex-
pected to implicate involvement of one or more cysteine resi-
dues in IYD turnover as well. The results described herein
reveal instead that all aspects of turnover are independent of
cysteine, and neither ID nor TD provides precedence for IYD.


The major structural domain of IYD belongs to the NADH
oxidase/flavin reductase superfamily, and prior modeling sug-
gested that two of the three cysteines (C217 and C239,
Figure 1) were located in the proposed active site adjacent to
the bound flavin mononucleotide (FMN).[13] This proximity is
reminiscent of the many flavoproteins that contain redox-
active cysteines, and hence the flavin of IYD was originally ex-
pected only to mediate electron transfer to an active site cys-
teine. Although NADPH is thought to act as the physiological
source of reducing equivalents, its effect is lost after detergent
is used to disrupt the membrane surrounding IYD. Under these
conditions, dithionite is required as an alternative electron
donor.[7] Thiols such as GSH and DTT do not support turnover
by IYD in contrast to their ability to promote deiodination by
ID and dechlorination by TD.[6,11,12] Still, thiols are chemically


Scheme 1. Iodide homeostasis is maintained in part by recycling iodide from
mono- and diiodotyrosine.


Scheme 2. Proposed mechanisms of A) thyroxine deiodination promoted by iodothyronine deiodinase and B) tet-
rachlorohydroquinone dechlorination promoted by tetrachlorohydroquinone dehalogenase.


Figure 1. The amino acid sequence of iodotyrosine deiodinase contains
three cysteines (C13, C217, and C239) and establishes three domains, a
transmembrane domain (1–24) and inter-domain (25–82) and a flavin re-
ACHTUNGTRENNUNGductase/NADPH oxidase domain (83–285).
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competent to promote deiodination of iodotyrosine as demon-
strated from previous model studies with cysteine.[14]


IYD has been notoriously difficult to purify from thy-
roids,[13, 15] and its recent heterologous expression in mammali-
an cells (HEK293 and CHO)[13,16] provided the first opportunity
to examine the function of each cysteine residue definitively.
Attention was initially directed at the two possible active site
cysteines. Two single mutants (C217A and C239A) and a
double mutant (C217A/C239A) were generated in the full-
length membrane-bound protein encoded by the Mus muscu-
lus gene. Contrary to all expectations based on the proposed
mechanisms of ID and TD (Scheme 2), IYD maintained its deio-
dinase activity in the presence of dithionite despite removal of
either one or both cysteines (Table 1). Previous modeling had


suggested that C217 was the more distal of the cysteines with
respect to the flavin,[13] and the kinetic constants for its mutant
were nearly indistinguishable from wild-type. Mutation of the
proximal C239 enhanced both KM and kcat, but the overall kcat/
KM decreased by ~2.5-fold relative to wild-type. The double
mutant exhibited properties intermediate between the two
single mutants. These results refute any possibility that the cys-
teines are directly involved in substrate dehalogenation, and
instead implicate a more active role for the flavin.
The cysteine pair (C217, C239) is present in all homologous


proteins so far identified in organisms that use thyroxine
(zebra fish to mammals).[18] Conversely, these cysteines are not
maintained in homologous proteins found in all other organ-
isms including Drosophila melanogaster and Caenorhabditis ele-
gans. Such a trend would almost certainly affirm some rele-
vance to the cysteines, perhaps one that would not have been
apparent from the dithionite-based assay. The physiological
source of electrons for IYD likely derives from NADPH as medi-
ated by a membrane-bound reductase. This process was initial-


ly circumvented by using dithionite as the reductant to focus
on substrate dehalogenation rather than enzyme reduction. To
expand the search for the role of cysteine in IYD, the wild-type
and mutant enzymes were compared once more, but this time
in the presence of NADPH rather than dithionite. Regardless of
the cysteines, the single and double mutants exhibited activity
equivalent to that of the wild-type enzyme under common
conditions (Table 1). Thus, C217 and C239 have no clear func-
tion in IYD catalysis.
The physiological reductase required for transferring elec-


trons from NADPH to IYD has yet to be identified, and its activ-
ity has only been observed with membrane-bound IYD.[7] Previ-
ous methods of detergent extraction were unable to distin-
guish between the possibilities of dissociating a discrete reduc-
tase from IYD or inactivating a reductase domain within IYD.[15]


Recent results now suggest that the reductase is a separate
polypeptide. The same reductase or an equivalent is coinci-
dently present in HEK293 cells, as deiodination can be driven
by NADPH in these cells after heterologous expression of IYD.
In contrast, NADPH-dependent deiodination is not detected
when IYD is expressed in CHO cells.[16] This lack of activity can
now be ascribed to the absence of an effective reductase
rather than a deficiency in IYD. Lysates of CHO cells expressing
IYD promote deiodination of diiodotyrosine (DIT) in the pres-
ence of dithionite (1% w/v) with kinetic constants (KM 7.1�
1 mm, kcat 4.2�0.2 min�1, kcat/KM 0.59 min�1mm


�1, Supporting
ACHTUNGTRENNUNGInformation) that are similar to those measured for IYD ex-
pressed in HEK 293 cells (Table 1). In contrast, these same ly-
sates were confirmed to exhibit no ability to promote deiodi-
nation of DIT in the presence of NADPH (10 mm) at the limit of
sensitivity (~5% of the rates measured in the presence of di-
thionite, Supporting Information). This lower limit of NADPH-
dependent activity is also significantly lower than the weak
but measurable NADPH activity of soluble IYD D2–33 and cell
lysates of HEK containing the proposed membrane-bound re-
ductase as described below.
An N-terminal truncation of IYD D2–33 was also constructed


from the M. musculus gene to examine if NADPH-dependent
activity was truly regulated through membrane localization.
This domain, containing the remaining cysteine C13 (Figure 1),
had been tentatively assigned as a membrane anchor based
on its lipophilicity.[13] Removal of this domain successfully con-
verted IYD from a membrane-associated form to a new soluble
form. Expression of IYD D2–33 in HEK293 generated a protein
that remained in the supernatant (S) after separating the mi-
crosomal fraction (P) by ultracentrifugation (lanes 5 and 6,
Figure 2). In contrast, full-length IYD associated with micro-
somes.[13] The absence of its membrane anchor and membrane
association did not substantially alter the kinetics of deiodina-
tion promoted by IYD D2–33 in the presence of dithionite. Nei-
ther KM nor kcat decreased by more than 25% relative to that
exhibited by the membrane-bound wild-type IYD (Table 1).
However, loss of the membrane anchor strongly suppressed
the ability of IYD to use NADPH for deiodination in lysates of
HEK293 cells by fivefold (Table 1). This confirms the importance
of membrane association for effective interaction between IYD
and the NADPH-dependent reductase and concurrently dem-


Table 1. Kinetic parameters of wild-type and mutant iodotyrosine deiodi-
nases.[a]


Dithionite[b] NADPH[c]


IYD KM DIT
[mm]


kcat
[min�1]


kcat/KM
[min�1mm


�1]
[unitsnmol�1]


wild-type 8�3[d] 7.1�0.9 0.89 6.8�0.4
C217A 13�4 8.3�0.6 0.64 9.0�2
C239A 79�7 28�2 0.35 8.7�0.6
C217A/C239A 42�7 16�2 0.38 7.7�0.9
D2–33 6�2 5.8�0.6 0.95 1.3�0.1


[a] Iodotyrosine deiodinase was transiently expressed in HEK293 cells.
Cells were lysed and directly assayed for 125I� release from [125I]di-
ACHTUNGTRENNUNGiodotyrosine under standard conditions (see Supporting Information for
more details).[13, 17] Lysates were also analyzed by denaturing polyacryl-
amide gel electrophoresis, Coomassie Brilliant Blue staining, and densi-
tometry (Supporting Information). [b] Dithionite concentration was held
constant at 1% (w/v), and diiodotyrosine (DIT) concentration was varied
between 1.0 and 50 mm. [c] NADPH concentration was held constant at
10 mm. One unitnmol�1 is defined as nanomoles of I� released per h per
nmol of IYD. Uncertainties derive from the standard deviation associated
with fitting three or more independent data sets. [d] The large uncertain-
ties resulted in part from substrate inhibition as reported earlier.[15]
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onstrates that C13, like C217 and C239, is superfluous to cata-
lytic deiodination of diiodotyrosine.
Neither flavin reduction nor substrate dehalogenation re-


quire any of the three cysteines of IYD despite their absolute
conservation throughout the relevant biological families. Ac-
cordingly, the chemical and biochemical precedence for pro-
moting reductive dehalogenation by cysteine and related sele-
nocysteine derivatives is irrelevant to IYD. A recent report indi-
cates that certain amines may also promote reductive dehalo-
genation in a model system related to those containing cys-
teine,[19] and therefore the role of histidine and lysine residues
in IYD also deserves scrutiny. Interestingly, an expected inter-
mediate of such a process, lysine-eNH-Cl, has just been pro-
posed to form during catalysis of the reverse process, a flavin-
dependent halogenation.[20] Radical mechanisms analogous to
that suggested for the flavoprotein chorismate synthase also
deserve future attention.[21] Regardless of the mechanism, the
repertoire of flavin chemistry should now be expanded to in-
clude reductive dehalogenation in the absence of redox-active
thiols.
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Figure 2. Removal of the N-terminal membrane anchor releases IYD from
cell membranes. HEK293 cells lacking (lane 1) and containing the plasmid
encoding IYD D2–33 (lane 2) were lysed and analyzed directly by denaturing
gel electrophoresis and stained with Coomassie Brilliant Blue. Crude lysate
containing IYD D2–33 was also centrifuged at 30000g to yield a soluble
fraction (S, lane 3) and a pellet of cell debris (P, lane 4). The soluble fraction
was further centrifuged at 100000g to separate soluble protein (S, lane 5)
from membrane-bound protein (P, lane 6). In each case, pellets were resus-
pended in volumes equal to their corresponding supernatants. Molecular
weight markers are included in lane M.
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Stepwise Combinatorial Evolution of Akt Bisubstrate Inhibitors


Jung Hwan Lee, Sanjai Kumar, and David S. Lawrence*[a]


Protein kinases are key enzymatic participants in the signal
transduction pathways that control nearly every aspect of
normal cell function. In addition, many of these enzymes are
often found to be aberrantly expressed or abnormally active in
a diverse array of human ailments. For example, the Akt pro-
tein kinase is hyperactive in a variety of cancers, where it pro-
motes tumor cell survival by blocking cell death.[1] Not surpris-
ingly, there is considerable interest in acquiring inhibitors for
Akt. Like other members of the protein kinase family, Akt em-
ploys ATP as the phosphoryl donor for the phosphorylation of
Ser residues in protein substrates. Several ATP analogues and
nonphosphorylatable peptides have been reported that block
the catalytic activity of Akt.[2] Recently, bisubstrate analogues
have been championed as useful structural, mechanistic, and
biological probes for protein kinases.[3] These inhibitory agents
simultaneously block the binding of both substrates in a two
substrate enzyme-catalyzed reaction. We report herein the di-
rected molecular evolution of a potent Akt bisubstrate inhibi-
tor using a stepwise, combinatorial library-based strategy.
Bisubstrate inhibitors for protein kinases have been con-


structed by assembling three component parts into a single
unimolecular species. Generally, a tether, which links an ATP
surrogate to a peptide-based species, is finely tuned to ensure
that both the ATP and the protein binding sites can be com-
fortably occupied by the inhibitor. However, there is no com-
pelling structural or enzymatic requirement that limits the bi-
substrate strategy to previously described components (for ex-
ample, ATP analogues such as adenosine or H-7). Rather, we
felt that it might be possible to use the bisubstrate concept as
a means to identify a new functionality that prevents ATP from
binding to the kinase under study. We anticipated using a pep-
tide, which targets the protein-binding region, as a framework
upon which the ATP-blocking site moiety could be created.
Three parent peptides (Ac-Ala-Arg-Arg-Gly-Ala-Leu-Arg-Gln-


Ala-HN ACHTUNGTRENNUNG(CH2)2SH; Ac-Ala-Arg-Arg-Gly-Dap(Ac)-Leu-Arg-Gln-Ala-
HN ACHTUNGTRENNUNG(CH2)2SH; Ac-Ala-Arg-Arg-Gly-Ala-Leu-Arg-Dap(Ac)-Ala-HN-
ACHTUNGTRENNUNG(CH2)2SH) were prepared so that, upon subsequent combinato-
rial expansion, a bisubstrate-like species could be identified by
utilizing an appropriate screening protocol. The amino acid
ACHTUNGTRENNUNGsequence contained in these parent peptides was based on


known Akt preferences.[4] Detailed analysis of one of these
peptides (1) revealed competitive behavior versus ATP (Sup-
porting Information; Scheme 1). However, given the absence


of aromatic moieties, it is unlikely that 1 significantly encroach-
es on the ATP binding region (thereby providing a potential
opportunity to identify new functional groups that block ATP
binding). Although the three-dimensional structure of Akt has
been solved[5] it was simply not clear which site on the peptide
might be responsible for the observed competitive inhibition
pattern versus ATP. Nonetheless, based on known Akt protein
binding site recognition preferences, we ruled out certain resi-
dues (vide infra) as likely culprits and chose three sites (high-
lighted with arrows) upon which to focus our attention. Al-
though peptide 1 represented an exciting starting point, it is
an extraordinarily poor Akt inhibitor, exhibiting a Ki value of
3.2�1.1 mm. Consequently, we required a synthetic strategy
that would allow us to simultaneously evolve this derivative
into a more potent inhibitor while preserving bisubstrate in-
hibitory behavior.
We initially examined whether the N terminus acts as the


component that precludes ATP binding. A close analogue of 1
(that is, 2) was synthesized on a Tentagel resin that contains
a disulfide linker between peptide and solid support
(Scheme 1).[6] Peptide 2 contains a “placeholder” Gln at the
acetylated Dap site in 1, with the former being more syntheti-
cally convenient to work with (vide infra). The N-terminal Fmoc
group of the peptide-resin 2 was removed and the resin-ap-
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Scheme 1. Peptide 1 and potential sites that could promote competitive in-
hibition behavior versus ATP. A combinatorial resin-based strategy (2 to 3 to
4) that introduces molecular diversity at specific sites on a “bisubstrate” site-
directed peptide.
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pended peptide introduced, in equal quantities, into individual
wells of multiwell synthesis plates. One of 720 structurally di-
verse carboxylic acids was added to each well, along with ap-
propriate reagents to activate the acid moiety. Following N-ter-
minal modification, the side-chain protecting groups were re-
moved and the peptide subsequently cleaved from the resin
with assay buffer, which contained dithiothreitol. The library of
720 peptide derivatives was then screened for inhibitory po-
tency. The lead derivative, compound 5, contains an indole-de-
rivatized (L)-Ile moiety (Scheme 2). 5 is a 100-fold more power-
ful inhibitor than the parent peptide 1 and retains the compet-
itive inhibition pattern versus ATP. In addition, compound 5 ex-
hibits a predominantly competitive inhibition pattern versus
the peptide substrate (Supporting Information). Although it is
tempting to presume that the newly identified aromatic indole
moiety of 5 targets the ATP binding pocket, it could very well
associate with some other region of Akt. We decided to ad-
dress this issue by introducing modifications at other sites on
the peptide that might be culpable as substituents that inter-
fere with ATP binding. We excluded as likely culprits, the Ala,


Gly, and Arg residues as the first two do not possess notable
side-chain moieties that could engage the enzyme and the Arg
residues are known to be required for the binding of protein
substrates.[4] The remaining possible perpetrators in 5, Leu and
Gln, were replaced with Ala. The Gln-to-Ala substitution fur-
nished a species (9) in which the competitive pattern versus
ATP was eliminated (Figure 1B). Both the Dap residue in 1 and
the Gln moiety in 5 share a common structural motif, namely
an amide moiety. The Ala-for-Gln substitution strongly sug-
gests that the side-chain amide of Gln (or the acetyl-Dap) is
ACHTUNGTRENNUNGresponsible for the desired ATP competitive behavior.
With the identification of the peptidic component that com-


promises ATP recognition, we examined whether inhibitory
ACHTUNGTRENNUNGpotency could be augmented even further without interfering
with the bisubstrate phenotype. The Ala residue in 5 was re-
placed with a Dap moiety and its amine side chain modified
with 720 different carboxylic acids in a fashion analogous to
that outlined in Scheme 1. The lead derivative obtained from
the Ala replacement was 6 (Scheme 2), which possesses a di-
ACHTUNGTRENNUNGhydroxynaphthalene moiety and a Ki that is nearly 1000-fold


Scheme 2. Combinatorial evolution of a weak Akt inhibitor into a potent analogue with retention of the bisubstrate phenotype.


Figure 1. A) Inhibition pattern of compound 8 (3.2, 1.6, 0.8, 0.4, 0 mm) versus variable ATP and B) inhibition pattern of compound 9 (100, 50, 20, 5, 0 mm)
versus variable ATP where [Akt]=2 ngmL�1 and [peptide substrate]=37.5 mm.
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better than that exhibited by 1. The free hydroxyl groups on
the naphthalene appear to be important for inhibitory activity
as the corresponding dimethoxy derivative (a member of the
library) is a tenfold poorer inhibitor than 6.
The Gln-to-Ala substitution transformed peptide 5 into a


species that fails to serve as a competitive inhibitor versus ATP,
suggesting that the side chain amide carbonyl of Gln is the
key moiety that generates the bisubstrate character of this,
and related, inhibitors of Scheme 1. We wondered whether it
would be feasible to introduce molecular diversity at the cri-
ACHTUNGTRENNUNGtical Gln side chain and retain the bisubstrate phenotype.
Indeed, the Scheme 1 strategy furnished the even more potent
inhibitor 7 (Scheme 2), which retains competitive inhibition
patterns versus both variable peptide and ATP substrates (Sup-
porting Information).
Although 7 is a reasonably effective inhibitory agent, a pre-


vious Akt substrate specificity study revealed a preference for
positively charged residues at the N terminus of active site-di-
rected peptides.[4] By contrast, the indole-substituted Ile resi-
due positioned at the periphery of the peptide is decidedly lip-
ophilic. Although this N-terminal substituent was identified as
the primary lead in the initial library screen to furnish 5, it is
possible that either the indole ring or the Ile side chain may
actually be embedded in a less than favorable hydrophilic en-
vironment. We chose to replace the Ile residue with 50 differ-
ent amino acid analogues, several of which were positively or
negatively charged (Supporting Information). Interestingly, the
most potent analogue (8) from this library contains an Arg resi-
due at the former Ile site. Compound 8 (Ki=260�20 nm) ex-
hibits a greater than 10000-fold improved inhibitory efficacy
for Akt relative to the parent peptide 1 (Ki=3.2�1.1 mm). As
with all the other derivatives described in this study, 8 serves
as a competitive inhibitor versus variable ATP (Figure 1A) and
variable peptide substrate (Supporting Information).
Many protein kinase-catalyzed reactions proceed by an or-


dered mechanism in which ATP binds first, followed by peptide
(or protein) substrate. Bisubstrate inhibitors for these enzymes
exhibit a competitive pattern versus ATP, but a noncompetitive
pattern versus peptide substrate as the substrate and inhibitor
bind to different forms of the enzyme (that is, the substrate to
the enzyme-ATP complex and the inhibitor to the free en-
ACHTUNGTRENNUNGzyme).[3a] By contrast, 8 acts in a competitive capacity versus
both ATP and associate with the active site. Under these cir-
cumstances, compound 8 directly competes with both sub-
strates for the same free form of the enzyme; thus, the dual


competitive pattern. Finally, we note that Livnah et al. describe
the conjugation of isoquinoline derivatives (ATP surrogates)
with peptides to furnish Akt inhibitors in a recently disclosed
patent.[7]


In summary, we have converted an extraordinarily weak pep-
tide-based Akt inhibitor into a 10000-fold more potent deriva-
tive that exhibits a classic bisubstrate inhibition pattern versus
ATP and a peptide substrate. Structural characterization of the
Akt–inhibitor complex should prove helpful is assessing the
enzyme functionality involved in inhibitor recognition. Never-
theless, we have identified the specific functional group on the
inhibitor responsible for the competitive behavior versus ATP.
The stepwise library strategy offers a means to retain desirable
properties during the directed evolution of inhibitory species.
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Ligand-Stabilized Hairpin Structures Interfere with Elongation of Human
Telomere


Masaki Hagihara ,[a, b] Yuki Goto,[a] and Kazuhiko Nakatani *[a, b]


Small-molecule ligands that bind to the single-stranded over-
hangs of human telomeric repeats d ACHTUNGTRENNUNG(TTAGGG)n and interfere
with telomere elongation by telomerase have been anticipated
as potential anticancer agents.[1–3] The characteristic G-quadru-
plex structures[4–6] produced in telomeric overhangs are the
target of these molecules. Ligand-stabilized G quadruplexes on
the template have been shown to act as obstacles for DNA
synthesis by polymerase and telomerase-mediated telomere
elongation.[7–13] We have studied molecular ligands that bind
to the nonquadruplex structure of the telomeric repeat. Re-


cently we reported that 1) naphthyridine tetramer (NT) can
cause denaturation of interstrand quadruplex structures pro-
duced by the human telomere model sequence telo15 (5’-
TTAGGGTTAGGGTTA-3’), 2) NT can bind to telo15 with a 1:1 sto-
ichiometry, and 3) NT-binding to telo15 does not involve hy-


drogen bonding to guanine N7, but binds to the Watson–Crick
face. Results obtained with mutant sequences of telo15 sug-
gested that NT binds to G–G mismatches produced by the
pairing of two GGG units in the hairpin secondary struc-
ture,[14,15] which is one of possible intermediates during the
folding of telomeres into G quadruplexes.[5, 16] Here, we report
that NT-stabilized structures in telomeres can effectively inter-
fere with DNA synthesis by Taq DNA polymerase. Using sys-
tematic studies with different number of telomeric repeats in
the polymerase-stop assay,[17] we have clarified that NT in fact


Figure 1. A) Schematic illustration of polymerase-stop assay with various
numbers of telomeric repeats. B) Concentration-dependent interruption of
Taq polymerase-mediated DNA synthesis with NT (0, 0.3, 1, 3, 10, 30 mm) and
TMPyP4 (0, 0.03, 0.1, 0.3, 1, 3 mm) with DNA templates (0.1 mm) that con-
tained (left to right) two, three, and four human telomeric repeats. The lane
markers T, G, C, and A indicate the bases on the template strand. The lanes
with asterisks indicate the lack of elongation of the primer. Guanines in the
major arrested regions are emphasized in bold.
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stabilizes the hairpin secondary structure of telomeric repeats.
With this unique sequence preference, NT would be an addi-
tional class of ligand that could be used to gain a deeper
ACHTUNGTRENNUNGinsight into the biological consequences of ligand–telomere
ACHTUNGTRENNUNGinteractions.


In order to determine whether NT-stabilized structures can
interfere with the elongation of the telomere sequence, the
polymerase-stop assay[17] was performed with templates that
contained two- to four-repeat units of the d ACHTUNGTRENNUNG(TTAGGG) se-
quence as the model telomeric overhang in the presence of
NT and a reference ligand TMPyP4[7] (Figure 1). In separate ex-
periments, it was confirmed by CD spectroscopy that the NT-
bound structure is in equilibrium with the G-quadruplex struc-
tures regardless of their folding (see Figure S1 in the Support-
ing Information). In the absence of ligand, the 20-mer primer
that was hybridized to the 3’ end of the templates was fully
elongated by Taq DNA polymerase regardless of the length of
telomeric repeats. For the template that contained two re-
peats, NT interfered with the Taq polymerase reactions very
weakly to produce faint paused bands at the first GGG site
from the 3’ end of the repeat (Figure 1B).


For the three-repeat template, distinct paused
bands were observed predominantly at the first GGG
site in the presence of NT, and weak paused bands
were observed at the second GGG site. The G-quad-
ruplex binding ligand, TMPyP4, did not produce any
paused bands with the two- and three-repeat tem-
plates, but totally suppressed the polymerase reac-
tion at 3 mm ; this resulted in the lack of elongation of
the primer. In marked contrast, both NT and TMPyP4
interfered with the Taq polymerase reaction at the
first GGG site of the four-repeat template. Minor
paused bands were observed for NT at the second
GGG site, but not for TMPyP4.


When using two- and three-repeat templates (Fig-
ure 1B), a high concentration of NT produced the
paused bands that were observed at the bottom of
the gel. It is likely that NT bound to structure(s) that
were formed between guanines from the sequence
5’-GCGC-3’ in the template and guanines from the
ACHTUNGTRENNUNGtelomeric repeats, which then interfered with the Taq
polymerase reaction. In the case of the four-repeat
template NT-bound structures formed in the telomer-
ic repeats would be thermally dominant; thus the
paused bands caused by minor NT-bound structures
disappeared.


These results clearly show that the sequence re-
quirements necessary to form a stable ligand-bound
structure and to interfere with the polymerase re-
ACHTUNGTRENNUNGaction are quite different for NT and TMPyP4. Four-
repeat units were necessary to form TMPyP4-stabi-
lized intrastrand G quadruplexes and interfere with
the polymerase reaction.[17] Paused bands were not
detected on the three-repeat template with TMPyP4;
this indicates that neither inter- nor intrastrand
G quadruplexes were produced on this template with
this ligand. Therefore, the formation of paused bands


on the three-repeat template with NT indicates that NT-bound
nonquadruplex structures were stable enough to interfere with
the polymerase reaction. Since three repeats was the minimum
sequence required for NT to efficiently interfere with Taq poly-
merase, the paused bands were due to interference in the
polymerase reactions by NT-bound hairpin structures on the
template. Although NT bound to the two-repeat template,[14]


the resulting NT-bound hairpin was most likely not sufficiently
stable to interrupt the polymerase, probably due to a short
hairpin loop.


The telomeric overhang in human telomeres is 130–210 nu-
cleotides in length.[18,19] It was conceivable that increasing the
telomeric repeats in the human telomeric overhang would
result in the formation of multiple NT-stabilized hairpin struc-
tures. The effects of repeat length on NT binding and interfer-
ence in the polymerase reaction were therefore investigated
with the polymerase-stop assay by using templates that con-
tained up to eight telomeric repeats (Figure 2). With the five-
repeat template, the paused bands were observed at the first
and the second GGG sites from the 3’ end with an almost


Figure 2. Concentration-dependent inhibition of Taq polymerase-mediated DNA synthe-
sis with NT (0, 0.3, 1, 3, 10, 30 mm) and DNA templates (0.1 mm) that contained (left to
right) five, six, seven, and eight human telomeric repeats. Guanines in the major arrested
regions are emphasized in bold.
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equal intensity. In contrast, predominant paused bands at the
first GGG site were observed for the six-repeat template. Minor
paused bands were detected at the second and third GGG, but
not at other GGG sites.


With the seven-repeat template, two major paused bands
were detected at the first and second GGG sites. The bands at
the second GGG site, however, became less intense as NT con-
centration was increased; this coincided with an increase in
band intensity at the first GGG site. With the eight-repeat tem-
plate, the polymerase reaction was exclusively interrupted at
the first GGG site. A threshold concentration for effective inter-
ference became critical with the eight-repeat template. Poly-
merase reaction was totally suppressed at 3 mm NT, whereas
paused bands were not detected at 1 mm.


The results of the experiments with the five- to eight-repeat
templates as models for telomeric overhangs confirmed that
NT effectively interferes with the polymerase reaction. The site
of interruption was repeat dependent—mostly the first GGG
site on the template. These observations can be well rational-
ized by the formation of the most stable NT-bound hairpin
structure. For odd-numbered telomeric repeats (Figure 3A),
NT-stabilized hairpin structures can contain two GGG units at
the hairpin loop and one extra GGG at either end of the hair-
pin. By increasing NT concentration, the extra GGG unit could
become involved in the hairpin stem to leave one GGG in the
loop. Thus stabilization of GGG–GGG by NT could move the
equilibrium of the hairpin structure from a two-GGG loop to a
one-GGG loop. For even-numbered telomere repeats, the most
thermally stable hairpin structure would be formed with two
GGG units in the loop. Thus, Taq polymerase was interrupted
selectively at the first GGG regardless of NT concentration.


In summary, NT-stabilized hairpin structures in telomeric
overhang sequences effectively interfered with DNA synthesis
by Taq polymerase. Considering its unique sequence prefer-
ence for binding, NT could be a useful addition to the G-quad-


ruplex binding ligands for studying the biological consequence
of ligand binding to telomeres.


Experimental Section


Polymerase-stop assay : A reaction mixture of template DNA
(0.1 mm ; four-repeat template for example; 5’-dTCCAACTATGTAT-
ACHTUNGTRENNUNGACTTAGGGTTAGGGTTAGGGTTAGGGTTAGTCATGTCTAGCGCACGCAA-
ACHTUNGTRENNUNGTTGCCCCTATAGTGAGTCGTATTA-3’; the human telomere sequence
is underlined and its length was changed as necessary) and
5’ Texas Red-labeled primer (0.1 mm ; 5’-dTAATACGACTCACTA-
TAGGG-3’) was heated to 95 8C for 3 min in Taq (TaKaRa) reaction
buffer (10 mm Tris-HCl, pH 8.3, 50 mm KCl, 1.5 mm MgCl2), and
cooled to ambient temperature for 30 min. The requisite amount
of ligand was added to the reaction mixture and incubated for
30 min at room temperature prior to the addition of polymerase.
Taq DNA polymerase and dNTPs were then added to the mixture
and the reaction was performed at 42 8C for 30 min. The reaction
products were analyzed by using an Hitachi SQ5500E automated
sequencer.


Keywords: DNA recognition · DNA structures · hairpins ·
inhibitors · telomeric overhangs
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Development of Bacteriophage P22 as a Platform for Molecular Display:
Genetic and Chemical Modifications of the Procapsid Exterior Surface


Sebyung Kang,[a] Gabriel C. Lander,[b] John E. Johnson,[b] and Peter E. Prevelige*[a]


Virus capsids are composed of hundreds of copies of a small
number of protein subunits which not only self-assemble into
precise and uniform viral capsids but which also have remark-
able plasticity allowing viruses to undergo concerted confor-
mational changes during their life cycle[1–3] as well as to adapt
to environmental stresses such as pH and salts.[4,5] The protein
cage architecture of viral capsids provides both interior and
ACHTUNGTRENNUNGexterior surfaces for chemical and genetic manipulation.[6–12]


The Salmonella typhimurium bacteriophage P22 has poten-
tial to serve as a platform for molecular devices. Bacteriophage
P22 derived virus-like particles are relatively easy to obtain in
quantity (by overexpression 100 mg can be purified from one
liter of culture), the life cycle is well understood genetically
and biochemically, facilitating genetic manipulation,[13–16] and
an in vitro assembly system is well established.[17, 18] A T=7 P22
procapsid is assembled from 420 copies of the 46.6 kDa coat
protein with the aid of approximately 300 copies of the
33.6 kDa scaffolding protein with a diameter of 58 nm
(Figure 1).[18,19]


Previous limited proteolysis and mass spectrometry based
hydrogen/deuterium exchange studies suggested that P22
procapsids have a flexible loop exposed to the surface of


capsid[20,21] which represents a good locus for the attachment
of functional groups, affinity tags, or quantum dots for surface
presentation or targeting. The flexible nature of the loop al-
lowed introduction of a cysteine residue in the middle of the
loop region (T182C) without altering procapsid assembly or
capsid integrity.[22] Cysteine residues (C182) engineered into
the loop region were chemically reactive in the native form of
procapsids (Figure S1 in the Supporting Information).
To test whether introduced cysteine residues can be selec-


tively and covalently modified with cysteine reactive reagents,
T182C procapsids were treated with MIANS (2-(4’-maleimidyl-
anilino) naphthalene-6-sulfonic acid) which is a thiol reactive
ACHTUNGTRENNUNGfluorescent probe absorbing at 322 nm wavelength.[23] Free
MIANS exhibits little or no fluorescence in solution, but its fluo-
rescence increases dramatically upon covalent attachment to a
free sulfhydryl group.[24] The MIANS treated T182C procapsids
were sedimented through a 5–20% sucrose velocity gradient
and fractions were analyzed by SDS-PAGE. Wild-type and
ACHTUNGTRENNUNGuntreated T182C procapsids were sedimented in parallel and
they sedimented to a similar position suggesting that covalent
binding of MIANS to the T182C procapsids did not perturb
shell integrity (Figure S2).
To estimate the extent of MIANS labeling the MIANS treated


T182C procapsid fractions were collected and the absorption
and fluorescence emission spectra were taken (Figure 2A and
B). The number of MIANS molecules attached to the T182C
procapsids was quantified by measuring the absorbance of the
MIANS and the coat protein at 322 nm and 280 nm, respective-
ly (Figure 2A). Approximately 345 MIANS molecules were
bound per T182C procapsid (420 coat protein subunits) which
translates to approximately 82% occupancy. It should be
noted that there are 360 hexavalent subunits in the lattice sug-
gesting that perhaps only the hexavalent subunits are reactive.
Furthermore, a significant fluorescence intensity increase was
observed with a maximum at 435 nm (excitation l=322 nm)
confirming the covalent nature of the attachment (Figure 2B).
Although the naturally occurring cysteine residue is buried


and inactive (Figure S1), it is possible that MIANS modifies
both the engineered and the naturally occurring cysteines. The
extent of modification per subunit was determined by electro-
spray ionization time-of-flight mass spectrometry (ESI-TOF MS)
(Figure 2C). Component analysis of the charge state distribu-
tions (Figure 2C) and its deconvolution (Figure 2C, inset) re-
vealed that the dominant species in the MIANS treated T182C
procapsid sample were a 47018.9 Da subunit (80%) and a
46623.2 Da subunit (20%). These masses are in excellent
agreements with the values of 47017.1 Da and 46622.8 Da
predicted for a coat protein subunit labeled with a single
MIANS and the unlabeled subunit, respectively. No modifica-
tion was observed when the wild-type protein was similarly


Figure 1. Outer surface representation of the 8.5 C resolution density map
of the T=7 P22 procapsid (left panel) and the asymmetric unit (right panel).
Seven quasi-equivalent subunits are indicated on the asymmetric unit.
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treated. Therefore, the ESI-MS data is consistent with the spec-
troscopic analysis (Figure 2A) and confirms that MIANS only
modifies C182.
We have also substituted T182 with other bulky hydropho-


bic amino acids (phenylalanine, tryptophan, and proline) and
all the single amino acid substitution mutants produced pro-
capsids without any assembly defects or morphological


changes suggesting that the loop region is generally tolerant
to amino acid substitutions (data not shown).
The affinity tag of six consecutive histidine residues (6X-His-


tag) binds tightly to Ni ions and has been used extensively for
metal chelate affinity based protein purification. To test wheth-
er P22 procapsids are tolerant to external sequence insertion,
we introduced six consecutive histidines into the loop region


Figure 2. Spectroscopic and mass spectrometric analyses of the MIANS treated T182C procapsids. The T182C and the MIANS treated T182C procapsids were
separated on a 5–20% sucrose gradient and fractions 5 and 6 (Figure S2B and C) were collected for further analysis. A) The absorption spectra of the T182C
(~) and the MIANS treated T182C (*) procapsids were measured from 410 to 230 nm in buffer B supplemented with 6m GuHCl. B) The fluorescence emission
spectra of T182C (~) and MIANS treated T182C (*) procapsids (lex=322 nm) were obtained in buffer B. C) ESI-TOF mass spectrum of the dissociated subunits
of the MIANS treated T182C procapsids. Two dominant Gaussian charge state distributions were labeled as open circles and triangles. Component analyses
and deconvolution (inset) of two dominant charge state distributions showed masses of a single MIANS labeled (*, calcd 47017.1 Da; obs. 47018.9 Da) and
the unlabeled (~, calcd 46622.8 Da; obs. 46623.2 Da) subunits. 47+ charged peak of a single MIANS labeled subunits is indicated.
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(6X-His-tag) by replacing T182 with the sequence GTHHHHHH.
The 6X-His-tagged construct (HI) produced procapsid-like parti-
cles which migrated to the same position both on sucrose gra-
dient and native agarose gels as did the wild type (data not
shown).
To examine whether an inserted 6X-His-tag is exposed on


the surface and accessible for noncovalent modification, we
ACHTUNGTRENNUNGinvestigated the binding of a monoclonal antibody directed
ACHTUNGTRENNUNGtowards the 6X-His-tag antibody to the HI procapsids. The HI
procapsids were incubated with anti-His-tag antibodies at 4 8C
overnight, sedimented through a 5–20% sucrose gradient and
analyzed by SDS-PAGE. The proteins were visualized by Coo-
masie blue staining (Figure 3A, B) and Western blotting using
a secondary antibody directed towards the anti-His-tag anti-
bodies (Figure 3C, D). Wild-type procapsids were used as con-
trol. The procapsids migrated at fractions 5, 6, and 7 in both
the wild-type and the HI procapsids (Figure 3A, B). Anti-His-tag
antibodies comigrated with the HI procapsids in fractions 5, 6,
and 7, whereas they remained on the top of the gradient in
the wild-type procapsid control suggesting that the antibodies
are bound on the HI procapsid surfaces and that binding is
specific (Figure 3C and D).


As the His-tags in the HI procapsids have high affinity
against Ni ions, we attempted to label the HI procapsids with
Ni-conjugated nanogold (1.8 nm diameter) and visualize them
in the electron microscope. The HI procapsids were incubated
with Ni-conjugated nanogold at a one to one molar ratio at
4 8C overnight. As a control, wild-type procapsids were treated
in parallel. Ni-conjugated nanogold treated HI procapsids did
not alter their integrity (Figure 4). As shown in Figure 4, there
were no detectable electron-dense dots on the control wild-
type procapsids and background (Figure 4A), whereas many
such dots (arrow head) were detected on the HI procapsids
(Figure 4B) suggesting that unbound Ni-conjugated nanogold
is effectively removed by sucrose velocity gradient sedimenta-
tion and only the His-tag associated Ni-conjugated nanogold
was observed.
In this study, we have demonstrated that the loop region of


the P22 procapsid can be genetically modified and utilized for
further chemical modifications providing a convenient mecha-
nism to modify the outer surface of the procapsid.
Whereas a similar region has not been identified on the in-


ternal surface, the scaffolding protein can provide a facile
mechanism for introducing internal modifications. The inner
core of scaffolding protein in the P22 procapsids is stable but


Figure 3. Sucrose velocity gradient sedimentations of anti-His-tag antibody treated wild-type and His-tag inserted (HI) procapsids. Wild-type and HI procap-
sids were incubated with anti-His-tag antibody at 4 8C overnight and separated on a 5–20% sucrose gradient. Fractions from the gradient were analyzed on
duplicate 8.5% nonreducing SDS gels. Panels A) wild-type and B) HI procapsid fractions were stained with Coomassie blue. Panels C) wild-type and D) HI were
electrophoretically transferred to PVDF membrane, blotted with alkaline phosphatase conjugated goat antimouse IgG, and visualized by reaction with the
chromogenic substrate solution of 3-bromo-4-chloro-5-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT; Novagen).
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can be reversibly extracted and re-entered in vitro without dis-
turbing the procapsid lattice.[18,25–29] Modification and re-entry
of the scaffolding protein coupled with external modification
of the capsid surface thus provides a means to incorporate
specific chemical entities or peptides of defined binding affini-
ty within an externally modified shell. The ability to modify the
two components in separate steps will facilitate the develop-
ment of well-defined binary systems.


Experimental Section


Mutagenesis and procapsid purification : All of the mutants were
generated by using established polymerase chain reaction proto-
cols using pET-3a based plasmids encoding genes for scaffolding
and coat proteins as templates.[22] The amplified DNAs were trans-
formed into CaCl2 treated competent E. coli strain BL21 (DE) and
selected for ampicillin resistance. Mutant procapsids were over-
ACHTUNGTRENNUNGexpressed in E. coli and purified by sucrose gradient centrifugation
as previously described.[22] The empty procapsids were prepared by
repeated extraction of scaffolding protein with GuHCl (0.5m) at
4 8C. Purified empty procapsids were stored in buffer B (50 mm


Tris-HCl, 25 mm NaCl, and 2 mm EDTA) at 4 8C.


MIANS labeling of the T182C procapsids : The T182C procapsids
(200 mm) were reduced with excess TCEP (2 mm) at room tempera-
ture for an hour and incubated with MIANS (2-(4’-maleimidylanili-
no) naphthalene-6-sulfonic acid) (2 mm) at 4 8C overnight. Reac-
tions were fractionated by ultracentrifugation on a sucrose gradi-
ent (5–20%) with SW55 rotor (30,000 rpm for 35 min) and fractions
were analyzed by SDS-PAGE and spectrophotometer. Absorption
spectra of the fractions were recorded (20 8C) on Beckman DU 640
spectrophotometer over the spectral range 240–600 nm with 1 nm
bandwidth using 1 cm path length cells. Fluorescence emission
spectra were obtained (20 8C) using an ISS PC1 photon counting
spectrofluorometer (lexc=322 nm) over the spectral range 380–
580 nm in 1 cm path length cells.


Mass spectrometry : Subunit masses of the MIANS treated T182C
procapsids were analyzed by LC-ESI time-of-flight mass spectrome-
try (LCT, Micromass). The MIANS treated T182C procapsids were
dissociated and denatured with urea (8m) and loaded directly onto
a C4 trap (Michrom BioResources, Inc.) which replaced the loading
loop allowing for rapid washing with water to avoid introducing
urea into the ESI source. The proteins were rapidly eluted with a
acetonitrile gradient (5–95%, 36 mL min-1 flow rate) Spectra were
acquired in the range of m/z 200–1650. Mass spectra were pro-
cessed using the MaxEnt 1 algorithm and component analysis from
MassLynx version 4.0 to obtain average masses from multiple
charge state distributions.


The binding of a monoclonal antibody directed towards the 6X-
His-tag antibody to the HI procapsids : Wild type and HI procap-
sids (20 mm) were incubated with His-tag monoclonal antibody
(1.5 mg) (Novagen) at room temperature for an hour. Reactions
were fractionated by ultracentrifugation on a sucrose gradient (5–
20%) using an SW55 rotor (30,000 rpm for 35 min) and fractions
were analyzed by SDS-PAGE. Proteins separated by SDS-PAGE were
transferred to PVDF (PolyVinyliDene Fluoride) membrane using an
electrophoretic tank transfer system. His-tag monoclonal antibody
on the PVDF membrane was detected by His-tag AP Western Re-
agents (Novagen) following procedure provided by manufacturer.
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Figure 4. Cryoelectron micrographs of the Ni-conjugated nanogold treated wild-type and HI procapsids. Wild-type and HI procapsids were incubated with Ni-
conjugated nanogold at 4 8C overnight. The reactions were fractionated on 5–20% sucrose velocity gradient, and the procapsid fractions were collected, and
subjected to flash freezing on EM grids. A) Wild-type procapsids. B) HI procapsids. Arrow heads indicate electron dense gold particles.
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Surface Modification of Tobacco Mosaic Virus with “Click” Chemistry
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CuI-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC)
reaction,[1,2] renascent of the well-known Huisgen reaction,[3]


has recently flourished with applications in organic synthesis,
drug discovery, polymer and materials science, and biotech-
nology.[4–7] The high reaction yield, simple reaction and purifi-
cation conditions, wide range of solvent and pH stabilities, and
functional group tolerance make the CuAAC reaction a proto-
typical “click chemistry”,[8] ideal for incorporating functionalities
onto desired scaffolds. Over the years it has been widely em-
ployed to construct and functionalize polymeric and polyvalent
display systems, including polymers,[9–16] dendrimers,[17,18] nano-
particles,[19] and surfaces,[20–22] where an extremely high reac-
tion efficiency for every unit reaction is desirable.[23,24] In partic-
ular, as organic azides and alkynes are almost unreactive with
biomolecules and water, CuAAC reactions have been employed
in derivatizing biomacromolecules,[25,26] viruses,[27–29] and
cells[30–32] with high efficacy under mild reaction conditions.
Recently tyrosine residues have been considered as a partic-


ularly attractive target for chemoselective modification of pro-
teins because of its subabundant distribution. Francis and co-
workers have reported a number of transformations, ranging
from the Mannich-type reaction to a transition metal mediated
allylation reaction to a diazonium-coupling reaction, which can
efficiently target the phenolic group of tyrosine residues at
physiological conditions.[33–36] To overcome the sluggish reactiv-
ity with electron-enriched diazonium salts, a sequential reduc-
tion/oxidation/Diels–Alder reaction was developed to break
the limitation of functionalities being incorporated.[36] In this
communication, we report that CuAAC reactions can be com-
bined with a diazonium-coupling reaction to quantitatively
functionalize tyrosine residues with a wide array of starting
materials.
Tobacco Mosaic Virus (TMV) is a classic example of rodlike


plant viruses consisting of 2130 identical protein subunits ar-
ranged helically around genomic single RNA strand. The length
of TMV, that is, 300 nm, is defined by the encapsulated genom-
ic RNA that stabilizes the coat protein assembly. The polar
outer and inner surfaces of TMV have been exploited as tem-
plates to grow metal or metal oxide nanowires,[36–43] and con-
ductive polymers have been coated on 1D assembled TMV to


produce conductive nanowires.[44,45] TMV based materials have
recently shown great potential with applications in nanoelec-
tronics and energy harvesting devices.[46–48] In addition, it has
been reported that tyrosine residues (Y139) of TMV are viable
for chemical ligation using the electrophilic substitution reac-
tion at the ortho position of the phenol ring with diazonium
salts.[17] This reaction is very efficient, yet has two distinct dis-
advantages for broader applications. First, it is difficult to syn-
thesize desired starting materials; and second, the reaction is
not compatible with acid-labile functional groups and suitable
for electron-deficient anilines only. To embrace the structural
diversity of various starting materials, TMV offers an ideal poly-
valent display system which allows us to test the efficiency of
CuAAC reaction in combining with the tyrosine ligation reac-
tion.
As shown in Scheme 1, TMV was first treated with the diazo-


nium salt generated from 3-ethynylaniline 1 in situ adapted
from the protocol reported by Francis and co-workers.[36]


MALDI-TOF MS analysis indicated that >95% of the capsid
monomers were converted into alkyne derivatives 2 (Figure 1)
despite the absence of a strong electron withdrawing group in
the diazonium reagent.[49] Encouraged by this result, the
CuAAC reactions between 2 and azides were explored. For bio-
conjugation reactions using CuAAC, the CuI catalysts are either
generated directly by addition of CuI salts,[28,31] or in situ from
soluble CuII sources and a reducing agent, such as a copper
wire, phosphines, thiols, or ascorbate.[27] Multidentate heterocy-
clic ligands are often required for enhancing the reaction effi-
ciency.[27–29] Upon screening a series of reaction conditions, we
found that the combination of CuSO4/sodium ascorbate
(NaAsc) gave the best results. Whereas it is destructive to most
other protein complex systems,[27] ascorbate is evidently
benign to TMV and has no impact on its structural integrity.
3-Azido-7-hydroxy-coumarin a was first employed as the


ACHTUNGTRENNUNGazido counterpart in the reaction, which could be easily moni-
tored by UV-visible absorption at 340 nm (Figure 1B).[50] As a
general protocol, 2 (2 mgmL�1) and a (3 mm) were added to a
solution of CuSO4 (1 mm) and NaAsc (2 mm) in Tris buffer
(10 mm, pH 7.8) with 20% DMSO (used to increase the solubili-
ty of the azide component). After incubation for 18 h at room
temperature, the viral particles were separated from the small
molecules by sucrose gradient sedimentation. The integrity of
TMV was confirmed by TEM and size-exclusion chromatogra-
phy (SEC) analysis (data not shown). A strong absorption at
340 nm indicated the successful attachment of coumarin
motifs (Figure 1B). MALDI-TOF MS analysis indicated a near
quantitative transformation of surface alkynes to triazoles as
shown in Figure 1A.
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Using the same protocol, a wide selection of azido com-
pounds, ranging from small molecules to peptides to polymers
(a–e), were coupled onto the TMV surface, all with high reac-
tion efficiencies as confirmed by MALDI-TOF MS (Figure 1A).
Furthermore, when 2 was treated with a 1:1 mixture of two
structurally distinctive azides, c and d (biologically relevant
groups), the final product displayed almost equal amounts of
the two motifs (Figure 1C). The unequal peak heights are a
property of the instrument itself. This result highlights that
CuAAC reaction efficiency is independent of the structure of
the starting materials. This makes CuAAC reaction very attrac-
tive for the site-directed incorporation of structurally-distinctive
functionalities throughout a simple reaction protocol, which
will have a beneficial impact on future cell binding studies.
The attachment of e to the surface of TMV required the use of
a larger excess of copper catalyst. One explanation for this re-
quirement is the high binding affinity of copper to the poly-
ethylene glycol backbone, therefore lowering the efficiency of
the catalyst. The attachment of this polymer to the viral parti-


cle is monitored by MALDI-TOF
MS, as can be seen in Figure 1A.
The poor resolution of the modi-
fied peak can be attributed to
the poor ionizability of the poly-
mer modified protein. The con-
version of 2 to the product 3e is
estimated based on the compar-
ison of peak heights of 2 (at
~17662 m/z) and TMV (at
~17534 m/z) in the spectrum.
The disappearance of the peak
of 2 (related to the peak of TMV)
implies the complete consump-
tion of the starting materials and
a near quantitative reaction.
The direct incorporation of an


azide to tyrosines using 3-azido-
benzenediazonium was attempt-
ed without success, likely due to
the weak reactivity. We therefore
performed the conjugation of
1,4-bis-azidomethylbenzene f to
the surface of TMV to anchor an
azide handle to the particle (3 f).
This new product provides the
opportunity to do a second
CuAAC reaction using small mol-
ecules with terminal-alkyne func-
tionality (g–i, Scheme 1), thus
further broadening the scope of
possible small molecules and
polymers used for TMV derivati-
zation. Again, TEM and SEC
showed that TMV particles were
intact after the sequential
CuAAC reaction (Figures 2B and
2C). For 3g and 3h, the transfor-


mations were very efficient based on the MALDI-TOF MS analy-
sis. Both mass spectra show the disappearance of the starting
material peak, 3 f (~17848 m/z), and the emergence of new
peaks of products (for 3g, 17931 m/z and 18037 m/z corre-
sponding to the acid and the NHS-ester, respectively (the acid
peak results from the dissociation of the product in solution or
during the ionization process). The lack of reactivity of fluoro-
genic coumarin i is likely due to its low solubility in water
whereas a considerably high quantity of starting materials 3 f
still remained in the reaction mixture.[51] It should be noted
that in both steps of CuAAC reactions, the concentration of
the small molecular reactants were as low as 0.5 mm without
losing the coupling efficiency.
To explore potential applications of TMV as a multivalent


scaffold[52] to probe cellular response, this tyrosine-ligation/
CuAAC conjugation protocol was employed to program the
surface properties of TMV with a variety of groups that pro-
mote or inhibit cell binding. NIH-3T3 fibroblast was employed
in our preliminary study because of its sensitivity towards sur-


Scheme 1. Bioconjugation of TMV by means of CuAAC reactions.
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face chemistry and the distinctive cell morphology during the
adhering process. Native TMV, 2c, and 2e were deposited on
silane coated glass surfaces and coverage of viral particles was
checked by atomic force microscopy (data not shown). Each
sample was seeded with 1P104 NIH-3T3 fibroblast cells. In one
hour, cells formed stress fibers on glass coated with TMV and
2c. After 5 h, little to no cells was observed on 2e coated
glass whereas cells had attached and spread on surfaces
coated with 2c. Similar results were observed with 24 h cul-
tures (Figures 3A–C). Cell counts on each surface indicated a
significant increase in cell attachment and survival on RGD
modified TMV coated slides as compared to native TMV coated
slides (Figure 3D). The result demonstrates the feasibility of
modulating cell behavior grown on TMV-based scaffolds modi-
fied by CuAAC reaction. Future studies will focus on the use of
a variety of ligands that affect the binding properties of a mul-
titude of cell lines with the end goal being the optimization of
conditions (bionanoparticle, peptide, and surface) for all differ-
ent cell lines.
Using aryldiazoniums to catch the ortho-position of phenolic


group of tyrosines is a well-known method for protein biocon-
jugation. However, this reaction has two distinct disadvantag-
es. First, synthesis of desired starting materials is difficult; and
second, the reaction is only suitable for electron-deficient ani-
lines, which dramatically impedes its potential applications.
Herein, we demonstrate that an alkyne group can be quantita-


tively attached to tyrosine residues by diazonium-coupling and
a sequential CuAAC reaction with azides can efficiently conju-
gate a wide range of compounds to the surface of TMV. These
azides have shown to retain their functions after attachment
to the rodlike viral scaffold as shown in the cell binding study.
Future work is focused on using this unique scaffold with vari-
ous other peptides and multiple cell lines. The mild and bio-
friendly conditions of CuAAC reaction ensure the compatibility
of this bioconjugation strategy. Current efforts are focused on
the exploration of this method to other protein targets.


Experimental Section


General : All reagents were used as received. The virus was pre-
pared as previously described.[45] Compounds a–i were synthesized
according to literature protocols.[14, 27,50, 51] Unless otherwise noted,
“buffer” refers to 10 mm potassium phosphate buffer, pH 8.0. Su-
crose gradient ultracentrifugation separation of virus samples was
performed on a 20 mL gradient (made of 40% (w/w) sucrose solu-
tion in buffer, frozen at �20 8C, and thawed before use) with cen-
trifugation at 90000g for 2 h with a Beckman SW41 rotor using
a Beckman OptimaTM L90K Ultracentrifuge. The concentration of
ACHTUNGTRENNUNGunmodified virus was measured by absorbance at 260 nm;
0.1 mgmL�1 of TMV gives a standard absorbance of 0.3.[53] Modi-
fied virus concentrations were measured using a modified Lowry
protein assay kit (Pierce). The molecular weight of a single subunit
of wild-type TMV is 17,534 Daltons.


Figure 1. A) MALDI-TOF MS spectra of the subunit protein of native TMV (17534 m/z), acetylene-TMV 2 and CuAAC reaction products 3a–3e. B) UV-Vis analy-
sis of TMV and coumarin product 3a. C) MALDI-TOF MS of dual modification of TMV with a 1:1 mixture of c and d as starting materials. The numbers in paren-
theses refer to the expected masses.
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Analysis : For MALDI-MS analysis, viruses were denatured by
adding guanidine hydrochloride (6 mL, 6m) to the sample (24 mL)
and mixing for 5 min at room temperature. Denatured proteins
were spotted on MTP 384 massive target plate using Millipore Zip-
TipsmC18Q tips to remove excess salts and assist the binding of pro-
tein to the sinapic acid matrix. MALDI-MS analysis was performed
using a Bruker Ultra-Flex I TOF/TOF mass spectrometer. TEM analy-
sis was performed by depositing 20 mL of sample onto 300-mesh
carbon coated copper grid for 2 min. The grids was then stained


with 2% uranyl acetate and viewed with a JEOL 100 CX II transmis-
sion electron microscope. FPLC analysis was performed on an
AKTA explorer (GE Amersham Pharmacia Biotech) instrument,
using a Superose-6 size-exclusion column. Buffer used was 50 mm


potassium phosphate buffer (pH 7.0) with 150 mm NaCl. Intact par-
ticles showed an elution volume of approximately 7.5 mL and
broken particles eluted further downstream at 20 to 25 mL.


General protocol of CuAAC bioconjugation : The synthesis of 2
was modified from the protocol reported by Francis et al.[36] For
standard CuAAC reactions, azide (100 mm, 55 mL) and a solution 2
(15 mgmL�1, 265 mL) were mixed with Tris buffer (10 mm, 660 mL,
pH 8.0). Then solutions of CuSO4 (100 mm, 10 mL) and NaAsc
(200 mm, 10 mL) were added and the mixture was incubated at
room temperature for 18 h. The reaction mixture was purified via a
10–50% sucrose gradient from which the light scattering region
was collected. The modified virus was then pelleted using ultracen-
trifugation at 160000g for 2.5 h. The pellet was dissolved in buffer
and characterized by UV-Vis, FPLC, MALDI-TOF MS, and TEM.
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Figure 3. Optical images of NIH-3T3 cells grown on A) native TMV, B) 2c and
C) 2e coated glass slides. D) The counting of adhered cells on above surfa-
ces after growth of 5 h and 24 h.


Figure 2. A) MALDI-TOF MS spectra of the subunit protein of CuAAC products 3 f–i. B) TEM image and C) SEC diagram of 3h confirming that TMV is still intact
after multiple rounds of conjugations. The numbers in parentheses refer to the expected masses.
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Kahalalide F (KF) is in phase II clinical trials as an anticancer
drug against a range of difficult to treat solid tumors including
prostate, breast and colon carcinomas, neuroblastomas, chon-
drosarcomas, and osteosarcomas and has relatively low toxicity
to nontumor cells.[1] KF was originally isolated by Hamann and
Scheuer from the sacoglossan marine mollusk, Elysia rufescens,
and subsequently from the sacoglossan’s food source, the
green alga Bryopsis sp.[2,3] In phase I clinical trials, KF had a clin-
ical benefit for patients with advanced androgen refractory
prostate cancer and other advanced tumors.[4] KF appears to
act on cell lysosomes, with treated cells swelling dramatically
and forming large vacuoles. Cell death is thought to occur via
oncosis,[5] with KF inducing sub G1 cell-cycle arrest and cyto-
toxicity independently of MDR, HER2, p53, and blc-2.[6] A
recent study by Janmaat et al.[7] showed that sensitivity to KF
in a variety of cell lines was positively correlated to receptor
protein tyrosine kinase ErbB3 (HER3) levels and that KF effi-
ciently inhibited the phosphatidylinositol 3-kinase-Akt signal-
ing pathway in sensitive cell lines. These findings suggest that
KF is involved in a hitherto unknown oncosis signaling path-
way and that disruption of lysosomes is simply the final step in
a series of cascading events. Despite numerous studies into
the mode of action of KF, the actual cellular receptor for the
molecule remains a mystery.
Chemical proteomics[8] is a powerful tool for isolating and


identifying cellular receptors for biologically active natural
products, thereby facilitating subsequent rational drug design,
and often providing valuable information regarding underlying
biochemical and cellular processes. In chemical proteomics, a
small molecule (drug) is immobilized on a solid support or is
tagged with a radioactive/fluorescent label to generate an
ACHTUNGTRENNUNGactivity or affinity probe, which can be used to isolate and
iden ACHTUNGTRENNUNGtify a single protein or a family of proteins from an entire
ACHTUNGTRENNUNGproteome.[9] However, this technique often requires larger
amounts of protein than are typically available in such experi-
ments, particularly for low-abundance proteins, and more im-
portantly, generally results in isolation of the most abundant
binding protein, rather than the most avid binder.[10] One solu-
tion is to provide a physical link between the protein and its
corresponding gene—the so-called “genotype–phenotype
link”.[11] This construct allows affinity purification of the protein


using an immobilized natural product, but also provides a
means of identification through amplification (PCR) and se-
quencing of the attached gene. Whereas there are several
methods of creating a genotype–phenotype link, such as
mRNA display[12] and ribosome display,[13] currently the most
popular is phage display,[14] whereby the gene encoding a pro-
tein of interest is cloned into a bacteriophage (phage) in such
a way that the protein is expressed on the surface of the virus.
If an entire cDNA library is cloned into a phage display vector,
each phage particle will contain a different gene insert and will
express the protein encoded by that gene on its surface. The
displayed proteins usually behave as if they were free in solu-
tion and do not suffer from many of the problems associated
with protein overexpression in bacterial cells, such as toxicity
or precipitation. Phage displaying the target protein can then
be isolated from the library using an immobilized natural prod-
uct, as per standard chemical proteomics experiments.[15,16] The
real power of phage display comes from the fact that phages
can be amplified by transfection into E. coli and then subjected
to another round of affinity selection with the immobilized
small molecule. This cycle can be repeated numerous times,
ACHTUNGTRENNUNGallowing the most avid binder(s) to be identified, even if they
are only present in very small amounts in the original cDNA li-
brary. As the starting point is actually a transcriptome and not
a proteome, we call this technique “reverse chemical proteo-
mics”.[9] A potential problem with all chemical proteomics and
reverse chemical proteomics methods is that derivatization of
the small molecule may affect its biological activity and this
possibility must first be excluded. In this paper, we describe
the first use of reverse chemical proteomics with T7 phage dis-
play to isolate a human protein binding partner for a marine
natural product with no known receptor.
A biotinylated analogue of KF 1, containing a long, hydro-


philic linker, was synthesized (Scheme 1) and immobilized on a
neutravidin-coated microtiter plate to generate an affinity sup-
port. In addition, a biotinylated control reagent, biotin-Bu 5,
was synthesized by coupling 4 with n-butylamine to mimic
only the ornithine side chain of KF. KF-NBD 6, a fluorescent an-
alogue of KF, also derivatized through the primary amine of
the ornithine side chain of KF with 4-chloro-7-nitro-2,1,3-ben-
zoxadiazole (NBD) was similarly made for fluorescence micro-
scopy (Figure 1). It has been shown that the biological activity
of KF is lost on hydrolysis of the cyclic ester to give kahala-
ACHTUNGTRENNUNGlide G,[3] suggesting that the hexadepsipeptide ring is required
for activity. As the ornithine side chain of KF is some distance
from the depsipeptide ring and derivatization of this group
has been shown to result in retention of anticancer activity,[17]


it was reasoned that this group might not be important for
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binding of KF to its receptor(s). This was supported
by microscopy of human cell lines treated with 1 and
6 (Figure 1). In both cases, the KF analogue was able
to enter the cells, causing death within minutes at
10 mm.
It has previously been reported that KF causes pro-


found vesiculation and eventually bursts cancer cells
leaving only the nucleus intact but granulated.[18] We
observed detachment of confluent cells followed by
extensive blebbing and then lysis of the cell mem-
branes (see Figures S9–S11 in the Supporting Infor-
mation). The nuclear membrane was unaffected by
the derivatives and free nuclei were visible shortly
after treatment with KF or analogues. Some nuclear
granulation was observed by phase contrast micro-
scopy (Figure 1B) of OVCA429 cells.
Three T7 phage-displayed human disease cDNA li-


braries (Alzheimer brain, breast tumor, and lung
tumor) were subjected to nine rounds of selection
using the KF-derivatized plate as an affinity probe.
Brief washing was used for the first five rounds of se-
lection to ensure that low affinity binders present in
low copy numbers were not lost. This resulted in the
accumulation of nonspecific binders and those with a
growth advantage (for example, Iberphage with no
insert ; 175 bp band in Figure 2C). Consequently, a
further four rounds of selection were performed, with
more rigorous washing steps between each round,
which resulted in the loss of Iberphage and appear-
ance of new bands (Figure S7). The selection was ter-
minated before consensus to uncover a wider selec-
tion of possible receptors. Random plaques were se-
lected from each library and their DNA inserts were
amplified by PCR and fingerprinted with HinfI.
Sequencing the DNA insert from every clone isolat-


ed to determine its identity is both time consuming
and costly. Therefore, we employed the restriction
endonuclease HinfI, which is a frequent base cutter
commonly used for analysis of genomic DNA,[19] to
create a DNA fingerprint of each clone. By perform-
ing gel electrophoresis on the digested DNA and
ACHTUNGTRENNUNGexamining the unique pattern of bands produced
(Figure 2), it is possible to identify clones containing
identical or similar DNA inserts, thereby reducing the
amount of sequencing required. Thus nine clones in
the Alzheimer brain library, two clones in the breast
tumor library, and four clones in the lung tumor li-
brary all had very similar DNA fingerprints. Subse-
quent DNA sequencing of these clones revealed that
all 15 contained a copy of the human ribosomal pro-
tein S25 (RPS25) gene that was in frame with the T7
coat protein, with the only difference between clones
being in the length of the sequences at the start and
end of the gene (Figure S12). Each T7 phage display
library contains approximately 107 primary clones, so
the probability of rescuing two nonidentical clones
expressing the same protein from the same library


Scheme 1. Synthesis of biotin-KF 1. Reagents and conditions: A) DSC, HInig’s Base,
MeCN, 25 8C, 16 h, not isolated; B) Boc-NH-TEG-NH2, HInig’s Base, MeCN, 25 8C, 4 h, 57%;
C) TFA (neat), 25 8C, 5 min, quant; D) NHS, DCC, THF/DMSO, 25 8C, 18 h, 71%; E) Et3N,
MeCN/DMSO, 25 8C, 4 h, 74%; F) DSC, Et3N, MeCN, 25 8C, 16 h, 73%; G) kahalalide F, Et3N,
MeCN/DMSO, 25 8C, 16 h, 85%; H) DSC, TEA, DMSO/acetonitrile 25 8C, 16 h, then n-butyl-
ACHTUNGTRENNUNGamine 4 h, 44%.
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by chance is 1 in 107, as is the probability of isolating clones
expressing the same protein (Figure S8) from two different
cDNA libraries. The possibility of contamination from one se-
lection to another can be excluded because each library yield-
ed different clones. Therefore, the concentration of at least five
different RPS25 clones from three different cDNA libraries is
highly significant and suggests that RPS25 is a binding partner
for KF. Apart from RPS25, no other interesting clones were en-
riched by the KF support. Two clones isolated from the breast
tumor library (Supporting Information) contained a fragment
of DNA with no assigned function. The peptide encoded by
this fragment showed homology with ovarian epithelial carci-
noma related protein, which is a putative cancer marker[20] but
the peptide was out of frame with the coat protein (+1) so is
unlikely to be expressed by the phage. Two clones for a hypo-
thetical protein (FLJ20297) were also isolated from the breast
tumor library but the small fragment was also out of frame
(+1). Similarly, two clones for a small section of chromosome 1
were isolated from the lung tumor library but there is a stop
codon very soon after the beginning of the insert in all three
reading frames. Thus only RPS25 was isolated from all three li-
braries as in-frame, full-length clones. No other clone was iso-
lated from multiple libraries and multiple clones from within
one library did not contain in-frame proteins of any length.
One clone isolated from the lung tumor library was found to
display a full-length, out-of-frame (�1) copy of proline rich nu-
clear receptor co-activator 2. This cDNA sequence also contains
several stop codons in the long 5’-UTR so is unlikely to actually
express any protein.
An on-phage binding assay[16] was used to determine wheth-


er the five different T7 phage-displayed RPS25 clones have a
greater affinity for neutravidin plates derivatized with 1 than
for similar plates derivatized with 5. It was found that all five
RPS25 clones isolated, including those missing the first 11
amino acid residues of the protein (BrTE5/LuTE4), had a higher
affinity for a microtiter plate derivatized with 1 than 5 (Fig-
ure 3A). In contrast, wild-type phage (Iberphage) showed a
low affinity for both surfaces. To estimate the dissociation con-
stant for the RPS25–KF interaction, a second on-phage binding
assay was also performed using free KF to elute bound phage
specifically. It was discovered that incubation with solutions of


KF in PBS for 30 min at room temperature resulted in complete
elution of bound phage, regardless of KF concentration (Fig-
ure S6). Reducing the incubation time to 10 min produced a
clear dose-response between KF concentration and phage titer
(Figure 3B). Although the phage titer had not reached a maxi-
mum at 100 mm KF, higher concentrations were not attainable
because of limited solubility. Therefore, the titers obtained
from the 30 min elution were used to estimate the maximum
number of elutable phage (4.8O107 pfumL�1). The data were
fitted to a four parameter logistic equation using least squares
regression and the EC50 value for the RPS25–KF interaction was
found to be 50�30 mm.
Surface plasmon resonance (SPR) was used to confirm the


selectivity of phage-displayed RPS25 for binding to 1 over a
control chip. Concentrated RPS25–phage lysate was passed
over a streptavidin-coated gold chip that had been derivatized
with either 1 or 5 (control), and the association and subse-
quent dissociation in buffer were monitored by SPR (Fig-
ure 3C). In addition, RPS25-phage and Iberphage (displaying
no foreign protein) were injected over a streptavidin-coated
gold chip that had been derivatized with 1 to observe differen-
ces in binding kinetics (Figure 3D). RPS25-phage bound more
efficiently and at a faster initial rate suggesting a specific inter-
action. However, as significant nonspecific binding of RPS25-
phage to the reference channel 5 and Iberphage to the KF
channel 1 were also observed, it was not possible to analyze
the kinetics quantitatively.
Human RPS25 forms part of the small (40S) subunit of the


eukaryotic ribosome.[21] In eukaryotic cells, ribosomal proteins
are synthesized in the cytoplasm and are then transported into
the nucleus, where they are assembled into functional ribo-
somes in the nucleolus.[22] As no staining of the nucleus was
observed on exposure to 6 (Figure 1), but cytoplasmic struc-
tures that could be interpreted as ribosomes were specifically
stained, it is possible that KF binds tightly only to assembled
functional ribosomes. RPS25 is known to lie at the surface of
the mammalian 40S ribosomal subunit and is thought to play
a role in stabilizing the conformation of the complex.[23] Conse-
quently, interactions between KF and the less basic domain of
RPS25 from residue 44 onwards may serve to destabilize the
40S subunit, also preventing the formation of functional ribo-


Figure 1. Phase contrast and fluorescence microscopy of A) HOSE1.7 and B) OVCA429 cells treated with 6 (10 mm) for 15 min show extensive vesiculation of
cytoplasm characterized by blebbing before lysis. The nuclear membranes are unaffected. In both cell lines, the fluorescently labeled KF stained specific struc-
tures in the cytoplasm.
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somes and inhibiting protein synthesis. However, this mode of
action alone is unlikely to result in the rapid swelling and ve-
siculation of cells observed on treatment with KF.[18] It is possi-
ble that RPS25 is part of a signaling pathway, and that inter-


ACHTUNGTRENNUNGaction with KF triggers a series
of cascading events, eventually
resulting in disruption of lysoso-
mal membranes and cell death
by oncosis. There have been nu-
merous reports of ribosomal
proteins having extraribosomal
functions.[24] RPS25 is over-
ACHTUNGTRENNUNGexpressed in human leukemia
(HL60) cells that are resistant to
the anticancer drug adriamycin
(doxorubicin)[25] and is thought
to participate in a p53-mediated
apoptotic sequence following
prolonged starvation of cells.[26]


In addition, a defect in ribosome
biogenesis has been shown to
cause activation of a p53-medi-
ated checkpoint, leading to cell
cycle block and potential DNA
damage.[27] Small molecules that
bind to ribosomes are known,
with the prokaryotic ribosomal
subunits being the target of
many different classes of antibi-
otics.[28] The majority of these
drugs are thought to interact
with ribosomal RNA (rRNA) and
not with the ribosomal pro-
teins,[29] although given that
these two components are inti-
mately associated in a functional
ribosome, it is possible that both
play a role in the binding inter-
actions. Therefore, it would be
reasonable to expect that KF
would bind much more strongly
to an intact ribosome than to
isolated RPS25. This phenomen-
on has been observed with er-
ythromycin, which shows only
moderate affinity for ribosomal
protein L15 in solution (Kd=


20 mm),[30] yet binds 2000 times
more strongly to the intact 70S
ribosome (Kd=10 nm).[31]


In conclusion, we have used
reverse chemical proteomics
with T7 cDNA phage display to
identify human RPS25 as a bind-
ing partner for KF, and have
shown that KF binds to phage-
displayed RPS25 in a dose-de-


pendent manner with a conservative dissociation constant of
~50 mm. By using an SPR on-phage binding assay we were
able to show that RPS25-phage bind specifically to KF, but
were unable to determine the rate constants involved because


Figure 2. Agarose gel electrophoresis of PCR products obtained from individual plaques after nine rounds of se-
lection with 1 immobilized on a neutravidin-coated plate. The DNA inserts were also digested with HinfI to pro-
duce unique DNA fingerprints of each clone. A) Alzheimer brain (AB), B) Breast tumor (BrT), and C) Lung tumor
(LuT) libraries.
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of high levels of nonspecific binding of the phages or other
components of the cell lysate to derivatized surfaces. Currently,
the main problems with phage display as a discovery engine
appears to be from promiscuous, nonspecific binding and the
growth advantage of phage with small inserts. We have over-
come the former by preadsorbing the phage library onto a
control surface. Whereas more work needs to be done to opti-
mize this technique to minimize background, the data present-
ed herein show that the technique has the potential for the
rapid identification of protein binding partners for any small
molecule. We hope these results will stimulate other research-
ers to investigate the significance of the interaction between
KF and RPS25 as it is possible that RPS25 is part of a hitherto
undiscovered signaling pathway. Future work in our lab in-
cludes the incorporation of a photocleavable linker[32] to allow
specific elution of only bound phages and the derivatization of
a range of KF analogues to determine the structural require-
ments for RPS25 binding. The HinfI fingerprinting used in this
study allows many clones to be screened very quickly and
cheaply, thereby facilitating the analysis of a far greater
number of phages without the need for sequencing.


Experimental Section


Synthesis of reagents : Full details of the synthesis and characteri-
zation of biotin-KF (1), as outlined in Scheme 1, as well as biotin-
Bu (5), and KF-NBD (6) are given in the Supporting Information.


Microscopy : Normal human ovarian surface epithelial cells
(HOSE1.7) and highly invasive human ovarian carcinoma (OVC
A429) cells were obtained from the Australian proteome analysis
facility (APAF). Cells were grown in Dulbecco’s Modified Eagle
Medium (Gibco) and supplemented with HEPES (10 mm), penicillin
(1%), glutamine (2 mm), and dialyzed fetal calf serum (20%). Cells
were harvested with trypsin/EDTA (Gibco) and grown to ~90%
confluency in chambered coverslips (LabTek). For live cell imaging
the growth medium was replaced with PBS. Microscopy was per-
formed on an Olympus IX70 inverted confocal microscope (60O oil
immersion lens) at the Macquarie university microscopy unit. KF
and derivatives were dissolved in DMSO (1mg mL�1) and diluted
into PBS before inoculation into confluent cells to obtain a final
concentration of 10mg mL�1. Fluorescence excitation was achieved
with an argon ion laser (488 nm) with a 510 nm long pass filter.


Preparation of biotin-KF derivatized microtiter plates : A solution
of biotin-KF (1) (1 mg) in DMSO (1 mL) was diluted to 20 mL with


Figure 3. On-phage microtiter plate and SPR binding studies. A) Affinity of five T7 phage-displayed RPS25 clones for a neutravidin-coated microtiter plate
ACHTUNGTRENNUNGderivatized with 1, as determined by nonspecific elution with SDS. B) Affinity of T7 phage-displayed RPS25 plaque ABA3 for a neutravidin-coated microtiter
plate derivatized with 1, as determined by specific elution with KF in PBS. C) SPR sensorgrams for RPS25-phage flowing over streptavidin-coated gold chips
derivatized with 1 (solid line) or 5. D) Comparison of RPS25-phage (solid lines) and wild-type phage (dotted lines) binding to a streptavidin-coated gold chip
derivatized with 1, normalized for concentration.
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PBS and an aliquot (100 mL) was added to each well of a neutravi-
din-coated polystyrene microtiter plate. The plate was left to stand
at 4 8C overnight before the solutions were aspirated and each
well was washed with PBS (3O250 mL). A second plate was deriv-
atized with biotin-Bu (5) in a similar fashion. All microtiter plate
wells were preincubated with PBS (250 mL) for 1 h at room temper-
ature then washed with PBS (3O250 mL) immediately before use.


Affinity selections : Initial T7 phage libraries and subsequent subli-
braries were amplified using E. coli BLT5615 as described in the T7
Select system manual.[33] Tween-20 (1% in PBS) was added to each
clarified T7 phage lysate to give a final concentration of 0.01% and
an aliquot of each lysate (100 mL) was added to the control plate
derivatized with biotin-Bu. After incubating for 2 h at room tem-
perature, the lysates were transferred to the plate derivatized with
biotin-KF, and left to incubate for 4 h at room temperature. Finally,
each well of the plate was washed with phage wash buffer (PWB)
(3O250 mL over 10 s) and incubated with SDS (1%; 100 mL) for
30 min at room temperature. The SDS eluates were used to rein-
fect E. coli for the next round of selection, with nine rounds being
performed in total. The stringency of the washing step was in-
creased for each successive round, from 3O250 mL PWB over 10 s
in round 1 to 30O250 mL PWB over 5 min in round 9.


Titering T7: LB agarose (5 mL) was heated in a microwave oven
until completely molten and then allowed to cool to 50 8C. IPTG
(24%; 5 mL) and IPTG-treated BLT5615 cells (250 mL) were added to
the cooled agarose and the mixture was poured onto a pre-
warmed LB agar plate. The uncovered plate was left to stand at
room temperature until the agarose had set completely (30–
45 min). The phage eluate retained from each round of selection
was serially diluted with 2xYT from 10�1 to 10�6 in a flexible 96-
well assay plate. A small aliquot (2.5 mL) of each dilution from each
round of selection was dropped onto the surface of the solidified
agarose using a multichannel micropipette (8O6 array). The uncov-
ered plate was left to stand at room temperature until the drops
had absorbed completely into the agarose and was then incubated
for 3–4 h at 37 8C until plaques were clearly visible against the
lawn of bacteria. The particular phage dilution from each round of
selection that contained a countable number of plaques (5–50)
was used to calculate the phage titer.


Picking plaques : Amplified phage lysate from the final round of
selection was serially diluted with 2xYT from 10�1 to 10�7 in a flexi-
ble 96-well assay plate. A top agarose plate containing an aliquot
of the 10�7 phage dilution (50 mL) was incubated at 37 8C until
plaques were clearly visible against the lawn of bacteria (3–4 h). In-
dividual plaques (96) were collected by stabbing the center of
each plaque with a 10 mL micropipette tip and transferring the tip
to IPTG-treated BLT5615 cells (100 mL per well) in a 96-well micro-
titer plate. After 96 plaques had been picked, the microtiter plate
was incubated at 37 8C until complete lysis of the bacterial cells in
each well was observed (1–2 h). The plate was then centrifuged at
4300 rpm for 10 min at 4 8C, and the supernatant from each well
(40 mL) was transferred into a clean 96-well microtiter plate con-
taining 80% glycerol (10 mL per well) and stored at �80 8C until
ACHTUNGTRENNUNGrequired.


Of the 96 plaques, 23 small to medium sized plaques were ran-
domly selected for sequencing.


Hinf1 fingerprinting : Phage lysate (1 mL) was added to PCR
master mix (49 mL) and the resulting solution was subjected to 35
rounds of thermocycling using the protocol shown in Table S2. An
aliquot of the amplified DNA solution (20 mL) was then incubated
with DNA fingerprinting mix (Hinf1 0.1 U, NEB buffer; 30 mL) at


37 8C for 2 h. Each amplified cDNA insert or fingerprinting sample
(5 mL) was analyzed by gel electrophoresis (1.5% agarose) and
visualized by using a UV transilluminator (ethydium bromide).


Binding assays : An aliquot of clarified phage lysate (100 mL) from
a single T7 plaque was added to eight wells of a microtiter plate
that had been derivatized with the biotin-Bu (5), and a second ali-
quot (100 mL) was added to eight wells that had been derivatized
with biotin-KF (1). The plates were left to stand for 2 h at room
temperature. The lysates were then aspirated and the wells were
washed with PWB (10O250 mL). For nonspecific elutions, SDS (1%;
100 mL) was added to each well and the plates were incubated for
30 min at room temperature. For specific elutions, a serial dilution
of free KF was performed in PBS and an aliquot of each dilution
(100 mL) was added to one well of the derivatized plate and one
well of the control plate and the plates were left to stand for
10 min at room temperature. Finally, the eluates were serially dilut-
ed and titered.


SPR experiments : SPR experiments were performed on a Biacore
2000 instrument (Biacore AB, Sweden) on streptavidin (SA) chips
using a flow rate of 20 mL min�1. Initially, two channels of a Biacore
SA SPR chip were conditioned with three consecutive 20 mL injec-
tions of 50 mm NaOH in 1m NaCl and then equilibrated with HBS-
EP (10 mm HEPES pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005% poly-
sorbate 20) for 1 h. A solution of biotin-Bu (5 ; 10 mm) in HBS-EP
was injected through the first (reference) channel of the chip for
10 min and a solution of biotin-KF (1; 10 mm) in HBS-EP was similar-
ly injected through the second channel for 10 min. Both channels
were then equilibrated with HBS-EP for 1 h.


Clarified RPS25 phage lysate (100 mL) was filtered (0.22 mm) and
PEG-precipitated according T7Select system manual.[33] The phage
pellet was resuspended in HBS-EP (1 mL) and the resulting solution
was titered and found to be 6.6O10�10m. Wild-type phage with no
insert were grown under identical conditions, precipitated, and re-
suspended to give a final concentration of 1.3O10�9m. The biotin-
Bu and biotin-KF channels on the SPR chip were injected with
phage lysate for 10 min and the association of phages to the chip
surface was measured, with one reading taken every second. The
channels were then injected with HBS-EP for 15 min and the disso-
ciation of bound phages was recorded in the same manner. Finally,
each channel was treated with PWB for 5 min to regenerate the
surface of the chip. Each phage solution was injected twice, yield-
ing a total of two association curves and two dissociation curves
per phage lysate. The data were then edited manually to remove
spikes and baseline anomalies.
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Introduction


The formation of insoluble amyloid fibers is a common hall-
mark of many neurodegenerative diseases, such as Alzheimer’s
disease, type II diabetes, Parkinson’s disease, and the transmis-
sible spongiform encephalopathies.[1,2] Additionally, various
nondisease related proteins have recently been shown to ag-
gregate into similar fibrillar structures under in vitro condi-
tions; this suggests that the amyloid structure is a general fea-
ture of peptides and proteins.[2, 3] Although there are usually no
sequence homologies, the molecular architecture within the
ACHTUNGTRENNUNGfibrillar assemblies features impressive similarities.[4,5] More
ACHTUNGTRENNUNGimportantly, the soluble forms of amyloid-forming proteins
mostly exhibit an unfolded or partially a-helical conformation,
while their insoluble, amyloid analogues are rich in b-sheets.
Interestingly, proteins that convert to amyloids without exten-
sive structural transitions have also been reported.[6–8] Never-
theless, for most naturally occurring amyloids there is a certain
necessity for a conformational transition that, as a conse-
quence, shifts the equilibrium from the native structure to the
aggregated amyloid form.[9,10] Many striking factors have been
reported to act as a trigger for structural conversions; these
range from mutations in the primary structure to changes of
the environmental conditions, such as pH, metal ions, protein
concentration, and oxidative stress.[11–14] Due to the naturally
high concentration of heavy metal ions in the brain and their
importance in the context of neurodegenerative diseases, the
influence of metallochemical reactions on protein conforma-
tion and amyloid formation has especially drawn attention in
recent years.[15–17]


Although substantial progress towards the understanding of
amyloid formation has been made in the last decade, the eluci-
dation of the molecular interactions that occur during the


structural transformation and the subsequent formation of
amyloids on a molecular level is still a challenge. The low solu-
bility of amyloid-forming proteins and a mostly poor synthetic
accessibility restrict the spectrum of analytical techniques and,
thus, complicate a detailed characterization. Therefore, the
ACHTUNGTRENNUNGdevelopment of suitable peptide models that can overcome
the above-mentioned drawbacks of natural systems is of para-
mount importance.[18]


We present here a series of de novo designed, coiled-coil
based, amyloid-forming model peptides that sensitively react
in the presence of Cu2+ and Zn2+ with changes in their secon-
dary structure. Depending on the position of the coordinating
histidine residue, metal-ion complexation was shown to either
inhibit or accelerate the amyloid-formation process.
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


The common feature of proteins involved in many neurodegener-
ative diseases is their ability to adopt at least two different stable
conformations. The conformational transition that shifts the equi-
librium from the functional, mostly partially a-helical structure,
to the b-sheet rich amyloid can be triggered by numerous factors,
such as mutations in the primary structure or changes in the
ACHTUNGTRENNUNGenvironment. We present a set of model peptides that, without
changes in their primary structure, react in a predictable fashion
in the presence of transition metal ions by adopting different
conformations and aggregate morphologies. These de novo de-
signed peptides strictly follow the characteristic heptad repeat of


the a-helical coiled-coil structural motif. Furthermore, domains
that favor b-sheet formation have been incorporated to make
the system prone to amyloid formation. As a third feature, histi-
dine residues create sensitivity towards the presence of transition
metal ions. CD spectroscopy, ThT fluorescence experiments, and
transmission electron microscopy were used to characterize pep-
tide conformation and aggregate morphology in the presence of
Cu2+ and Zn2+ . Furthermore, the binding geometry within pep-
tide–Cu2+ complexes was characterized by electron paramagnet-
ic resonance spectroscopy.
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Results and Discussion


Peptide design


The approach was to implement features of two distinct folds
into a de novo designed amyloid model. In order to mimic a
native conformation that is rich in a-helices, we applied a
design based on the well known coiled-coil folding motif
(Figure 1).[19,20] Due to the extensive structural knowledge of


this folding motif, it has been widely used as a source for the
generation of amyloid-forming model peptides.[21–25] The a-hel-
ical coiled-coil usually consists of two to seven a-helices, which
are wound around each other with a slight superhelical twist.
The primary structure is characterized by a periodicity of seven
residues, the so-called 4–3 heptad repeat, which is commonly
denoted (a-b-c-d-e-f-g)n, as shown in Figure 1, in blue. Posi-
tions a and d are typically occupied by nonpolar residues that
form the first recognition motif by hydrophobic core packing.
Charged amino acids at positions e and g form the second rec-
ognition motif by interhelical ionic interactions. In the case of
the model peptides presented here, positions a and d are
ACHTUNGTRENNUNGexclusively occupied by leucine residues; this ensures an effi-
ciently packed hydrophobic core. Positions e and g were de-
signed to form exclusively attractive electrostatic interactions
between the helices in case of parallel folding (Figure 1A,
frame).


In contrast, positions b, c, and f are solvent exposed (Fig-
ure 1A). As these positions only have a minor impact on
coiled-coil stability, introduction of modifications will not affect
both helix-forming recognition motifs. Previous studies by our
group have shown that incorporation of three b-sheet prefer-
ring valine residues at the b, c, and f positions of the heptad
repeat sufficiently enhance the amyloid-formation propensity
of a 26-residue coiled-coil peptide.[24,26] Thus, three valine resi-
dues were incorporated into the model peptides presented


here to yield an inherent competition between a-helical
coiled-coil folding and the b-sheet rich amyloid structure.


Since it was our aim to design amyloid-forming models that
react in the presence of transition metal ions, His residues
were incorporated as a key feature (Figure 1). Different strat-
egies for the design of metal-ion sensitive functionalities have
been reported; these range from the mimicry of naturally oc-
curring zinc-finger patterns to de novo approaches.[12,27–29] We
followed the i+2 and i+4 strategy which has already been uti-
lized for the characterization of the effects of FeIII binding by
non-natural ligands.[28] Incorporation of His at i and i+2 posi-
tions within the heptad repeat led to a strong distortion of the
peptide backbone upon metal binding, and resulted in desta-
bilization of the helical structure and subsequent unfolding.
ACHTUNGTRENNUNGIncorporation of His at positions i and i+4 yielded a contrary
behavior. Here, both residues are in close spatial proximity in
case of helical folding. Therefore, metal coordination results in
stabilization of the helical conformation.[28]


Structural characterization


The time-dependent amyloid formation of peptides i+2 and
i+4 was followed by circular dichroism (CD) spectroscopy and
Thioflavin T (ThT) staining experiments. Furthermore, transmis-
sion electron microscopy (TEM) was applied for the characteri-
zation the resulting aggregates.


Starting with a partially helical conformation, peptide i+2
slowly formed amyloids within 120 h in the absence of metal
ions, as indicated by the appearance of one minima at 216 nm
in the CD spectrum (Figure 2A). As expected, incubation with
two equivalents of Cu2+ yielded an unfolded conformation,
with one prominent minimum at 200 nm, which was retained
for the entire observation period of ten days (Figure 2B). In
contrast to our expectations, addition of two equivalents of
Zn2+ did not lead to unfolding but rather resulted in the accel-
eration of amyloid formation. The b-sheet conformation was
detected by CD spectroscopy within the first 100 h (Figure 2C).


The ThT-staining assay confirmed the observed differences
between Cu2+ and Zn2+ (Figure 3A). Without metal addition, a
sigmoidal increase of the dye’s fluorescence intensity was ob-
served; this points to the typical pathway of nucleation-depen-
dent amyloid elongation. Not surprisingly, Cu2+ addition yield-
ed almost unchanged fluorescence intensities, which supports
the CD spectroscopic observations of a random-coil conforma-
tion. As already assumed from the CD spectra, addition of Zn2+


led to accelerated amyloid formation, as indicated by a rapid
increase in ThT fluorescence intensity. In order to clarify the dif-
ferent amyloid formation tendencies observed by spectrosco-
py, the resulting peptide aggregates were characterized by
negative-staining TEM after incubation for seven days. In the
absence of metal ions, peptide i+2 formed fibrils with either
long straight and/or flexible ribbon morphology (Figure 3B
and Supporting Information). In contrast, in the presence of
Cu2+ , aggregates possessed an amorphous morphology; this
emphasizes the occurrence of unfolded species (Figure 3C).
Consistent with the spectroscopic data, Zn2+ addition yielded


Figure 1. A) Helical wheel diagram, and B) sequence of peptides i+2 and
i+4. The design contains three features: I) intact coiled-coil interaction do-
mains (frame), II) valine at the b, c, and f position to generate an intrinsic
amyloid-formation propensity (yellow), and III) metal-binding His to disrupt
(green) or induce (red) the helical structure upon metal coordination.
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ribbon-like amyloid fibers similar to those observed in the ab-
sence of metal ions (Figure 3D).


In contrast to i+2, peptide i+4 did not discriminate in sec-
ondary-structure formation upon coordination to either Cu2+


or Zn2+ . In the absence of metal ions peptide i+4 rapidly con-
verted from a mainly unfolded state to a b-sheet; this indicates
fast amyloid formation (Figure 4A). Addition of either Cu2+ or
Zn2+ yielded helical structures that were retained for the entire
observation period of ten days (Figure 4B and C). Staining of
the resulting aggregates with ThT confirmed the CD data.
Without metal addition a strong increase in the dye’s fluores-
cence was observed, while samples incubated with either Cu2+


or Zn2+ did not show any increase in fluorescence intensity
(Figure 5A). Thus, addition of metal ions to peptide i+4 shifted
the equilibrium to the helical conformation and, as a result,
ACHTUNGTRENNUNGinhibited the amyloid-formation process.


Furthermore, TEM analysis of the resulting aggregates after
seven days of incubation revealed distinct morphological dif-


ferences. In the absence of metal ions, peptide i+4 typically
formed twisted fibrils that contained four or more protofila-
ments (Figure 5B). Additionally, twisted ribbons and tubular as-
semblies were found under these conditions (Supporting Infor-
mation). These results support the spectroscopic observations
of a classical amyloid-formation process. In contrast, samples
incubated with Cu2+ as well as Zn2+ did not show aggregates
with a fibrous morphology as would be expected for amyloids.
In the presence of Cu2+ , short and sticky rod-like assemblies
were found while the addition of Zn2+ yielded cloggy bundles
of bended rods (Figure 5C and D). Although peptide i+4 ex-
hibited a similar a-helical CD signature and nonamyloidogenic
behavior in the presence of Cu2+ and Zn2+ , the resulting ag-
gregates were distinctly different. These morphological differ-
ences are certainly a result of the different coordination geom-
etry within the peptide–Cu2+ and peptide–Zn2+ complexes.


On basis of the applied design principles and the observed
conformational differences between both peptides it is obvi-
ous that the unexpectedly accelerated amyloid formation of
peptide i+2 in the presence of Zn2+ results from both the po-
sitioning of the His residues as well as the intrinsic binding
characteristics of Zn2+ . Extended b-strands in general possess
a zigzag alignment. As a result, the His residues at i and i+2
positions are in close proximity to each other on the same side
of the strand, and can therefore be easily accessed by metal
ions. His residues at i and i+4 positions are on the same side
of the b-strand. However, His side chains are now located far
apart from each other; this prevents efficient metal coordina-
tion. Therefore, it appears likely that only metal binding to resi-


Figure 2. CD spectra of peptide i+2: A) without metal ions, B) in the pres-
ence of 2 equiv Cu2+ , or C) in the presence of 2 equiv Zn2+ . Spectra were re-
corded after 6 h (c), 96 h (····), and 120 h (a) ; 100 mm peptide, 200 mm


Cu ACHTUNGTRENNUNG(OAc)2 or Zn ACHTUNGTRENNUNG(OAc)2, 10 mm phosphate buffer pH 7.4.


Figure 3. A) ThT-staining assay of peptide i+2 in the absence of metal ions
(*), and in the presence of 2 equiv Cu2+ (&) or Zn2+ (~) ; 50 mm peptide,
50 mm ThT, 100 mm Cu ACHTUNGTRENNUNG(OAc)2 or ZnACHTUNGTRENNUNG(OAc)2, 10 mm phosphate buffer, pH 7.4.
Negative staining transmission electron micrographs (TEM) of peptide i+2:
B) in the absence of metal ions, C) in the presence of 2 equiv Cu2+ , and
D) in the presence of 2 equiv Zn2+ ; 100 mm peptide, 200 mm CuACHTUNGTRENNUNG(OAc)2 or
Zn ACHTUNGTRENNUNG(OAc)2, 10 mm phosphate buffer pH 7.4, 7 days incubation.
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dues at positions i and i+2 has the potential to induce and
stabilize amyloids and their b-sheet rich precursors. On the
other hand, binding of Cu2+ to peptide i+2 did not yield accel-
erated amyloid formation as would be expected from the His
positioning. Therefore, the structural preferences of the partic-
ular metal ion also seem to significantly affect the amyloid-for-
mation process.


EPR spectroscopy


As assumed from the conformational investigations, differen-
ces in the coordination geometry of Cu2+ and Zn2+ appear to
dictate aggregate morphology and the course of amyloid for-
mation. Zn2+ usually prefers a coordination number of four
with tetrahedral geometry, while most of the cysteine-free
Cu2+ proteins, the so-called type 2 Cu2+ proteins, possess a co-
ordination number of four but with a square planar arrange-
ment.[30–32] A direct determination of the underlying peptide–


metal coordination geometry by high resolution methods such
as X-ray crystallography is extremely difficult, since amyloid-
forming peptides exhibit an extraordinarily high tendency to
aggregate, which consequently hampers the growth of crys-
tals. However, the geometry within peptide–Cu2+ complexes
can be determined sufficiently by using electron paramagnetic
resonance (EPR) spectroscopy. Consequently, we performed X-
band EPR experiments to shed light on the coordination
sphere of the presented peptide–Cu2+ complexes and to clari-
fy whether a characteristic type 2 Cu2+ center is present.


Figure 6 shows X-band EPR spectra of Cu2+ ions bound to
peptide i+2 and i+4. In order to minimize the EPR signal of
aqueous Cu2+ ions Cu ACHTUNGTRENNUNG(OAc)2 was used because it forms dimers
in frozen solution. The Cu–Cu dimer EPR spectrum is well
known,[33] but was not observed in our spectra. Thus, the ob-
tained signal exclusively arose from peptide-bound Cu2+ . Both
spectra show a typical Cu2+ hyperfine splitting with character-
istic gk (the parallel component of the axially symmetric g
tensor) and Ak (the parallel component of the hyperfine inter-
action) values; this indicates the presence of a type 2 Cu2+


center in a mixed nitrogen/oxygen environment.[34] Similar
spectra have been obtained with naturally occurring amyloids,
such as Alzheimer’s amyloid b (Ab), a-synuclein, and prion pro-
teins.[35–39] From the obtained values we propose a 2N/2O or
3N/1O coordination environment, since lower gk and higher
Ak values are expected for 4N binding.[35] As a result, it appears
likely that at least one His residue within each peptide strand
binds to Cu2+ , and forms a complex with an almost square


Figure 4. CD spectra of peptide i+4: A) without metal ions, B) in the pres-
ence of 2 equiv Cu2+ , or C) in the presence of 2 equiv Zn2+ . Spectra were re-
corded after 6 h (c), 96 h (····), and 120 h (a) ; 100 mm peptide, 200 mm


Cu ACHTUNGTRENNUNG(OAc)2 or Zn ACHTUNGTRENNUNG(OAc)2, 10 mm phosphate buffer pH 7.4.


Figure 5. A) ThT-staining assay of peptide i+4 without metal ions (*), and
in the presence of 2 equiv Cu2+ (&) or Zn2+ (~) ; 50 mm peptide, 50 mm ThT,
100 mm CuACHTUNGTRENNUNG(OAc)2 or Zn ACHTUNGTRENNUNG(OAc)2, 10 mm phosphate buffer, pH 7.4. Negative
staining transmission electron micrographs (TEM) of peptide i+4: B) in the
absence of metal ions, C) in presence of 2 equiv Cu2+ , and D) in presence of
2 equiv Zn2+ ; 100 mm peptide, 200 mm Cu ACHTUNGTRENNUNG(OAc)2 or Zn ACHTUNGTRENNUNG(OAc)2, 10 mm phos-
phate buffer pH 7.4, 7 days incubation.
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planar geometry. 14N hyperfine splittings, which would be help-
ful for interpretation, could not be resolved.


Since EPR spectroscopy requires unpaired electrons at the
metal center it cannot be applied for the characterization of
peptide-bound Zn2+ . Although a distinct coordination geome-
try between the peptide–Cu2+ and peptide–Zn2+ complexes
appears obvious from the observed folding behavior and ag-
gregate morphologies, we have not been able to prove these
differences yet. Further experiments with sophisticated X-ray
absorption near edge structure (XANES) spectroscopy and ex-
tended X-ray absorption fine structure (EXAFS) spectroscopy
are in progress and might help to formulate a deeper structur-
al understanding.


Conclusions


Based on a de novo design approach, our data clearly high-
light the paramount impact of transition metal ion coordina-
tion on protein structure and amyloid formation. In the ab-
sence of metal ions, both model peptides form amyloids
within days. Regardless of the His positions, coordination of
Cu2+ throughout inhibits the formation of amyloids by either
metal-directed unfolding (peptide i+2) or helix stabilization
(peptide i+4). In contrast, the presence of Zn2+ was shown to
accelerate amyloid formation if two metal-binding sites were
placed one residue apart from each other (peptide i+2) point-
ing to the opposite side of the helical cylinder. Zn2+ binding to
peptide i+4, in which the two metal-binding residues are adja-
cent to each other at the helical cylinder, shows a similar amy-
loid-inhibiting and helix-inducing behavior as observed for
Cu2+ . Thus, it can be concluded that metal binding causes in-
hibition or acceleration of the amyloid-formation process by
stabilization or destabilization of a competitive conformation.


In a more general context, our results indicate that not only
the position of the coordinating residue but also the nature of


the metal ion involved significantly contributes to the amyloid-
formation process. The behavior of peptide i+2 impressively
resembles the Cu2+- and Zn2+-dependent amyloidogenesis of
Alzheimer’s Ab in vitro. Recently, Saxena and co-workers[37]


showed that the binding of high concentrations of Cu2+ to Ab


yields granular nonamyloidogenic aggregates, while Lynn and
co-workers[40] reported the accelerating effect of Zn2+ binding
on the amyloid-formation process. Moreover, Stellato et al. de-
termined perceptible differences in the stoichiometry and co-
ordination geometry of Ab1–40–Cu


2+ and -Zn2+ complexes ob-
tained from resuspended fibrils.[41] Model peptide i+2 is a com-
pletely artificial, de novo designed molecule and does not pos-
sess any sequence homologies to Ab, even in terms of the His
positions. However, it shows a similar folding behavior with in-
hibition of amyloid formation in the presence of Cu2+ and an
accelerated amyloid association in the presence of Zn2+ . Due
to these striking similarities it appears obvious that the intrin-
sic binding characteristic of the particular metal ion has a
bigger impact on amyloid formation than acknowledged so
far.


Finally, we can conclude from our experiments that a deli-
cate balance between the position of metal-binding residues
and the intrinsic coordination characteristics of Cu2+ and Zn2+


influences the course of amyloid formation of both presented
model peptides. This highly sensitive model system might help
to understand molecular details of the transition metal ion
ACHTUNGTRENNUNGdependent amyloid-formation processes.


Experimental Section


Peptide synthesis and purification : Peptides were synthesized by
standard Fmoc chemistry by using a Multi-Syntech Syro XP peptide
synthesizer (MultiSynTech GmbH, Witten, Germany) with Fmoc-
Leu-OWang resin (0.65 mmolg�1). Peptides were N-terminally la-
beled with anthranilic acid (Abz) to enable photometric concentra-
tion determination. Cleavage from the resin was carried out by
treatment with 4 mL of a solution containing triisopropylsilane
(10%, w/v), water (1%, w/v), and TFA (89%, w/v). Crude peptides
were purified by reversed-phase HPLC by using a Knauer Smartline
manager 5000 system (Knauer GmbH, Berlin, Germany) equipped
with a C8 (10 mm) PhenomenexN LUNATM column (Phenomenex
Inc. , Torrance, CA, USA). Peptides were eluted with a linear gradi-
ent of water/acetonitrile/0.1% trifluoroacetic acid and identified by
ESI-ToF MS. All MS analyses were performed by using an Agi-
lent 6210 ESI-ToF LC–MS spectrometer (Agilent Technologies Inc. ,
Santa Clara, CA, USA) with direct infusion from a Harvard Appara-
tus 11 Plus syringe pump (Harvard Apparatus, Holliston, MA, USA).
Peptide purity was determined by analytical HPLC by using a
Merck LaChrom Elite system (Merck KGaA, Darmstadt, Germany)
equipped with a C8 (10 mm) Phenomenex LUNATM column (Phe-
nomenex Inc. , Torrance, CA, USA). The applied gradients were simi-
lar to those of preparative HPLC.


Sample preparation : Purified peptides were dissolved in freshly
prepared and filtered phosphate buffer (10 mm, pH 7.4). Peptide
concentration was determined by UV spectroscopy at l=320 nm
by using a Varian Cary 50 photometer (Varian Medical Systems,
Palo Alto, CA, USA) and PMMA cuvettes (1.5 mL, PlastibrandN, VWR
International GmbH, Darmstadt, Germany). Prior to analysis a cali-
bration curve with Abz-Gly-OH (Bachem GmbH, Weil am Rhein,


Figure 6. X-band EPR spectra of freshly prepared peptide–Cu2+ complexes.
Spectra were recorded with 1 mm peptide, 2 mm CuACHTUNGTRENNUNG(OAc)2, 10 mm phos-
phate buffer pH 7.4, 10% glycerol (v/v), T=130 K. i+2: gk=2.272, Ak=


154P10�4 cm�1, g?=2.060; i+4: gk=2.284, Ak=158P10�4 cm�1, g?=


2.063; experimental errors : g? �0.003, Ak �3P10�4 cm�1.
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Germany) in phosphate buffer (10 mm, pH 7.4) was recorded at dif-
ferent concentrations. Subsequently, two equivalents of metal ions
were added by using stock solutions (8 mm) of Cu(Ac)2 or ZnACHTUNGTRENNUNG(OAc)2
(ACS grade, Acros Organics, Geel, Belgium) dissolved in tridistilled
water. Fibrils were formed by incubation at room temperature
under stationary conditions.


Circular dichroism : CD spectra were recorded by using a Jasco J-
810 spectropolarimeter at 20 8C. Quartz cells (0.1 cm path length)
were used throughout. The spectra were the average of three
scans obtained by collecting data from 240 to 190 nm at 0.5 nm
ACHTUNGTRENNUNGintervals, 1 nm bandwidth, and 1 s response time. Spectra were
background corrected by subtraction of the corresponding buffer
spectra. The measured CD data in mdeg were converted into
mean residue ellipticity, qM.


Thioflavin T assay : ThT (Sigma–Aldrich) was used after purification
by reversed-phase column chromatography. Fluorescence spectra
were measured by using a luminescence spectrometer LS 50B
(Perkin–Elmer, Boston, MA, USA) and a fluorescence cuvette
(1.4 mL, 10P2 mm). Samples were prepared by incubating the
peptide solution (200 mL, 100 mm, 10 mm phosphate buffer, pH 7.4)
that contained the corresponding amount of Cu2+ or Zn2+ with
ThT (200 mL, 100 mm, 10 mm phosphate buffer, pH 7.4) for 30 min.
Spectra were measured by accumulating 10 scans from 470 to
600 nm with an excitation wavelength of 450 nm, and background
corrected by subtraction of the free-dye spectrum. The given
ACHTUNGTRENNUNGaggregation traces were generated from the ThT fluorescence
ACHTUNGTRENNUNGintensity at 485 nm and were recorded at several time points.


Electron microscopy : Aliquots of peptide solutions (6 mL) were
ACHTUNGTRENNUNGabsorbed for 1 min to glow-discharged carbon-coated collodium
films on 400 mesh copper grids. After blotting and negative stain-
ing with phosphotungstic acid (PTA, 1%) the grids were air dried.
TEM micrographs were taken at primary magnification of 58300x
by using a defocus of 0.6 mm.


EPR spectroscopy : EPR spectra were recorded by using a Bruker
ESP 300E X-band spectrometer (Bruker BioSpin Corp., Billerica, MA,
USA).


Acknowledgements


This work was supported by the German Research Foundation
(project KO 1976/5-1) and the Freie Universit�t Berlin. We thank
Prof. U. Abram for fruitful discussions.


Keywords: a/b conformational transitions · amyloid fibrils ·
EPR spectroscopy · peptide–metal binding · protein folding


[1] J. P. Taylor, J. Hardy, K. H. Fischbeck, Science 2002, 296, 1991–1995.
[2] M. Stefani, C. M. Dobson, J. Mol. Med. 2003, 81, 678–699.
[3] J. I. Guijarro, M. Sunde, J. A. Jones, I. D. Campell, C. M. Dobson, Proc.


Natl. Acad. Sci. USA 1998, 95, 4224–4228.
[4] R. Nelson, M. R. Sawaya, M. Balbirnie, A. O. Madsen, C. Riekel, R. Grothe,


D. Eisenberg, Nature 2005, 435, 773–778.
[5] O. S. Makin, L. C. Serpell, FEBS J. 2005, 272, 5950–5961.
[6] I. V. Baskakov, G. Legname, M. A. Baldwin, S. B. Prusiner, F. E. Cohen, J.


Biol. Chem. 2002, 277, 21140–21148.


[7] G. Soldi, F. Bemporad, S. Torrassa, A. Relini, M. Ramazzotti, N. Taddei, F.
Chiti, Biophys. J. 2005, 89, 4234–4244.


[8] G. Plakoutsi, F. Bempord, M. Calamai, N. Taddei, C. M. Dobson, F. Chiti, J.
Mol. Biol. 2005, 351, 910–922.


[9] J.-C. Rochet, P. T. Lansbury, Curr. Opin. Struct. Biol. 2000, 10, 60–68.
[10] V. N. Uversky, A. L. Fink, Biochim. Biophys. Acta 2004, 1698, 131–153.
[11] A. Aggeli, M. Bell, L. M. Carrick, C. W. G. Fishwick, R. Harding, P. J. Mawer,


S. E. Radford, A. E. Strong, N. Boden, J. Am. Chem. Soc. 2003, 125, 9619–
9628.


[12] E. Cerasoli, B. K. Sharpe, D. N. Woolfson, J. Am. Chem. Soc. 2005, 127,
15008–15009.


[13] K. Pagel, T. Vagt, B. Koksch, Org. Biomol. Chem. 2005, 3, 3843–3850.
[14] S. J. Siegel, J. Bieschke, E. T. Powers, J. W. Kelly, Biochemistry 2007, 46,


1503–1510.
[15] A. I. Bush, Curr. Opin. Chem. Biol. 2000, 4, 184–191.
[16] A. I. Bush, C. L. Masters, R. E. Tanzi, Proc. Natl. Acad. Sci. USA 2003, 100,


11193–11194.
[17] K. Pagel, T. Vagt, T. Kohajda, B. Koksch, Org. Biomol. Chem. 2005, 3,


2500–2502.
[18] M. T. Pastor, A. Esteras-Chopo, M. L. de La Paz, Curr. Opin. Struct. Biol.


2005, 15, 57–63.
[19] J. M. Mason, K. M. Arndt, ChemBioChem 2004, 5, 170–176.
[20] K. Pagel, K. Seeger, B. Seiwert, A. Villa, A. E. Mark, S. Berger, B. Koksch,


Org. Biomol. Chem. 2005, 3, 1189–1194.
[21] Y. Takahashi, A. Ueno, H. Mihara, ChemBioChem 2002, 3, 637–642.
[22] M. J. Pandya, E. Cerasoli, A. Joseph, R. G. Stoneman, E. Waite, D. N.


Woolfson, J. Am. Chem. Soc. 2004, 126, 17016–17024.
[23] R. A. Kammerer, D. Kostrewa, J. Zurdo, A. Detken, C. GarcSa-EcheverrSa,


J. D. Green, S. A. MTller, B. H. Meier, F. K. Winkler, C. M. Dobson, M. O.
Steinmetz, Proc. Natl. Acad. Sci. USA 2004, 101, 4435–4440.


[24] K. Pagel, S. C. Wagner, K. Samedov, H. von Berlepsch, C. Bçttcher, B.
Koksch, J. Am. Chem. Soc. 2006, 128, 2196–2197.


[25] H. Dong, J. D. Hartgerink, Biomacromolecules 2007, 8, 617–623.
[26] S. C. Wagner, R. R. Araghi, K. Pagel, H. von Berlepsch, C. Bçttcher, B.


Koksch, 2007; unpublished results.
[27] X. I. Ambroggio, B. Kuhlman, J. Am. Chem. Soc. 2006, 128, 1154–1161.
[28] S. Futaki, T. Kiwada, Y. Sugiura, J. Am. Chem. Soc. 2004, 126, 15762–


15769.
[29] J. P. Schneider, J. W. Kelly, J. Am. Chem. Soc. 1995, 117, 2533–2546.
[30] M. Klemba, K. H. Gardner, S. Marino, N. D. Clarke, L. Regan, Nat. Struct.


Biol. 1995, 2, 368–373.
[31] R. R. Roe, Y.-P. Pang, J. Mol. Model. 1999, 5, 134–140.
[32] R. H. Holm, P. Kennepohl, E. I. Solomon, Chem. Rev. 1996, 96, 2239–


2314.
[33] F. G. Herring, R. C. Thompson, C. F. Schwerdtfeger, Can. J. Chem. 1969,


47, 555–558.
[34] J. Preisach, W. E. Blumberg, Arch. Biochem. Biophys. 1974, 165, 691–708.
[35] J. W. Karr, L. J. Kaupp, V. A. Szalai, J. Am. Chem. Soc. 2004, 126, 13534–


13538.
[36] J. W. Karr, H. Akintoye, L. J. Kaupp, V. A. Szalai, Biochemistry 2005, 44,


5478–5487.
[37] S. Jun, S. Saxena, Angew. Chem. 2007, 119, 4033–4035; Angew. Chem.


Int. Ed. 2007, 46, 3959–3961.
[38] R. M. Rasia, C. W. Bertoncini, D. Marsh, W. Hoyer, D. Cherny, M. Zweck-


stetter, C. Griesinger, T. M. Jovin, C. O. Fernandez, Proc. Natl. Acad. Sci.
USA 2005, 102, 4294–4299.


[39] J. H. Viles, F. E. Cohen, S. B. Prusiner, D. B. Goodin, P. E. Wright, H. J.
Dyson, Proc. Natl. Acad. Sci. USA 1999, 96, 2042–2047.


[40] J. Dong, J. E. Shokes, R. A. Scott, D. G. Lynn, J. Am. Chem. Soc. 2006, 128,
3540–3542.


[41] F. Stellato, G. Menestrina, M. D. Serra, C. Potrich, R. Tomazzolli, W.
Meyer-Klaucke, S. Morante, Eur. Biophys. J. 2006, 35, 340–351.


Received: November 2, 2007
Published online on January 29, 2008


536 www.chembiochem.org ? 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 531 – 536


B. Koksch et al.



http://dx.doi.org/10.1126/science.1067122

http://dx.doi.org/10.1007/s00109-003-0464-5

http://dx.doi.org/10.1073/pnas.95.8.4224

http://dx.doi.org/10.1073/pnas.95.8.4224

http://dx.doi.org/10.1038/nature03680

http://dx.doi.org/10.1111/j.1742-4658.2005.05025.x

http://dx.doi.org/10.1074/jbc.M111402200

http://dx.doi.org/10.1074/jbc.M111402200

http://dx.doi.org/10.1529/biophysj.105.067538

http://dx.doi.org/10.1016/j.jmb.2005.06.043

http://dx.doi.org/10.1016/j.jmb.2005.06.043

http://dx.doi.org/10.1016/S0959-440X(99)00049-4

http://dx.doi.org/10.1021/ja021047i

http://dx.doi.org/10.1021/ja021047i

http://dx.doi.org/10.1021/ja0543604

http://dx.doi.org/10.1021/ja0543604

http://dx.doi.org/10.1039/b510098d

http://dx.doi.org/10.1021/bi061853s

http://dx.doi.org/10.1021/bi061853s

http://dx.doi.org/10.1016/S1367-5931(99)00073-3

http://dx.doi.org/10.1073/pnas.2135061100

http://dx.doi.org/10.1073/pnas.2135061100

http://dx.doi.org/10.1039/b505979h

http://dx.doi.org/10.1039/b505979h

http://dx.doi.org/10.1016/j.sbi.2005.01.004

http://dx.doi.org/10.1016/j.sbi.2005.01.004

http://dx.doi.org/10.1002/cbic.200300781

http://dx.doi.org/10.1039/b418167k

http://dx.doi.org/10.1002/1439-7633(20020703)3:7%3C637::AID-CBIC637%3E3.0.CO;2-9

http://dx.doi.org/10.1021/ja045568c

http://dx.doi.org/10.1073/pnas.0306786101

http://dx.doi.org/10.1021/ja057450h

http://dx.doi.org/10.1021/bm060871m

http://dx.doi.org/10.1021/ja054718w

http://dx.doi.org/10.1021/ja046870o

http://dx.doi.org/10.1021/ja046870o

http://dx.doi.org/10.1021/ja00114a016

http://dx.doi.org/10.1038/nsb0595-368

http://dx.doi.org/10.1038/nsb0595-368

http://dx.doi.org/10.1007/s008940050113

http://dx.doi.org/10.1021/cr9500390

http://dx.doi.org/10.1021/cr9500390

http://dx.doi.org/10.1139/v69-085

http://dx.doi.org/10.1139/v69-085

http://dx.doi.org/10.1021/ja0488028

http://dx.doi.org/10.1021/ja0488028

http://dx.doi.org/10.1021/bi047611e

http://dx.doi.org/10.1021/bi047611e

http://dx.doi.org/10.1002/ange.200700318

http://dx.doi.org/10.1002/anie.200700318

http://dx.doi.org/10.1002/anie.200700318

http://dx.doi.org/10.1073/pnas.0407881102

http://dx.doi.org/10.1073/pnas.0407881102

http://dx.doi.org/10.1073/pnas.96.5.2042

http://dx.doi.org/10.1021/ja055973j

http://dx.doi.org/10.1021/ja055973j

http://dx.doi.org/10.1007/s00249-005-0041-7

www.chembiochem.org






DOI: 10.1002/cbic.200700600


Exchange Rate Constants of Invisible Protons in Proteins
Determined by NMR Spectroscopy
Takuya Segawa,[a] Fatiha Kateb,[b, d] Luminita Duma,[b] Geoffrey Bodenhausen,[b, c] and
Philippe Pelupessy*[b]


Introduction


Proton-exchange rate constants provide a rich source of struc-
tural and dynamic information.[1–3] These rate constants can be
used to study important kinetic processes such as the opening
of base-pairs in nucleic acids[4, 5] and give insight into free ener-
gies and other thermodynamic parameters that describe the
stability of hydrogen-bonded secondary structures under dif-
ferent environmental conditions.[6] NMR is often the method of
choice to measure proton-exchange rates at individual sites in
complex systems.[7–10] By comparing proton-exchange rate con-
stants measured in proteins with those observed in model sys-
tems, one can determine so-called protection factors and iden-
tify residual structures in partly denatured proteins.[11, 12] Chemi-
cal exchange dependent saturation transfer (CEST)[13–16] and
water relaxation[17] can be used to enhance image contrast in
MRI. This allows one to assess pathological disorders that
cause a modification of water exchange rates.


Most proton-exchange studies in proteins reported so far
have been restricted to backbone amide protons. The ex-
change rate constants of labile protons in side chains have
rarely been studied, although these surface-exposed protons
often play crucial roles in inter- and intramolecular interactions.
The appearance or disappearance of signals corresponding to
side chain protons can thus be regarded as an indication of
the formation or disruption of protein complexes.[18]


For a small molecule containing a single exchanging proton,
the maximum rate constant that can be determined by detec-
tion of 1H signals is a few thousand jumps per second, if the
chemical shift of the exchanging proton is separated from the
resonance of the solvent by a few kHz. If there are several ex-
changing sites, or if the proton spectrum is crowded, correla-
tions with 15N spectra may be needed to resolve the resonan-
ces.[19, 20] However, the efficiency of coherence transfer from
labile protons to neighboring 15N nuclei [JACHTUNGTRENNUNG(1H,15N)�100 Hz] is
severely hampered when the exchange rate constants are
comparable to the scalar coupling constants, that is, if kex ex-
ceeds about 100 s�1.


For intermediate exchange rate constants kex�pJACHTUNGTRENNUNG(1H,15N),
the doublets in the 15N spectra collapse to broad lines, which
become narrower when the exchange rate constants exceed
the scalar coupling constants. If this narrowing effect is incom-
plete, the remaining linewidth gives a measure of the ex-
change rate constants kex (“scalar relaxation of the second
kind”).[21] The residual widths of the collapsed lines in the 15N
spectra can be reduced by proton decoupling, so that the
comparison of proton-coupled and -decoupled 15N spectra
gives a measure of the exchange rate constants of the at-
tached protons.[22, 23] However, this method is not very accurate
when the 15N spectra are affected by long-range couplings nJ-
ACHTUNGTRENNUNG(1H,15N) with n>1. Recently, we have introduced a method to
quantify the effects of scalar relaxation caused by exchanging
protons, by detecting the decay of a 15N coherence under a
multiple-refocusing Carr–Purcell–Meiboom–Gill (CPMG) pulse
train[24, 25] in the presence or absence of proton decoupling.[26]


Refocusing removes the effects of long-range couplings even
in the absence of proton decoupling. For the indole proton in
tryptophan, we were able to detect exchange rate constants
kex accurately up to 105 s�1.[26] In this work, this idea is extend-
ed to the indirect detection of labile HN protons in the side


Although labile protons that are exchanging rapidly with those
of the solvent cannot be observed directly, their exchange rate
constants can be determined by indirect detection of scalar-cou-
pled neighboring nuclei. We have used heteronuclear NMR spec-
troscopy to measure the exchange rate constants of labile pro-
tons in the side chains of lysine and arginine residues in ubiquitin


enriched in carbon-13 and nitrogen-15 at neutral pH. Exchange
rate constants as fast as 40)103 s�1 were thus measured. These
results demonstrate that NMR spectroscopy is a powerful tool for
the characterization of lysine NH3


+ and arginine NH groups in
proteins at physiologically relevant pH values.
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chains of lysine and arginine residues in proteins. This method
is not limited to the arginine and lysine side chains and can be
extended to the measurement of the exchange rate constants
of the backbone and side chain protons of other amino acids
in proteins as well as imino protons in DNA or RNA.


Results and Discussion


Theory


We consider an isolated spin pair IS, in which spin I (usually a
proton 1H) exchanges with the solvent, which is typically an
aqueous buffer or plain water, while S (usually 15N) is chosen
because it features a scalar coupling JIS. If a radio-frequency
field is applied on-resonance to the I nucleus, the evolution of
the Sy coherence at the time of the echoes in a multiple-refo-
cusing CPMG pulse-train can be described in a base of only
three product operators {Sy, 2SxIz, 2SxIy}. For the nth echo, one
obtains the following density operator [Eq. (1)]:


1ðt ¼ 2ntÞ ¼ ½expð�LtÞ:RN:expð�LtÞ�n 1ð0Þ ð1Þ


where RN describes a py pulse applied to the S (15N) nuclei [Eq. (2)]:


and L is the Liouvillian [Eq. (3)]:


Here, wI
1 is the amplitude of the decoupling field applied to


the I (1H) nuclei, RS
2 is the transverse relaxation rate constant of


the S (15N) nuclei, and k�kex + RI
1and k’�kex +RI


2. If the decou-
pler is applied off-resonance, the Liouvillian must be expanded
to a four-dimensional space {Sy, 2SxIz, 2SxIy, 2SxIx}. The ratio be-
tween the signal intensities in experiments without (A) and
with (B) proton decoupling is given by:


ðA=BÞm¼1 ¼ hSyiAðt ¼ 2nt; wI
1 ¼ 0Þ=hSyiBðt ¼ 2nt; wI


1 6¼ 0Þ ð4Þ


The case of m=1 corresponds to a single exchanging
proton in a�NH spin system. This ratio does not depend on RS


2


because it equally affects the signal intensities in both experi-
ments. For m chemically equivalent protons (m= 2 or 3 de-
scribe�NH2 or�NH3


+ systems), it can be shown that:


ðA=BÞm¼3


1=3 ¼ ðA=BÞm¼2


1=2 ¼ ðA=BÞm¼1 ð5Þ


Thus, the effect of proton exchange on the decay of the
signal intensity of the S nuclei is enhanced with an increasing
number of protons. Provided that wI


1 @RI
2, the ratios in Equa-


tions (4) and (5) do not depend on RI
2. Hence, if the scalar cou-


pling is known, the only unknown parameter in these equa-
tions is k. For the exchange rate constants measured in this


work, k�kex. When kex is small, an independent estimate of RI
1


is needed for an accurate determination of kex.


Methodology


The pulse sequences designed to detect the exchange rate
constants of the labile HNe protons of arginine and the three
terminal HNz protons of lysine side chains are drawn in
Figure 1.


The polarization of the neighboring Hd (for arginines) or He


(for lysines) is converted into antiphase coherences 2Ne
yC


d
z and


2Nz
yC


e
z in arginine and lysine, respectively, through two succes-


sive coherence transfer steps in the manner of Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT).[32] These anti-
phase coherences are then allowed to evolve under a multi-
ple-refocusing CMPG pulse train, with or without proton de-
coupling (experiments B and A). For the arginine residues, the
antiphase coherence 2Ne


yC
d
z is transferred back to the neigh-


boring Hd protons, after a constant-time evolution under the
chemical shift of Cd. For the lysine side chains, the coherence
2Nz


yC
e
z is transferred to Cd via Ce and finally detected on the


remote Hd protons, after a constant-time evolution under the
chemical shift of Cd. An additional transfer step from Ce to Cd is
necessary in ubiquitin because the He/Ce correlation signals of
the seven lysine residues are ill-resolved.


Discussion


Under physiological conditions, lysine NH3 and arginine NH
side chain groups are positively charged. Lysines and arginines
are often found in protein binding sites and, through the for-
mation of salt bridges with carboxylate groups of glutamate
and aspartate or phosphate groups of DNA and RNA, they play
key roles in protein–protein interactions and protein–nucleic
acid recognition. We have measured the exchange rate con-
stants of HNe protons in arginine and of the three terminal HNz


protons in lysine side chains of human ubiquitin at pH 7.45 as
a function of temperature.


Representative spectra obtained with the experiments A and
B of Figure 1 are shown in Figure 2. The spectra recorded with
experiment B, where the protons are decoupled during the 15N
refocusing period, are plotted on the right-hand side of
Figure 2.


The peaks in these spectra are more intense than those of
experiment A, shown on the left, which were obtained without
proton decoupling, since exchange-induced decay (“scalar re-
laxation”) is only effective in case A. All the arginine and six of
the seven lysine cross peaks could be identified (the intensity
of K27 was too weak to be exploited).


The exchange rate constants thus measured are given in
Table 1 and are plotted on a logarithmic scale against the in-
verse temperature in Figure 3 for arginines and in Figure 4 for
lysines. The linear fits indicate that the exchange constants
obey the Arrhenius equation:


kex ¼ A expð�Ea=RTÞ ð6Þ
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The pre-exponential factors (A) and activation energies (Ea)
are given in Table 2.


In Figure 3 the exchange rate
constants of the HNe proton in
acetylarginine extrapolated from
the measurements by Liepinsh
and Otting[33] at lower pH are
also plotted as a function of
temperature (marked by
crosses). The exchange rate con-
stants of residues R42, R72, and
R74 are close to these values,
while for R54 the rate constants
are approximately three times
lower. As shown in Figure 5, this
is probably due to the fact that
the HNe proton of R54 is less ex-
posed to the solvent and/or be-
cause this residue is embedded
in a negatively charged environ-
ment, which decreases the ef-
ACHTUNGTRENNUNGficiency of the predominantly
OH�-catalyzed exchange mecha-
nism. For the exchange rate con-
stant of R54 at 275 K, the ap-
proximation k�kex might not be
valid. The same measurement
for a sample of ubiquitin at
pH 4.5 resulted in k= 3.1�
0.7 s�1, which is an upper value
for the contribution of RI


1.
The exchange rate constant of


the HNz protons of K6 is much
faster than the others. This resi-
due is very exposed to the sol-
vent, and the neighboring resi-
dues are positively charged. The
other residues are either less ex-
posed or are embedded in a less
positively charged environment.
The lowest exchange rate con-
stant is measured for K29, for
which evidence exists that ion
pairing may occur with D21.[36]


The intrinsic exchange rate con-
stant of these protons, as can be
extrapolated from the measure-
ments of Liepinsh and Otting[33]


in acetyl-lysine at 305 K and
pH 7.45, should be about
7000 s�1. The fact that the ex-
change rate constants in Table 1
are much higher at this tempera-
ture is most probably due to the
phosphate buffer, which has
been shown to catalyze the ex-
change of the HNz protons in


lysine (but not the exchange of the HNe protons in arginine).
Indeed, the addition of 20 mm phosphate buffer leads to an in-


Figure 1. Pulse sequences designed to measure hydrogen exchange rate constants A) of the HNe protons in argi-
nine, and B) of the three terminal HNz protons in lysine residues. Narrow open and filled rectangles indicate p and
p/2 pulses, respectively, while the wide rectangles represent decoupling sequences. For lysine residues, decou-
pling is applied only in experiment B. For arginine residues, proton decoupling is applied in both experiments A
and B, but the refocusing pulses are delayed until after this decoupling interval in experiment A, while in experi-
ment B they are applied at the same time as proton decoupling. This allows one to remove zero-quantum arti-
facts due to operators such as 8Ne


yC
d
zH


d1
yH


d2
y that contain two-spin coherence terms 2Hd1


yH
d2


y, which otherwise
would evolve differently in experiments A and B. For lysine residues, this precaution was not needed, since only a
negligible part of two-spin terms such as 2He1


yH
e2
y is transferred to the observed Hd coherence. All p/2 and the p


pulses in the first and last INEPT blocks applied to 13C were nonselective rectangular pulses, while the 13C refocus-
ing pulses in the other INEPT blocks had REBURP profiles[27] with a duration of 2 ms. The other 13C p pulses had
Q3 profiles[28] with a duration of 1.5 ms. Gray p pulses compensate for Bloch–Siegert phase shifts.[29] Proton decou-
pling was performed by using a WALTZ-16 sequence.[30] The delays were set to t1�1/ ACHTUNGTRENNUNG(4JCH), t2�1/ ACHTUNGTRENNUNG(4JNC), t3�1/
(4JNC)�1/ ACHTUNGTRENNUNG(4JCC), t4�1/ ACHTUNGTRENNUNG(2JCC), t5�1/ACHTUNGTRENNUNG(4JCC). All phases were along the x-axes unless indicated otherwise. The phases
were cycled according to f1 = 8{y}, 8{�y}, f2 = 2{x}, 2{�x}, f3 =x, �x, f4 = 4{x}, 4{�x}, f5 = 16{x}, 16{�x} with a re-
ceiver phase frec = {x, �x, �x, x, �x, x, x, �x, �x, x, x, �x, x, �x, �x, x}. Evolution of 13Cd coherence in the t1 inter-
vals occurs in a constant-time fashion, while frequency discrimination is achieved in an echo/antiecho manner[31]


by inverting the phases of the pulses marked by asterisks, and by inverting, for each t1 increment, the sign of the
gradient G6 with a relative amplitude a =gH/gC. The constant-time evolution is achieved by shifting the 13Cd refo-
cusing pulses to the left in steps of t1/2. For arginine residues, the 15N refocusing pulse is also moved to the left in
steps of t1/2, while the 13Cg decoupling pulses are moved to the left in steps of t1/4. For the lysine experiments,
the 15N and 13Ce p pulses are moved to the left in steps of t1/4 and t1/2, respectively.
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crease in the exchange rate constant from 4000 to 14 000 s�1


at pH 7 and 309 K.[33]


Conclusions


The exchange rate constants of the HNe protons in the side
chains of the four arginine residues and the HNz protons in six
of the seven lysine residues in human ubiquitin have been de-
termined as a function of temperature over a range between
275 and 305 K. The exchange rate constants vary between
about 25 and 2000 s�1 for the HNe protons in arginines, and be-
tween about 700 and 40 000 s�1 for the HNz protons in lysines.
The activation energies in the Arrhenius sense were found to
lie in the range 27–75 kJ mol�1. The ability to measure such
ACHTUNGTRENNUNGparameters at a physiologically relevant pH should allow one
to obtain deeper insight into interactions between proteins
(folded or unfolded) and to map out the contact interfaces in
complexes made up of proteins and other macromolecules.


Figure 2. The Cd/Hd regions of spectra of human ubiquitin at pH 7.45 and
300 K, obtained with the pulse sequences (left panels : experiment A, right
panels : experiment B) of Figure 1 with a number of 15N refocusing pulses
n= 2 and pulse intervals 2t= 10.6 ms for lysine and n= 4 and 2t = 5.3 ms
for arginine.


Table 1. Exchange rate constants of the HNe protons of the arginine and of the terminal HNz protons of the lysine residues in human ubiquitin.[a]


T [K] 275 280 290 300 305


kR42 [s�1] [b] 112�35 455�138 540�135 1250�152
kR54 [s�1] 24�2 46�3 117�5 312�18 490�35
kR72 [s�1] 66�6 114�7 387�29 1005�47 1710�52
kR74 [s�1] 78�1 136�2 409�10 1188�18 1856�21
kK6 [103 s�1] 6.63�0.69 9.39�0.64 15.13�1.49 35.19�3.90 39.93�3.90
kK11 [103 s�1] 1.08�0.24 1.46�0.19 3.91�0.31 11.14�0.59 16.24�0.90
kK29 [103 s�1] [b] [b] 0.41[c] 4.75�1.24 7.77�2.12
kK33 [103 s�1] 0.70�0.23 1.75�0.24 3.69�0.32 8.22�0.50 15.80�1.10
kK48 [103 s�1] 1.20�0.11 1.59�0.10 4.87�0.29 11.53�0.49 17.63�0.83
kK63 [103 s�1] 0.68�0.14 1.31�0.13 3.53�0.21 9.50�0.36 14.82�0.59


[a] pH 7.45. [b] The signal intensities in experiment B were too weak to provide a reliable value for the exchange rate constant. [c] logkex = 2.62�0.73, (i.e. ,
80 s�1<kex<2240 s�1).


Figure 3. Temperature dependence of the exchange rate constants of the
HNe protons of the four arginine residues in human ubiquitin at pH 7.45. The
linear fits gave the Arrhenius parameters in Table 2. The crosses correspond
to an extrapolation to pH 7.45 of the HNe exchange rate constant obtained
by Liepinsh and Otting[33] in acetylarginine at lower pH values.


Figure 4. Temperature dependence of the exchange rate constants of the
HNz protons of six of the seven lysine residues in human ubiquitin at
pH 7.45. The linear fits gave the Arrhenius parameters in Table 2.
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Experimental Section


The proton-exchange rate constants of arginine and lysine side
chains were measured in a sample of U-[13C, 15N]-labeled human
ubiquitin (0.8 mm), obtained from VLI Research, Inc. , at pH 7.45 (at
294 K) in a phosphate buffer (50 mm). The experiments were car-
ried out on a Bruker Avance spectrometer at 14 T (600 MHz for 1H)
fitted with a triple-channel indirect detection probe with three
ACHTUNGTRENNUNGorthogonal gradient coils at temperatures ranging from 275 K to
305 K. At each temperature, the experiments were repeated three
to five times with different numbers of p-pulses in the CPMG pulse
trains (n=2 to 16) and different pulse intervals (2t= 1.75 to
10.6 ms). The total experimental time for one pair of 2D spectra (A
and B) varied between 3 h (at high temperatures) and 6 h (at low
temperatures). At 275 K, the rotational correlation time of ubiquitin
is about 9 ns, which corresponds to a protein of about 17 kDa at
room temperature. The experimental time could be reduced (or
the accessible size of the protein could be increased) by using cry-
ogenically cooled probes. The assignments were taken from Corni-
lescu et al.[37] The peak intensities were determined by use of the
nmrPipe/nlinLS package.[38] From the A/B ratios between the signal
intensities in experiments A (without proton decoupling) and B
(with proton decoupling) the exchange rate constants were fitted
to Equation (1) with the aid of a home-written Mathematica pro-
gram. The scalar coupling constants (1JN,H) measured in a sample of
ubiquitin at pH 4.5 were: 93.5 Hz (R42, R54, R72), 93.9 Hz (R74),
and 74 Hz for the lysine residues. A small correction was applied to
account for the presence of 10 % HDO in the solvent.[26]
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Cellular Origin of Dysiherbaine, an Excitatory Amino Acid
Derived from a Marine Sponge
Ryuichi Sakai,*[a] Kazufumi Yoshida,[a] Atsuko Kimura,[a] Kanae Koike,[b] Mitsuru Jimbo,[a]
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Introduction


Although the chemical diversity of marine-derived secondary
metabolites is attractive for drug discovery and development,
difficulties in the sustainable production of the structurally
complex compounds limit their industrial use. Mariculture and
large-scale synthesis can only be applied to highly promising
targets.[1] Thus, the large chemical and genetic diversity of
marine natural products cannot be exploited effectively by the
pharmaceutical industry. Because marine invertebrates that are
rich in bioactive metabolites, such as sponges and tunicates,
often harbor symbiotic microorganisms, such as bacteria, mi-
croalgae, or fungi, the secondary metabolites are thought to
originate from the symbionts, especially when the biosynthetic
pathways of the metabolites are related to those of known mi-
croorganism products.[2] However, the replication of the secon-
dary metabolism in a laboratory culture by isolating symbiotic
microorganisms is difficult. Perhaps the unique secondary me-
tabolism takes place only in the symbiotic milieu and depends
on unique host–simbiont interactions. In many cases, the true
origin of a secondary metabolite is an unculturable symbiotic
microorganism.[3]


Recently, metagenomic approaches enabled the identifica-
tion of several sponge-derived polyketide genes on the basis
of homology-based screening with known polyketide synthese
(PKS) sequences. However, the culture-independent production
of the bioactive molecules by heterologous expression tech-
niques is still at an experimental stage.[3–7] To date, the only
ACHTUNGTRENNUNGexamples of successful heterologous production of marine sec-
ondary metabolites have been the production in Escherichia
coli of patellamides,[8,9] cyclic peptides produced by tunicate-
associated cyanobacteria. In these cases, knowledge of the pu-
tative producer of the peptide and genomic information seem
to reduce the inherent complexity of gene collection.[10] Thus,
information about the actual producer of secondary metabo-


lites would be a great advantage for selecting target cells. Al-
though the direct identification of the actual producer of cer-
tain metabolites in sponge tissue might be difficult, knowledge
of the cellular localization of the metabolite would be a good
starting point. Such information could be used to select the
cell itself, although the site of biosynthesis might not always
be the same as the site of storage.
In the present study we investigated the cellular localization


of dysiherbaine (DH), a novel excitatory amino acid isolated
from the marine sponge formerly identified as Dysidea herba-
cea and collected in Yap, Micronesia.[11,12] D. herbacea and relat-
ed dictyoceratid sponges are common species found in shal-
low coral reefs in tropical Pacific waters and known to produce
a variety of secondary metabolites, such as brominated di-
phenyl ethers, chlorinated peptides, and terpenoids.[13] As this
species forms a consortium with endosymbiotic microorgan-
isms, including the photosynthetic cyanobacterium Oscillatoria
spongeliae,[14,15] there has been significant interest in determin-
ing the actual producers of the secondary metabolites in the
sponges.[13,16,17] The cellular localization of some metabolites
was assessed by cell-separation studies, the results of which in-
dicated that the halogenated compounds had their origin in
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The cellular origin of dysiherbaine, a marine-sponge toxin, was
investigated immunohistochemically by using an anti-dysiher-
baine antibody. Dysiherbaine-like immunoreactivity was found to
be localized in spherical cells harbored in the sponge mesohyl. A
combination of ribosomal RNA gene (rDNA) analysis and cell-
morphology analysis revealed that the spherical cells were Syne-
chocystis cyanobacteria. However, the sponge, identified as
Lendenfeldia chondrodes on the basis of its rDNA sequence,
ACHTUNGTRENNUNGappeared to contain two different chemotypes—dysiherbaine-


producing (DH+) and nondysiherbaine-producing (DH�)—both of
which inhabited the same region. Synechocystis cells in the DH�


sponge were not labeled with antibody, although the 16S rDNA
gene profile of the cyanobacteria in the DH� sponge was indistin-
guishable from that of the cyanobacteria in the DH+ sponge. On
the basis of these results, we hypothesize that dysiherbaine is a
metabolite of certain varieties of endosymbiotic Synechocys-
tis sp.
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the cyanobacteria, whereas the terpenoids were produced by
the sponge cells.[13,16, 17] Moreover, the catalyzed reporter depo-
sition–fluorescence in situ hybridization (CARD-FISH) technique
revealed that the biosynthetic genes of chlorinated peptides
were localized in the symbiotic cyanobacteria and confirmed
the biosynthetic origin of the metabolites.[18] In the case of DH,
the putative producer was difficult to predict from its chemical
signature, as the structure of DH is not related to that of any
known products from sponges or cyanobacteria, or to that of
other known natural products.[11]


Herein, we report evidence that DH is localized within endo-
symbiotic cyanobacterial cells of the genus Synechocystis har-
bored in the host sponge L. chondrodes, which was formerly
identified as D. herbacea. We employed an immunohistochemi-
cal approach to assess the cellular localization of the com-
pound; this enabled the visualization of DH immunoreactivity
at subcellular levels. The exclusive localization of DH in the
ACHTUNGTRENNUNGcyanobacterial cells suggested its bacterial origin.


Results


rDNA sequences of the sponge and symbiotic cyanobacteria


The DH-containing sponge was formerly identified as Dysidea
herbacea solely on the basis of its morphology; however, it has
been shown previously that the identification of the order of a
sponge is extremely difficult.[19] A recent study indicated that
genetic analysis can aid in the conclusive identification of such
sponges.[19] We therefore examined the 5.8S–internally tran-
ACHTUNGTRENNUNGscribed spacer 2 (ITS-2)–28S rDNA sequences of selected
sponge specimens, as well as the 16S rDNA sequences of the
cyanobacteria associated with the sponge specimens collected
in Yap (Table 1).
Phylogenic analysis of the rDNA of the four sponge speci-


mens indicated that all specimens belonged to a single clade
of L. chondrodes, and that they differ distinctly from other
O. spongeliae-associated dictyoceratid sponges, including
L. herbacea, with high maximum-likelihood (ML) and neighbor-
joining (NJ) bootstrap values (Figure 1). These results indicate
that the taxonomy of the specimen that was formerly identi-
fied as D. herbacea should be revised. We next compared the
16S rDNA sequences of the O. spongeliae associated with the
above-mentioned four representative sponge specimens. It
was evident that all associated O. spongeliae strains belonged
to the same clade, that is, the clade detected in L. chondrodes
(Figure 1).


Occurrence of DH in sponges associated with O. spongeliae


During our continuing search for unusual amino acid deriva-
tives in D. herbacea collected in Yap,[20,21] we noted that the DH


content varied significantly among individual sponge speci-
mens. However, the factors responsible for this difference, in-
cluding taxonomic, geographic, ecological, and physiological
factors, have not been investigated. We therefore collected in-
dividual (single colony) sponge specimens from different sites
in Yap (n=24) and analyzed these specimens for their DH con-
tent in the aqueous extract. The DH content was assessed by
using a mouse behavioral assay,[22] as well as by analysis by
high performance liquid chromatography–electrospray tandem
mass spectrometry (HPLC–ESIMS/MS). With both methods it
was possible to detect DH in solution at a concentration of
ACHTUNGTRENNUNGapproximately 1 ppm, and the results obtained with the two
techniques were in good agreement with each other.
The results showed clearly that L. chondrodes specimens ob-


tained from Yap could be divided into two groups, namely, the
chemotypes DH+ and DH� (Table 1). Although the concentra-
tion of DH in the DH+ specimens varied significantly, the DH�


specimens did not contain detectable amounts of DH. No dis-
tinguishable morphological feature between DH+ or DH�


specimens was evident; on the contrary, geographic factors
appeared more important for DH production. As shown in
Table 1, the sponges collected from the north-eastern and
eastern reefs, sites 4 and 5, respectively, differed with regard to
the occurrence of the DH+ chemotype. Interestingly, none of
the eastern-reef collection contained detectable amounts of
DH.


Table 1. DH content revealed by using a mouse assay, and LC–MS analy-
sis of various L. chondrodes specimens collected from different sites in
Yap, Micronesia.


Sample Site[a] Toxicity[b] c(DH)[c]


ACHTUNGTRENNUNG[ppm]
Selected
samples


Yap 030801-2-1 1 6 0.5
Yap 030801-2-2 1 6 12.1
Yap 030801-2-3 1 3 0 DH� 1
Yap 030801-2-4 1 6 8.2
Yap 030801-3-1 2 2 0
Yap 030801-3-2 2 6 15.7 DH+ 1
Yap 030801-3-3 2 6 11.5 DH+ 2
Yap 030802-2-2 3 6 12.6
Yap 030802-2-3 3 3 0
Yap 030802-2-4 3 3 0
Yap 030731-1-1 4 7 27.1
Yap 030731-1-2 4 3 0
Yap 030801-4-1 4 2 0
Yap 030801-4-2 4 2 0
Yap 030731-2-1 5 3 0
Yap 030801-5-1 5 3 0
Yap 030801-5-2 5 3 0
Yap 030801-5-3 5 3 0 DH� 2


[a] Location of the collection sites: 1: Sunrise Reef, 9.64119 8 N,
138.2320 8 E; 2: Choul Reef, 9.61956 8 N, 138.2445 8 E; 3: Wanyan Reef,
9.561024 8 N, 138.2555 8 E; 4: Pelak Reef, 9.499054 8 N, 138.2311 8 E; 5: East
Reef, 9.445839 8 N, 138.1417 8 E. [b] The behavioral toxicity of the extract
was determined by using a mouse assay. The activity was graded by
using scores ranging from 1 to 7 (see the Experimental Section for de-
tails). Note that a score of 3 might result from the action of other excita-
tory amino acids, such as glutamate. The absence of DH in all cases was
confirmed by LC–MS. [c] Concentration of DH in the diluted extract
(1 mgmL�1).
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Morphological and histological overview


We next compared the morphological and histological charac-
teristics between two representative specimens from each of
DH+ and DH� Yap sponge populations. L. chondrodes from Yap
share a common appearance: they have a thickness of 2–
5 mm and encrust dead corals. We observed that the surface
color of our specimens varied from green to grey; the surfaces
were either smooth with a latticelike pattern or exhibited a
projecting digitate outgrowth. However, there were no signifi-
cant individual variations in the subdermal color (pale brown-
ish violet). Light microscopy of the sections revealed very simi-
lar characteristics : filamentous cyanobacteria O. spongeliae
were observed in the sponge mesohyl (Figure 2A, D, white
arrows). Most notably, both types of specimens contained
characteristic spherical cells of 10 mm in diameter (Figure 2A,
D, black arrows). The spherical cells and O. spongeliae cells
were separated from the fresh specimens, fixed, and then ob-
served under light and epifluorescent microscopes. Spherical
cells were distinguishable by their translucent appearance (Fig-
ure 2 I, K<xfigr2). Both O. spongeliae cells and spherical cells
emitted an orange fluorescence upon excitation at 460–
490 nm; this suggests the presence of a phycobilin chromo-
phore in both cell types (Figure 2G, H). DNA staining with 4’,6-
diamino-2-phenylindole (DAPI) indicated the absence of a nu-


cleus in the spherical cells (Fig-
ure 2 J); however, fluorescent
fragments found in some cells,
which were probably in an early
stage of cell division, showed
the disperse localization of DNA
(Figure 2L). These results sug-
gest that at least two morpho-
logically distinct endosymbiotic
cyanobacteria reside in the
sponge tissue. No distinguisha-
ble features between DH+ and
DH� samples were revealed by
histological observations.


Immunohistochemical studies


We next examined immunohis-
tochemically the localization of
DH in the sponge sections.
Having recently demonstrated
the cellular localization of kainic
acid (KA) in the KA-producing
red alga Digenea simplex at a
high resolution by using immu-
nohistochemical (IHC) tech-
niques,[23] we applied similar pro-
tocols in the present study. We
first prepared a DH-specific
rabbit anti-DH antibody by using
DH as a hapten. Rabbits were
immunized, and the resulting


serum was subjected to affinity purification with two columns:
a protein A column to give immunoglobulin G (IgG), followed
by an affinity column to which DH was conjugated (DH col-
umn). The fraction retained on the DH column was eluted to
give the anti-DH antibody. The specificity of the antibody for
DH was assessed by enzyme immunoassays. Concentration-de-
pendent recognition was observed between 6 and 400 mm


when DH was conjugated to bovine serum albumin (BSA)
coated on the polystyrene plate, but not when a control
amino acid was used in place of DH (Figure 3). Given that the
concentration of DH in the sponge crude extract was about
1500 mm, this result indicates that the antibody can selectively
label aldehyde-fixed DH in sponge tissue.


Localization of DH in sponge tissue


A freshly collected sponge (DH+) was immersed in a parafor-
maldehyde–glutaraldehyde fixative. The sponge sections were
treated with the anti-DH antibody or a rabbit-serum control
and then labeled with a colloidal gold-conjugated antirabbit
IgG antibody, followed by silver enhancement. Observation
under a light microscope showed clearly a dense label on the
spherical cells when the anti-DH antibody was used (Figure 2B,
black arrows). However, the cells were not labeled when the
antibody-treated section was washed with a DH-containing


Figure 1. Maximum-likelihood phylogenetic trees constructed by using data on the rDNA of sponges and symbi-
otic cyanobacteria. Four different specimens (two DH+ and two DH� specimens, see Table 1) were used. The phy-
lograms are derived from A) the sponge rDNA gene from Dysidea sp. (GenBank accession number: AY613969) as
an outgroup, and B) the 16S rDNA gene of O. spongeliae associated with each of the named sponges, with Oscilla-
toria cf. corallinae (GenBank accession number: X84812) as an outgroup. The ML and NJ bootstrap values are
given at the appropriate nodes (ML/NJ). The scale represents the expected number of nucleotide substitutions
per site. The following sequences were used: Lamellodysidea herbacea (GenBank accession number: AY613962),
Lendenfeldia chondrodes (AY613965), Lamellodysidea chlorea (AY613963), Phyllospongia papyracea (AY613968);
O. spongeliae from Lamellodysidea chlorea (AY615504), from Lamellodysidea herbacea (AY615503), from Lendenfel-
dia chondrodes (AY615506), and from Phyllospongia papyracea (AY615509). The rDNA sequences from hosts and
symbionts were deposited with the DNA Data Bank of Japan (DDBJ; AB364245–AB364252).
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buffer (see Figure S1 in the Sup-
porting Information). These re-
sults indicate that the labeling
corresponds to DH immunoreac-
tivity. The same IHC experiment
with a DH� specimen, however,
did not result in labeling, al-
though a large number of spher-
ical cells were present (Fig-
ure 2D, E). The labeling ap-
peared exclusively in the DH+


specimen; that is, all spherical
cells in the DH+ section were la-
beled, but none in the DH� sec-
tion.
As epifluorescent microscopy


revealed that the spherical cells
contained phycoerythrobilin
chromophore, the sponge sec-
tion was treated with an anti-
phycoerythrin antibody. As ex-
pected, both the O. spongeliae
cells and the spherical cells were
labeled (Figure 2C, F, arrows).


Cytological and immunocyto-
chemical analysis of the spheri-
cal cells under a transmission
electron microscope


As our results suggested that DH
was present almost exclusively
in the spherical cells, we ob-
served the cells in detail under
a transmission electron micro-
scope (TEM). The cells had no
apparent organelle; not even a
nucleus was observed (Figure 4).
A rigid thylakoid structure was
absent, and the thylakoid sus-


pended alone within the cytoplasmic area appeared somewhat
dilated. Several other distinguishable inclusions were detected:
1) a large electron-dense body the diameter of which was
almost half that of the cell (Figure 4, EDB), 2) a carboxysome
(thin arrows), 3) a large vacuole (V) containing a large electron-
dense cluster (*) or some fuzzy inclusions (open arrow), which
are probably aggregates of the vacuole contents that result
from fixation, and 4) smaller vacuoles distributed evenly in the
cytoplasm. The cells could be grouped on the basis of their va-
cuolation pattern (Figure 4A, B). The outermost layer of the
cell was the 30 nm-thick cell wall (Figure 4C), and dividing pro-
cesses with cell-wall cleavage were observed (Figure 4D).
In contrast to the spherical cells, the O. spongeliae cells pres-


ent in the same specimen formed a multicellular “hormogoni-
um” protected by a surrounding sheath, as described previous-
ly (Figure 4E).[14] Each cell contained well-developed thylakoids
(Figure 4F, Th) and had a thin cell wall (15 nm; Figure 4F, ar-


Figure 2. Light micrographs of the sponge-specimen sections: A) and D) stained with toluidine blue; B) and E) la-
beled with the anti-DH antibody; C) and F) labeled with an anti-phycoerythrin antibody. Sections A)–C) and D)–F)
were prepared from the DH+ and DH� specimens, respectively. Both the O. spongeliae cells and the spherical cells
(Synechocystis sp.) were labeled, as indicated by open and black arrows, respectively. G) Fluorescent image of an
O. spongeliae cell ; H) fluorescent image of a spherical cell ; I) and K) light micrographs of spherical cells isolated
from the sponge; J) and L) fluorescent images of DAPI-stained cells. The cell in K) and L) is presumed to be in an
early stage of cell division.


Figure 3. Recognition by the anti-DH antibody of DH (*), glutamic acid (~),
and KA (&), each conjugated to a BSA-coated polystyrene plate with an alde-
hyde.
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rowheads). Stellar bodies, which have been reported in some
cases for this species,[14] were not observed in our specimens.
When the cell was treated with the anti-DH antibody fol-


lowed by the colloidal gold-conjugated secondary antibody,
the ultrastructures of the spherical cell were labeled distinctly.
The contents of the large vacuoles were labeled most densely
(Figure 5A). Gold particles were observed in the electron-
dense cluster (*) as well as in the large EDB (Figure 5B). The di-
lated thylakoid-like cytoplasm was labeled to a lesser extent.
Sponge cells (of any type) and the O. spongeliae cells were
rarely labeled. The extent of labeling of the mesohyl, choano-
cyte, and O. spongeliae cells was negligible relative to that of
the spherical cells. As the gold-particle density and antigen
concentration have a linear relationship,[24] we compared the
particle count in given areas of cells of the cyanobacteria and
cells of the sponge. The average gold density in spherical cells,
O. spongeliae cells, and sponge cells was 7.6 (�2.7), 0.25
ACHTUNGTRENNUNG(�0.45), and 0.25 (�0.45) countsmm�2, respectively (n=10 for
all cell types). The two latter values are comparable with those
obtained from a control experiment, in which the anti-DH anti-
body was “inactivated” prior to use by treatment with DH (see
Figure S1 in the Supporting Information). Thus, we conclude
that the labels in the sponge and O. spongeliae cells resulted


from nonspecific labeling. As seen in the light microscope ex-
periment, the treatment of the sponge section with an anti-
phycoerythrin antibody led to clear labeling of both the
O. spongeliae cells and the spherical cells ; however, the locali-
zation pattern differed distinctly from that observed with the
anti-DH antibody (Figure 5C). Prominently, the gold particles
were most dense on the thylakoid-like inclusions, but were
rare in other parts of the cell.


Identification of the spherical cell


Analysis of the 16S rDNA sequences of cyanobacteria revealed
two representative genotypes besides O. spongeliae. On the
basis of phylogenetic analysis, both sequences were found to
be highly similar to that of Synechocystis sp. ; one was nested
within the lineage of the cyanobacterial clade reported to be
associated with the L. chondrodes of Palau,[19] and the other
was distantly separated from them at the node (ML bootstrap
value: 100%, NJ bootstrap value: 99%; Figure 6). Synechocys-
tis sp. has been known to associate with the sponges Spira-
strella aff. decumbens and Prianos aff. melanos, and tunicates
Trididemnum tegulum and T. clinides.[25] The morphological char-
acteristics of the Synechocystis sp. associated with these organ-
isms have been described in detail.[25,26] The electron micro-
graph of the Synechocystis sp. associated with Palauan


Figure 4. A)–D) TEM images of spherical cells showing a dilated thylakoid,
large vacuoles (V) containing electron-dense clusters (asterisk), fuzzy inclu-
sions (open arrow), an electron-dense body (EDB), and a carboxysome (thin
arrow). B) Some cells contained smaller vacuoles distributed evenly in the cy-
toplasm. C) Magnified image of the spherical cell ; the 30 nm-thick cell wall
can be seen (arrowheads). D) A dividing cell ; a cleft can be seen between
the cells (black arrows). E) Image of an O. spongeliae cell. F) Magnified TEM
image of an O. spongeliae cell showing a clear thylakoid structure (Th); the
cell wall (15 nm thick) is shown between the arrowheads.


Figure 5. TEM images of immunolabeled sections of the spherical cells. The
antigens are labeled with dots of colloidal gold: A) and B) Anti-DH antibody
labeling showing DH immunoreactivity of the content of the large vacuole
(V), an electron-dense cluster in the vacuole (*), and an electron-dense body
(EDB). C) Section labeled with an anti-phycoerythrin antibody; the antigen is
located mostly on the dilated membrane-like structure.
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L. chondrodes has also been reported.[27] As the spherical cells
found in the present study closely resemble those reported to
have been found in the Palauan sponge, and as no other cells
besides O. spongeliae that possess the characteristics of cyano-
bacteria were observed in our sponge specimens, the spherical
cells are probably cyanobacteria.
This supposition was confirmed by in situ hybridization.


When the section was treated with a DIG-labeled probe (DIG:
digoxigenin) generated from full-length 16S rDNA of O. spon-
geliae, both the O. spongeliae cells and the spherical cells were
labeled (Figure 7). This result shows clearly that the spherical
cells are cyanobacteria. On the basis of the morphological, cy-
tological, and genetic evidence presented herein, we conclude
that the spherical cells are members of the genus Synechocys-
tis sp., although we found two distinguishable sets of Synecho-
cystis genes in one sponge specimen and different morpholog-
ical characteristics (represented by different vacuolation pat-
terns). The relationship between morphology and genetic dif-
ferences has yet to be studied.


Discussion


By using the IHC approach, we have identified the cells of the
symbiotic cyanobacterium Synechocystis sp. as the site inhabit-
ed by the excitatory amino acid dysiherbaine in the sponge
L. chondrodes. Previously, the cellular localization of natural


products derived from several sponges and tunicates has been
determined by using various techniques, including cell separa-
tion,[13,16, 17] cell culture,[28,29] and other visualization tech-
niques.[30] In recent studies, the producers of some polyketides
were tracked down by molecular biological strategies and
identified as symbiotic bacteria.[4, 8,10,18] Only two studies on the
IHC localization of marine natural products have been de-
scribed.[23,31] However, the IHC technique is advantageous be-
cause it enables the visualization of the in situ location of the
antigen at a very high resolution. One of these studies, con-
ducted by us, took advantage of this aspect of IHC and
showed the localization of KA in the cells of the KA-producing
alga Digenea simplex.[23] It revealed that KA is not only localized
in the alga cells but also distributed densely within certain
ACHTUNGTRENNUNGorganelles, such as the nucleus.
The present study also demonstrated the localization of DH


at a high resolution. The presence of DH exclusively in the cya-
nobacterial cells lends strong support to the idea that DH is
biosynthesized within the cells ; however, further evidence is
required to conclude this issue. Observations on a subcellular
level showed that DH is localized to a great extent in droplet-
like inclusions of middle-to-high electron density and to a
much lesser degree in the dilated thylakoid, which contains
phycoerythrin. These observations suggest that the photosyn-
thetic apparatus is not involved directly in DH biosynthesis
and storage.
Although the symbiotic cyanobacterium Synechocystis sp.


has been found in a few species of tunicates and sponges, in-
cluding a specimen of L. chondrodes collected in Palau, its con-
nection with the production or storage of secondary metabo-
lites has not been discussed previously.[25,27,32] Interestingly, the
symbiotic Synechocystis sp. bacteria described thus far share
unusual characteristics in their morphology, which resembles
closely the morphology of Prochloron sp.—a symbiotic cyano-
bacteria found in didemnid ascidians.[25,26,33] Judging from their
morphological characteristics, Synechocystis sp. associated with
sponges or tunicates are, as in the case of Prochloron sp. , obli-
gate symbionts that have presumably coevolved with the in-
vertebrate hosts.


Figure 6. Maximum-likelihood phylogenetic trees constructed by using data
from the 16S rDNA of symbiotic Synechocystis associated with L. chondrodes
from Palau (Synechocystis sp. Pal; GenBank accession number: AY845229),
L. chondrodes from Yap (two DH+ and two DH� specimens, see Table 1),
S. trididemni (GenBank accession number: AB011380), and Prochloron sp.
(GenBank accession number: X63141). Synechocystis sp. PCC6803 (GenBank
accession number: BA000022) was used as the outgoup. Each of the Yap
sponge specimens contained two distinguishable sequences of Synechocys-
tis. The bootstrap probabilities of ML and NJ are given at the appropriate
nodes (ML/NJ). The scale represents the expected number of nucleotide sub-
stitutions per site. The rDNA sequences of symbionts of L. chondrodes were
deposited with the DDBJ (AB364253–AB364260).


Figure 7. TEM images of the sections labeled with an RNA probe generated
from full-length 16S rDNA of O. spongeliae : A) a spherical cell, B) an O. spon-
geliae cell, and C) a sponge cell. Gold particles were observed on both
O. spongeliae cells and spherical cells. D)–F) Magnified images of the areas
indicated in A)–C).
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As didemnid ascidians are rich sources of bioactive peptidyl
secondary metabolites, the relationship between the sym-
bionts Prochloron sp. and the metabolites has been a matter of
great interest. Recently, the production of patellamides, which
are antitumor cyclic peptides from the didemnid ascidian Lisso-
clinum patella, was ascribed to the symbiotic cyanobacterium
Prochloron didemni.[8,10] The gene that encodes the amino acid
sequence of the putative patellamide precursor peptide was
identified in the genomic sequence of P. didemni, and evidence
was found for the ribosomal biosynthesis of patellamides. No-
tably, not all individuals of L. patella produce the peptide, but
both peptide-producing and nonproducing specimens exist.
Both types contain Prochloron, and no morphological differ-
ence between them is apparent. This observation is strikingly
similar to the results of the present study with L. chondrodes.
In the case of patellamide biosynthesis, the responsible gene
clusters pat A–G were present in the patellamide-producing
strains but not in the nonpatellamide-producing strains, al-
though their 16S rDNA sequences were identical. These results
suggest that in the case of the L. chondrodes–Synechocystis
system, the cyanobacterial gene clusters responsible for DH
production might be present only in the DH+ specimens. The
biosynthetic pathway of DH is not known, although there
might be a polyketide pathway or a coupling of sugar and
amino acid precursors; therefore the identification of such a
gene cluster responsible for this process would be a significant
challenge. Further genomic analysis of Synechocystis sp. of
both DH+ and DH� specimens would provide a clue towards
the identification of the genes responsible for DH biosynthesis.
Recent chemical and biological studies on marine secondary


metabolites in relation to symbiosis have helped accumulate
significant insight into the genetic origins of these metabolites.
However, if the biological activity of a metabolite is not con-
nected directly to any ecological event, then the role of that
particular secondary metabolite in the producing organism
and in the ecosystem might remain elusive. With regard to DH,
whether its production affects the physiology of the sponge or
that of the cyanobacteria is not clear. The survival of DH+ and
DH� sponges together in the same environment and the fact
that the population of the DH+ sponge was not overwhelming
indicate that there is no reproductive advantage related to DH
production. The demonstration of positive DH immunoreactivi-
ty by all Synechocystis cells in DH+ specimens suggests the ver-
tical transmission of the cyanobacteria in the event of symbio-
sis ; that is, certain types of Synechocystis, with or without the
ability to produce DH, are probably acquired maternally. The
pharmacological target of DH, an ionotropic glutamate recep-
tor (iGluR) of the non-NMDA type (NMDA: N-methyl-d-aspar-
tate), seems to have little significance in sponge physiology, in
which no developed neuronal system exists. However, GluRs
are highly diverse, and genes that encode GluRs and related
molecules have been found not only in well-developed ani-
mals but also in sponge,[34] and even in the genomic sequen-
ces of cyanobacteria.[35] Therefore, DH might have functional
roles in the sponge–cyanobacteria consortium. Further system-
atic study of both the sponge and symbiont is required to
ACHTUNGTRENNUNGresolve this problem.


Experimental Section


Collection of sponge specimens : Specimens of L. chondrodes were
collected in July 1998, August 2000, and August 2003 by scuba
diving from various regions in the Yap State, Micronesia, after ob-
taining permission from the Department of Marine Resources, Yap
State. Information on individual collections is listed in Table 1.


Fixation of the sponge : Each of the sponge specimens, Yap
030801-3-2 (DH+) and Yap 030801-5-3 (DH�), was cut into pieces
(5 mm thick) and transferred to a tube that contained a fixative
comprising glutaraldehyde (2.5%), sucrose (0.1m), and sodium
ACHTUNGTRENNUNGcacodylate (0.1m) with 50% natural sea water for ultrastructural
observation. For IHC and in situ hybridization, a fixative containing
paraformaldehyde (4%), glutaraldehyde (0.05%), and sucrose
(0.1m) in 50% sea water was used. The fixed specimen was trans-
ferred to phosphate buffer (0.1m) and maintained at 4 8C until fur-
ther processing.


Extraction of the sponge : About 1 g of each sponge specimen
was cut, homogenized with the same amount (w/v) of water, and
centrifuged. Subsequently, the aqueous extract was lyophilized to
afford the crude extract. About 50 mg of crude extract was ob-
tained from 1 g of the sponge specimen. The crude extract was
dissolved in water to a final concentration of 1 mgmL�1 for the
bioassay and HPLC analysis.


DNA-sequence analysis : Total DNA was extracted from 10-mg
samples of each specimen (Yap 030801-2-3, Yap 030801-3-2, Yap
030801-3-3, and Yap 030801-5-3) by using the Puregene DNA Pu-
rification Kit (Gentra, Minneapolis, USA) according to the manufac-
turer’s instructions. Touch-down PCR[36] was performed in order to
amplify the 5.8S-ITS2–28S rDNA of the sponge by using the for-
ward primer SP58bF (5’-AATCATCGAGTCTTTGAACG-3’) and the re-
verse primer SP28cR (5’-CTTTTCACCTTTCCCTCA-3’).[37] Sponge DNA
was amplified by using KOD Dash DNA polymerase (Toyobo) ac-
cording to the instructions of the manufacturer. The PCR was car-
ried out under the following conditions: an initial denaturing step
(5 min) at 95 8C; followed by 15 cycles at 98 8C for 10 s, 66 8C for
10 s (the lower temperature was decreased by 2 8C every fifth cycle
until the temperature reached 62 8C), 72 8C for 25 s; followed by
15 cycles at 98 8C for 10 s, 60 8C for 10 s, 72 8C for 25 s; and a final
elongation step at 72 8C for 3 min. The PCR products were purified
by gel-permeation chromatography with Sephacryl S-400 HR gel
(Amersham Biosciences, New Jersey, USA).


Cyanobacterial 16S rDNA was amplified by using the forward
primer CYA359F (5’-GGGGAATTTTCCGCAATGGG-3’) and the re-
verse primer CYA1509R (5’-GGTTACCTTGTTACGACTT-3’) ;[38] the
total DNA isolated from each sponge specimen was used as tem-
plate. The PCR was carried out under the following conditions: an
initial denaturing step (5 min) at 95 8C; followed by 28 cycles at
98 8C for 10 s, 60 8C for 2 s, 72 8C for 20 s; and a final elongation
step at 72 8C for 3 min.


The PCR product was purified with a QIAEX II gel extraction kit
(Qiagen, Maryland, USA), according to the instructions of the man-
ufacturer. The purified PCR product was cloned directly into the
pCR4-TOPO plasmid (Invitrogen), and transformed into competent
E. coli DH5a (Takara, Shiga, Japan). The sequencing reaction was
carried out by using a DYEnamic ET terminator cycle sequencing
kit (GE Healthcare, Buckinghamshire, UK) with the forward and
ACHTUNGTRENNUNGreverse primers employed in the preceding PCR experiments.
ACHTUNGTRENNUNGSequencing was performed by using an ABI PRISM 3100-Avant
ACHTUNGTRENNUNGGenetic Analyzer.
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The nucleotide sequences obtained were aligned by using the pro-
gram ClustalW 1.83[39] and checked manually. Phylogenetic trees
were constructed by using the neighbor-joining method and the
maximum-likelihood method without a molecular clock in PHYLIP
3.65.[40] For the neighbor-joining method, the distance matrix was
computed by using the F84 model.[41] Ten replicate heuristic
searches were performed in both methods with the random addi-
tion of sequences. To assess the reliability of the tree, bootstrap
analysis was performed by using 1000 replicates.


In situ hybridization of cyanobacterial rRNA : In situ hybridization
was performed according to the procedure of Waller and McFad-
den.[42] Each fixed and dehydrated sponge specimen was embed-
ded in LR White acrylic resin (London Resin, London, UK). DIG–
dUTP-labeled RNA probes were prepared by using a DIG RNA la-
beling kit (Roche Diagnostics, Mannheim, Germany) according to
the instructions of the manufacturer. Sense and antisense probes
were generated from one of the plasmid clones of the O. sponge-
liae 16S rDNA by using one of the two promoters of the pCR4-
TOPO vector. The DIG-labeled RNA probes (5 ngml


�1) were hybrid-
ized to ultrathin sponge sections at 65 8C for 3.5 h, and the bound
probes were labeled with the anti-DIG antibody conjugated to
ACHTUNGTRENNUNGcolloidal gold (10 nm in diameter; British Biocell, London, UK). The
sections were then observed as described below.


Behavioral assay : As DH displays characteristic epileptogenic ac-
tivity in mice at very low doses (<10 pmol per mouse) adminis-
tered by an intracerebroventricular (i.c.v.) injection, the presence of
DH was first surveyed by using a mouse assay.[22] The i.c.v. injection
of the aqueous extract (1 mgmL�1, 20 mL) into mice resulted in var-
ious behavioral toxicities when DH was present. The observed be-
haviors were scored as reported previously; the scores reflected
the DH concentration in the extract. Animal experiments were
ACHTUNGTRENNUNGcarried out under the regulations of the Kitasato University Animal
Experimentation and Ethics Committee. All efforts were made to
minimize both suffering and the number of animals used.


HPLC–MS analysis : Each extract was analyzed by using an HPLC–
ESIMS/MS system. HPLC was conducted with a Wako C30 NAVI (2P
150 mm) column (flow rate: 0.2 mLmin�1; 0.2% hexafluorobutyric
acid/CH3CN, 0–100% gradient over 8 min). N2 was used as the colli-
sion gas for MS/MS analysis. The presence of characteristic product
ions at m/z 287 and 186[12] was monitored. The DH concentration
in each extract was estimated on the basis of the peak area of the
selected ion chromatogram.


Preparation of DH-succinated carrier-protein conjugates : Succi-
nated keyhole limpet hemocyanine (KLH–SU) was purchased from
Sigma. BSA was succinated by treatment with succinic anhydride.
DH was purified from L. chondrodes as described previously.[12] DH
was conjugated to the succinated carrier protein by using the
water-soluble-carbodiimide method.[43] Typical procedure: N-Hy-
droxysuccinimide (10 mg) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (10 mg) were added to KLH–SU
(10 mg), and the resulting mixture was stirred for 10 min at 0 8C.
DH (3.5 mg) and N-methylmorpholine (10 mL) were then added,
and the reaction mixture was allowed to incubate for 12 h at room
temperature. The mixture was then dialyzed against distilled water.
To estimate the amount of DH conjugated per molecule of carrier
protein, the product (KLH–SU–DH, 1 mg) was hydrolyzed with
6nHCl at 115 8C for 12 h. The concentration of DH in the hydroly-
sate solution was estimated to be 1% by using the mouse assay.
BSA-conjugated DH (BSA–SU–DH) was prepared in the same way
with KLH–SU–DH.


Immunization and preparation of DH IgG : The antigen (KLH–SU–
DH, 3.5 mg) was mixed with Freund’s complete adjuvant (Rock-
land, 5 mL) and serine (5 mL). This mixture was injected subcutane-
ously into female albino rabbits. The antigen suspension was ad-
ministrated at four different sites (150 mL at each site) along the
back of the animals once every alternate week for 10 months. The
production of anti-DH antisera was monitored by dot blotting with
BSA–SU–DH as the positive control. The animals were sacrificed
10 months after immunization. The serum (35 mL) was subjected
to affinity purification by using a HiTrap Protein A column (1 mL,
Amersham Pharmacia Biosciences) according to the instructions of
the manufacturer to yield the IgG fraction.


Preparation of anti-DH IgG : DH (1 mg) was conjugated to an N-
hydroxysuccinimide-activated HiTrap column (1 mL, Amersham Bio-
sciences) according to the instructions of the manufacturer. The
IgG fraction obtained by the procedure described above was ap-
plied to this column, and the fraction bound to the column was
eluted with an elution buffer to obtain the DH-binding fraction.
This fraction was concentrated by centrifugal ultrafiltration to give
anti-DH IgG.


Detection of antibody activity by ELISA : A polystyrene multiwell
plate was coated with BSA or KLH (1 mg, 100 mL


�1 in phosphate-
buffered saline (PBS)) for 12 h at 4 8C. Serial dilutions of DH, gluta-
mic acid, and kainic acid (50 mL each, starting with 400 mm) were
added to the plates. The fixative (2% paraformaldehyde, 0.5% glu-
taraldehyde, and 0.2m sucrose in phosphate buffer; 150 mL) was
added to each well, and the plate was incubated at 37 8C for 2 h,
then washed twice with washing buffer (2P200 mL), once with PBS
(150 mL), and again with washing buffer (200 mL). The primary anti-
body (50 mL) was added to the plate, which was then incubated at
37 8C for 1 h. The plate was washed three times with a washing
buffer, then a coloring buffer (0.1% o-phenylenediamine, 0.06%
H2O2 in 0.05m citrate buffer; 100 mL) was added and allowed to
react for 10 min at room temperature. The reaction was quenched
by the addition of 2n H2SO4 (50 mL), and absorptions at 490/
650 nm were measured. Mean triplicate�SE values were plotted,
and each data point was fitted to a sigmoid curve.


Transmission electron microscopy (TEM): The aldehyde-fixed
specimen was processed for TEM as described previously.[23] In
brief, the fixed sample was washed with the cacodylate buffer
(0.1m, pH 7.2), postfixed in 1% OsO4 for 1 h at 4 8C, treated with
hydrofluoric acid, and dehydrated. The sample was then embed-
ded in Spurr’s resin. For IHC preparation, LR White resin (London
Resin) was used instead of Spurr’s resin. The ultrathin sections
were stained with uranyl acetate and lead citrate prior to observa-
tion under a transmission electron microscope (JEM-1011, JEOL,
Tokyo, Japan) operating at 80 kV.


Immunohistochemistry : For IHC observation under a light micro-
scope, a thin section (ca. 700 nm) was cut and blocked with Block
Ace (Dai-Nihon Seiyaku, Osaka, Japan) for 30 min. The section was
incubated with various concentrations of anti-DH IgG (starting con-
centration: 0.5 mgmL�1), anti-phycoerythrin IgG (established from
cryptophycean phycoerythrin, 0.015 mgmL�1), or 2% rabbit normal
serum, and then labeled with antirabbit IgG (H+L) goat polycolloi-
dal gold (5 nm) conjugate (British Biocell, London, UK), followed by
silver enhancement with a kit (British Biocell, London, UK). The sec-
tions were observed under a light microscope (BX-40, Olympus,
Tokyo, Japan). The section without immunostaining was counter-
stained with toluidine blue for 5 min at 80 8C. For TEM, an ultrathin
(70 nm) section was processed as above, labeled with the colloidal-
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gold-conjugated secondary antibody (15 nm), and stained with
uranyl acetate followed by lead acetate.


Fluorescent microscopic observation of cells separated from the
sponge : A sponge sample was cut into pieces and filtered with a
nylon mesh (50 mm). The filtrate was fixed with the same fixative
used for the whole sponge and stored at 4 8C until use. This sus-
pension contained sponge-cell debris, well-preserved O. spongeliae
cells, and the spherical cells. The spherical cells were picked up
manually by a thin grass capillary under a light microscope. These
cells were observed under blue fluorescent light for the unstained
phycoerythrin. DAPI (0.25 mgmL�1) was then added to the cell
preparation, and DNA-complexed DAPI (excitation at 330 nm) was
observed.
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Introduction


Directed evolution[1] of enantioselective enzymes as catalysts in
synthetic organic chemistry, which was first demonstrated in
1997,[2] has emerged as a fundamentally new approach to
asymmetric catalysis.[3] It is based on the combination of
random gene mutagenesis, expression of enzyme mutants and
high or medium-throughput screening for enantiomeric purity
(ee screening) of thousands of samples.[4] Following the iden-
tification of the most enantioselective enzyme variant (hit), the
respective mutant gene is used as a template for another cycle
of mutagenesis/expression/ee screening, a process which
exerts evolutionary pressure.[1,2,3] It can be repeated as many
times as necessary until the desired degree of enantioselectivi-
ty has been reached. We have applied this Darwinistic ap-
proach to such enzymes as lipases,[2, 5] epoxide hydrolases,[6]


and monooxygenases,[7] and other academic and industrial
groups have contributed many further examples.[3]


In spite of these successful developments, directed evolution
of functional enzymes has clear limitations, specifically regard-
ing the restricted range of reaction types that biocatalysts can
mediate.[8] For example, no enzyme or mutant thereof can cat-
alyze such synthetically important transformations as enantio-
selective transition-metal-mediated olefin-hydrogenation or hy-
droformylation, allylic substitution, Heck couplings, etc. , which
are reactions that can be performed with synthetic transition-
metal catalysts in organic solvents[9] or in aqueous medium.[10]


Due to this limitation, in 2001/2002 we proposed the idea of
directed evolution of hybrid catalysts.[11] It had been known for
decades that ligand/metal moieties can be anchored to pro-
teins, which leads to semisynthetic catalysts (hybrid catalysts)
that mediate a variety of organic transformations.[12] However,


in each case only a single catalyst is obtained, and there is no
reason to expect that the protein environment around the
ligand/metal moiety is ideal, as needed, for example, in enan-
tioselective transformations. In contrast, our concept foresees
the generation of a library of mutant proteins and en masse
chemical modification (bioconjugation) thereof, with the for-
mation of a library of potentially enantioselective hybrid cata-
lysts, to be followed by ee screening, isolation of the respective
mutant gene, and repetition of the overall process (Scheme 1).
Thus, we envision the utilization of directed evolution as a
means to tune transition-metal catalysts in an evolutionary
manner.


In order to put the previously proposed concept of directed evolu-
tion of hybrid catalysts (proteins that harbor synthetic transition-
metal catalysts or organocatalysts) into practice, several prereq-
uisites must be met. The availability of a robust host protein that
can be expressed in sufficiently large amounts, and that can be
purified in a simple manner is crucial. The thermostable enzyme
tHisF from Thermotoga maritima, which constitutes the synthase
subunit of a bi-enzyme complex that is instrumental in the bio-
synthesis of histidine, fulfills these requirements. In the present
study, fermentation has been miniaturized and parallelized, as


has purification of the protein by simple heat treatment. Several
mutants with strategically placed cysteines for subsequent bio-
conjugation have been produced. One of the tHisF mutants,
Cys9Ala/Asp11Cys, was subjected to bioconjugation by the intro-
duction of a variety of ligands for potential metal ligation, of a
ligand/metal moiety, and of several organocatalytic entities that
comprise a flavin or thiazolium salts. Characterization by mass
spectrometry and tryptic digestion was achieved. As a result of
this study, a platform for performing future directed evolution of
these hybrid catalysts is now available.
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There are several technical problems that need to be solved
before the concept can be put into practice. First, in contrast
to conventional directed evolution experiments,[1–7] the mu-
tants (clones) in a given library need to be purified because
bioconjugation with introduction of a ligand/metal moiety can
also occur with foreign protein, which leads to an undesired
mixture of catalysts. Second, the expression system has to be
very efficient to provide enough host protein for subsequent
purification, bioconjugation and catalysis. Because essentially
all synthetic transition-metal catalysts[9,10] have considerably
lower activities than enzymes,[8] directed evolution experiments
of the kind pictured in Scheme 1 require large quantities of
protein. Indeed, for protein expression of many systems, the
usual 1 mL reaction vessels of deep-well plates that are used in
traditional directed evolution experiments are too small. In
spite of the technical challenges delineated above, we were re-
cently able to provide proof-of-principle for the first time,[13] by
specifically making use of Whitesides’ system in which a biotin-
ylated diphosphine–Rh complex is anchored noncovalently to
streptavidin.[14] This system has also been used by Ward et al.
who performed ee optimization successfully by using chemical
spacer modification and rational site-specific mutagene-
sis.[12h,14c–e] Our evolutionary approach is different. By going
through three cycles of iterative CASTing (combinatorial active-
site saturation test),[6b] it was possible to increase the enantio-
selectivity of the Rh-catalyzed hydrogenation of an a-acetami-
do acrylic acid ester stepwise from 23 to 65% ee.[13] This study,
however, was extremely labor intensive, because even the best
currently available expression system of streptavidin does not
deliver enough protein to fulfill the requirements for efficient
and extensive directed evolution. Thus, it was not possible to
work with normal microtiter plates. Rather, fermentation of
each clone was performed typically in 500 mL baffled flasks
(125 mL culture volume). Following protein purification, asym-
metric hydrogenation was carried out in 10-mL glass vessels of
an in-house adapted reactor block for the Chemspeed Acceler-
atorTM SLT100 Synthesizer.[15] Therefore, only very small mutant
libraries (<200 clones) could be handled in a slow and tedious
overall process.


In order to develop a more practical variation of Scheme 1,
two options appeared to be logical : 1) improve the expression
system for streptavidin considerably, or 2) turn to an alterna-
tive protein as a potential host for anchoring ligand/metal moi-
eties. Here we describe such an alternative system, based on
the use of a thermostable enzyme that is easy to purify.


tHisF as a host for synthetic catalysts: parallel
ACHTUNGTRENNUNGexpression and purification


The thermostable enzyme tHisF from Thermotoga
maritima constitutes the synthase subunit of the glu-
taminase–synthase bi-enzyme complex that catalyzes
the formation of imidazole glycerol phosphate in
ACHTUNGTRENNUNGhistidine biosynthesis.[16a,b] Monomeric tHisF contains
253 amino acid residues and has a molecular mass of
27.7 kDa. It has a (ba)8-barrel structure, which is the
most common enzyme fold found in nature.[16c,d] In
the canonical (ba)8-barrel fold, the eight strands form


a central parallel b sheet, the barrel, which is surrounded by
the eight a helices (Figure 1). In all known (ba)8-barrels, the


active-site residues are located at the C-terminal ends of the
b strands and in the ba loops, which connect the strands with
the following a helices (“catalytic face”[16d]). In contrast, the
ab loops connect the a helices with the following b strands to
form the “stability face”[16d] of the barrel.


We thought that this protein could be an ideal candidate for
hosting synthetic catalysts such as ligand/metal entities or or-
ganocatalysts for several reasons.[17] First, protein expression in
a 38 L fermenter in E. coli was already established, and it deliv-
ers approximately 12 mg of pure monomeric protein per liter
of culture medium following purification.[16e] An alternative
procedure, which was optimized in 3 L shaking flasks, produces
100 mg of protein per liter of culture medium.[16f] Second, the
pronounced thermostability of tHisF allows a heat treatment
as a straightforward way to parallelize purification, because
such a process leads to the denaturation and precipitation of
undesired proteins.[16,17] Third, the X-ray structure of tHisF[16c]


suggests that the wide upper rim at the catalytic face of the
enzyme might be a convenient site for covalent anchoring of
synthetic transition-metal catalysts or organocatalysts (see next
section).


As an initial step toward establishing a platform for perform-
ing directed evolution of hybrid catalysts based on tHisF, we
first optimized laboratory-scale fermentation of the wild-type
(WT) protein. This provided us with sufficient amounts for char-
acterization and parallelization experiments. State-of-the-art


Scheme 1. Concept of directed evolution of hybrid catalysts showing the flow of genetic
information from the gene to transition-metal hybrid catalysts.[11]


Figure 1. X-ray structure of tHisF.[16c] Left : top view of the C-terminal face of
the central b barrel that contains the active site; right: side view. The central
b barrel is depicted in cyan, and the surrounding a helices are depicted in
red. In the present study, the positions suitable for potential bioconjugation
following the introduction of cysteine are 11, 50, and 171 (blue), whereas
Cys9 (yellow) was mutated to Ala.[16b] In the side view, the N and C termini
of the polypeptide chain are marked.
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fermentation protocols allowed the production of 400 to
500 mg of essentially pure tHisF within 1.5 days by using a 5 L


fermentation unit (see Experimental Section). In our early at-
tempts to miniaturize and parallelize this protocol, we studied
the fermentation process more closely.[17a] Accordingly, induc-
tion with isopropyl b-d-thiogalactopyranoside (IPTG) and the
purification process were optimized. A final concentration of
1.0 mm IPTG proved to be ideal for expression. Heating the
crude lysates in 96-well plates at 72 8C for 30 min afforded the
best results in the heat-purification. A 19 and subsequently a
24-fold fermentation unit were then developed and optimized
(Scheme 2).


In order to be able to produce practical amounts of tHisF in
a parallel fashion, we decided to use deep 24-well plates
(Scheme 2), which is a trade-off between ease of fermentation
on the one hand (deep-well plates) and large fermentation vol-
umes to obtain practical amounts of tHisF on the other. By
using Luria–Bertani (LB) medium, the OD600 range, in which in-
duction with IPTG resulted in good levels of expression, turned


out to be narrow (see Scheme 2). The individual wells were un-
likely to reach this range simultaneously, which makes the pro-
cedure shown in Scheme 2 less suitable for high-throughput.
Previously, Studier reported facile and reproducible expression
of proteins that were encoded on a pET vector (by making use
of catabolite repression).[18] Indeed, in the case of tHisF, this
auto-induction system allowed high-density parallel fermenta-
tion without the additional induction step. However, the result-
ing tHisF preparation contained significant amounts of impuri-
ties even after prolonged heat treatment, which cannot be tol-
erated in our mission (Scheme 1). This serious problem was fi-
nally solved by inducing protein expression permanently from
the beginning of the fermentation (instead of the more tedi-
ous induction at a certain cell density as is shown in Scheme 2)
by using a buffered medium supplemented with additional
glycerol (TB medium instead of LB medium). The workup after
protein expression was performed analogously to the proce-
dure that is shown in Scheme 2, except that the ammonium
sulfate precipitation step was omitted because the protein was


already essentially pure (~95%
as judged by SDS-PAGE). We
found that this very straightfor-
ward parallel fermentation on
the 12.8 mL scale (4O3.2 mL) in
deep 24-well plates provides
an average of 1.2 mg
(0.044 mmol) of pure tHisF (as
judged by SDS-PAGE). Thus,
ACHTUNGTRENNUNGreproducible expression and
ACHTUNGTRENNUNGpurification were achieved by
using this improved protocol.


The development of the op-
timized 24-well fermentation
unit and the successful parallel
purification procedure taken
together constitute a potential
platform for performing direct-
ed evolution of selective hybrid
catalysts (Scheme 1). In this
context, the parallelization in
24-well-plates offers the possi-
bility of using robotics in order
to achieve higher throughput.
Moreover, further paralleliza-
tion following the fermentation
step, for example in a 96-well
format, can be achieved easily
by the use of pipetting robots.
The next step in completing
the platform involves reliable
bioconjugation with the intro-
duction of ligands needed for
transition-metal catalysts or or-
ganocatalysts.


Scheme 2. Parallel fermentation of tHisF. Comparison of the 19-fold fermentation unit and the initial fermentation
process in 24-well plates.[17a]
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Bioconjugation of tHisF with formation of hybrid catalysts


One of the standard methods of anchoring ligands to proteins
is based on SN2 or Michael reactions at the thiol function of an
appropriate cysteine.[12,19] The WT tHisF contains only one cys-
teine at position 9, which is located deep inside the barrel
structure (Figure 1).[16c] Exploratory experiments had shown
that chemical reactions at the respective thiol function occur
sluggishly, if at all.[17] Therefore, we exchanged this cysteine
residue for alanine (Cys9Ala) in the WT, and by considering the
crystal structure of tHisF,[16a, c] we introduced cysteine at various
positions that can be expected to be spatially accessible. One
option was to perform site-directed mutagenesis with the in-
troduction of cysteine at positions in the region of the lower
(narrow) rim at the so-called “stability face” of the central
b barrel where the flexible C and N termini are located
(Figure 1). However, we chose another option, namely by fo-
cusing on the upper (relatively wide) rim at the “catalytic face”
of the barrel where the natural cyclization reaction of tHisF is
known to occur.[16b] This line of thought led us to believe that
positions 11, 50 and 171 would be appropriate sites for the
ACHTUNGTRENNUNGintroduction of cysteine (Fig ACHTUNGTRENNUNGure 1). Consequently, three tHisF
mutants were generated as potential proteins for bioconju-
gation, namely Cys9Ala/Asp11Cys, Cys9Ala/Leu50Cys and
Cys9Ala/Thr171Cys.


We then decided to concentrate first on mutant Cys9Ala/
Asp11Cys as the host protein to which synthetic catalysts can
be anchored. We chose the Michael addition to chemically
modified maleimides and SN2-reactions of a-halo carbonyl
compounds (Scheme 3), which are bioconjugation reactions
that are known to proceed rap-
idly and in high yield.[12,19]


Maleimides 1–9, which harbor
ligands, ligand/metals, or orga-
nocatalysts were chosen for Mi-
chael additions. In the case of
bioconjugation that is based on
appropriately modified a-halo
carbonyl compounds, compound
10 was considered. Ligands 1, 4,
and 10 were designed for poten-
tial transition-metal coordination
(see also complex 2), whereas 3
constitutes a potential flavin-de-
pendent organocatalyst for pos-
sible Baeyer–Villiger reactions[20]


(also sulfoxidation and/or oxida-
tion of dihydronicotinamides). Fi-
nally, 5, 6, 7, 8, and 9 lead to po-
tential organocatalysts for ben-
zoin reactions that are similar
to pyruvate decarboxylase[21]


(Figure 2, Scheme 4, Scheme 5,
Scheme 6, Scheme 7, Scheme 8,
Scheme 9).


Chemical modification of
mutant Cys9Ala/Asp11Cys (ac-


cording to Scheme 3 by using compounds 1–10) was then per-
formed under standard conditions that have been described in
the literature for other systems, to provide the respective bio-
conjugates.[12,19]


The bioconjugates were characterized by mass spectrometry
(MS), and in some cases by limited proteolysis by using tryp-
sin.[17] A few representative cases are discussed here. For exam-
ple, the bioconjugate that was derived from tHisF mutant
Cys9Ala/Asp11Cys and 5-iodoacetamide-1,10-phenanthroline
(10) was characterized by a combination of ESI-TOF MS and
limited proteolysis with trypsin. Trypsin is a serine protease
that cleaves peptide bonds only on the C-terminal side of the
basic amino acids lysine and arginine, thereby allowing for pre-
dictable selectivity. The amino acid sequence of tHisF compris-
es 7% lysine and 5% arginine.[16,17a] In a denaturated or highly


Scheme 3. Chemical modification of tHisF mutant Cys9Ala/Asp11Cys by
means of Michael additions, that lead to bioconjugates A, and SN2-reactions
that provide bioconjugates B.


Figure 2. Compounds 1,[11b] 2,[11b] and 10[22] were prepared according to literature procedures. Compounds 3–9
were synthesized according to the routes shown in Schemes 4–9.
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flexible protein, one would expect complete digestion by tryp-
sin. However, it was previously shown that tHisF is accessible
to trypsin digestion only at two positions due to its pro-
nounced stability.[16b] Therefore, a combination of limited tryp-


tic digestion and MS analysis
was chosen to demonstrate that
the chemical modification occurs
in the desired part of the host
protein. The reported cleavage
positions are located at Arg27
and Lys58, though the cleavage
occurs much faster at Arg27. The
cysteine in position 11, which
was modified with a variety of
ACHTUNGTRENNUNGligands is part of the N-terminal
region that was cleaved off, and
the remaining protein was ana-
lyzed by MS. Similar analyses
were performed for bioconju-
gates of the other mutants
Cys9Ala/Leu50Cys and Cys9Ala/
Thr171Cys.[17a]


In a first set of experiments, it
was shown that, upon modifi-
ACHTUNGTRENNUNGcation of the tHisF mutant,
Cys9Ala/Asp11Cys with iodoace-
tamide 10, the expected mass
difference is indeed detected by
ESI-TOF MS (Table 1, entries 1
and 2). After tryptic digestion
the mass expected from cleav-
age at Arg27 was observed for
both the unmodified protein
and the bioconjugate (Table 1,
entries 3 and 4). This result clear-
ly demonstrates that, as expect-
ed, the chemical modification of
the host protein occurs within
the N-terminal region that is
subsequently cleaved off.


Moreover, these results show
that the chemical modification
of the host protein does not
alter its behavior towards tryp-
sin, a conclusion which is corro-
borated by following the prog-
ress of the tryptic digestion by
SDS-PAGE (Figure 3). In the case
of denaturation of the host pro-


tein upon chemical modification, more extensive
fragmentation in the tryptic digestion would have
been expected.


In a second set of experiments, the maleimide 1
was also shown to react in the expected way with
the host protein. In addition to the tHisF mutant
Cys9Ala/Asp11Cys, mutants Cys9Ala/Leu50Cys and
Cys9Ala/Thr171Cys also turned out to be suitable for


selective modification (Table 2).
In bioconjugation experiments followed by tryptic digestion,


it was found in the case of mutant Cys9Ala/Asp11Cys, for ex-
ample, that the mass of the resulting high-molecular-weight


Scheme 4. Synthesis of maleimide 3.


Scheme 5. Synthesis of maleimide 4.


Scheme 6. Synthesis of maleimides 5 and 6.


Scheme 7. Synthesis of maleimide 7.
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fragment is the same as for the unmodified protein. This
shows that chemical modification occurs within the first 27
amino acids (Table 3). In the case of the mutant Cys9Ala/
Leu50Cys, the bioconjugate derived from maleimide 1 shows a
higher mass than the digested unmodified mutant after tryptic
digestion (Table 3). Here, the mass difference corresponds di-
rectly to the incorporated ligand, which demonstrates that in
this case, tryptic digestion also leads to removal of the first 27
amino acids. Thus, cleavage in this mutant does not remove
the modified region, as expected.


After the successful bioconjugation of tHisF mutant Cys9Ala/
Asp11Cys with ligands 1 and 10, we set out to study the
chemical modification of the host protein with a preformed
transition-metal catalyst. For that purpose we chose the PdII


complex 2 and carried out bioconjugation under the
same conditions. Conversion was tested by subse-
quent treatment with the dye 7-diethylamino-3-(4-
maleimidylphenyl)-4-methylcoumarin (27) followed
by SDS-PAGE analysis. This compound exhibits fluo-
rescence upon Michael addition of free thiol groups
to its maleimide moiety. Following UV irradiation of
the gel, a signal was only obtained with the unmodi-
fied mutant; this confirms the quantitative reaction
of Cys11 with 1 and 2, respectively (Figure 4).


In addition to the above-described ligands for tran-
sition metals, various organocatalyst-based hybrid
catalysts were prepared. For example, flavin 3 was
used for the selective cysteine modification of the


tHisF mutant Cys9Ala/Asp11Cys. This compound allows for
direct quantification of the chemical modification because it
has chromophoric properties. In view of future en masse paral-


Scheme 8. Synthesis of maleimide 8.


Scheme 9. Synthesis of maleimide 9.


Table 1. ESI-TOF MS analysis of the bioconjugate derived from 5-iodoace-
tamide-1,10-phenanthroline (10) and tHisF mutant Cys9Ala/Asp11Cys and
of the unmodified mutant as reference.


Sample Mass
calcd from ESI-TOF-MS


1 mutant Cys9Ala/Asp11Cys 27662 27683
2 mutant Cys9Ala/Asp11Cys 27897 27913


modified by 10 ACHTUNGTRENNUNG(D=235) ACHTUNGTRENNUNG(D=230)
3 mutant Cys9Ala/Asp11Cys 24678


unmodified; after tryptic digestion
4 mutant Cys9Ala/Asp11Cys 24681


modified by 10 ; after tryptic digestion ACHTUNGTRENNUNG(D=3)


Figure 3. SDS-PAGE (12.5% acrylamide) of samples from limited proteolysis
(5, 15, and 240 min) of the unmodified tHisF mutant Cys9Ala/Asp11Cys and
its bioconjugate with 5-iodacetamido-1,10-phenanthroline (10). The ob-
served fragmentation pattern suggests that modification does not signifi-
cantly change the susceptibility of the tHisF mutant to trypsin; M: molecular
weight marker.


Table 2. ESI-TOF MS analysis of tHisF mutants chemically modified by re-
action with maleimide 1. All numbers refer to mass units.


Protein Unmodified Modified Dobs


(Dcalcd=265)


WT tHisF 27689 – –
mutant Cys9Ala/Asp11Cys 27683 27948 265
mutant Cys9Ala/Leu50Cys 27682 27951 269
mutant Cys9Ala/Thr171Cys 27697 27962 265


Table 3. ESI-TOF MS analysis before and after tryptic digestion of chemi-
cally unmodified and modified tHisF mutants Cys9Ala/Asp11Cys and
Cys9Ala/Leu50Cys; numbers refer to mass units.


Protein Modification Undigested Digested D


Cys9Ala/Asp11Cys none 27683 24678 3005
with 1 27948 24676 3272


Cys9Ala/Leu50Cys none 27682 24669 3013
with 1 27951 24933 3018
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lel bioconjugation of mutant libraries in the process of directed
evolution experiments (Scheme 1), the course of the chemical
modification process was studied more closely. In the biocon-
jugation experiments, 0.5, 1.0, and 2.0 equivalents of the flavin
catalyst 3 were used. In order to check for possible unspecific
modification of the host protein, the cysteine-free tHisF
mutant Cys9Ala was studied under the same set of conditions
(Figure 5).


Two important results are apparent. First, bioconjugation is
very selective, as evidenced by the extremely low degree of
modification of the cysteine-free protein. Second, the results
suggest that the use of stoichiometric or slightly substoichio-
metric amounts of the flavin 3 in an en masse chemical modifi-
cation of mutant libraries is feasible without subsequent purifi-


cation. This finding is important
with regard to achieving maxi-
mum throughput in future
screening processes.


The selectivity of this particu-
lar bioconjugation was con-
firmed by MALDI-TOF MS analy-
sis (Table 4 and Figure 6). The
observed mass difference with
respect to the unmodified pro-
tein is in accord with the expect-
ed difference for the bound
ligand within the error range of
the method.


Figure 6 clearly shows that
only a very small fraction of the
protein remains unmodified and
that double chemical modifica-


tion is negligible. In analogous experiments, it was shown that
the phenanthroline 4, which bears a maleimide linker also has
the desired reactivity towards the host protein and therefore
appears to be suitable as a ligand for organocatalysis (base
catalysis) or for transition-metal-based catalysis.[17a]


Another class of organocatalysts considered in this study
comprises thiazolium and triazolium moieties that promote re-
actions such as the benzoin reaction or Stetter-type transfor-
mations.[21] The thiazolium catalysts 5, 6, 8, and triazolium cata-
lyst 9 proved to be suitable for analogous modification of the
cysteine thiol moiety of the tHisF mutant Cys9Ala/Asp11Cys, as
shown by titration with Ellman’s reagent.[23] The thiazolium
ACHTUNGTRENNUNGderivative 7 was not suitable for bioconjugation experiments
under the standard conditions due to poor solubility.


Conclusions


Although we recently provided proof-of-principle regarding
the concept of directed evolution of enantioselective hybrid
catalysts as outlined in Scheme 1,[11] the system that was em-
ployed had some flaws which prevented systematic investiga-
tions.[13] In that study, Whitesides’ system,[14] which is com-
prised of a biotinylated diphosphine–Rh complex that is anch-
ored noncovalently to streptavidin and is in principle well


Figure 4. Modification of tHisF mutant Cys9Ala/Asp11Cys with ligand 1 and the corresponding PdII complex 2.
Quantitative modification of the host protein was confirmed by subsequent treatment with commercial dye 27
and SDS-PAGE analysis ; M: molecular weight marker; unmod: unmodified mutant Cys9Ala/Asp11Cys.


Figure 5. Progress and selectivity in the chemical modification of the tHisF
mutant Cys9Ala/Asp11Cys with various amounts of flavin 3. As a control for
unspecific incorporation of 3, the cysteine-free mutant Cys9Ala was studied
under the same set of conditions. Cys9Ala/Asp11Cys with 2.0 equiv of 3 (&) ;
Cys9Ala with 2.0 equiv of 3 (^) ; Cys9Ala/Asp11Cys with 1.0 equiv of 3 (&) ;
Cys9Ala with 1.0 equiv of 3 (^) ; Cys9Ala/Asp11Cys with 0.5 equiv of 3 (&) ;
Cys9Ala with 0.5 equiv of 3 (^).


Table 4. Summary of data from MALDI-TOF analysis of bioconjugates
that were derived from tHisF mutant Cys9Ala/Asp11Cys and ligands 3
and 4 ; numbers refer to mass unit.


Protein Peak
maximum


Dobs. Dcalcd


tHisF mutant Cys9Ala/Asp11Cys
unmodified


27665 – –


tHisF mutant Cys9Ala/Asp11Cys
modified by 3


28046 381 393


tHisF mutant Cys9Ala/Asp11Cys
modified by 4


27958 293 275
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suited for our goals, has the disadvantage that all currently
known expression systems of the host streptavidin do not
ACHTUNGTRENNUNGdeliver enough protein to perform extensive directed evolu-
tion.[13] For that reason, an alternative host had to be found. In
the present study we have developed a viable alternative. It is
based on the thermophilic enzyme tHisF, which in nature cata-
lyzes a crucial step in the biosynthesis of histidine.[16] Important
for our application of tHisF as a protein for hosting synthetic
catalysts is the fact that it is robust and can be expressed in
large amounts in E. coli. We have shown here that fermenta-
tion can be miniaturized and carried out in parallel in a 24-well
format, and that parallel purification is possible.


We have also demonstrated that bioconjugation with the in-
troduction of ligands, ligand/metal entities, and organocata-
lysts is likewise easily achieved. Thus, a technological platform
for future directed evolution of these interesting hybrid cata-
lysts has been established. One may anticipate that directed
evolution by using iterative CASTing[6b] will provide a means to
control activity and enantioselectivity.


Experimental Section


General remarks: All chemicals were purchased from Aldrich,
Fluka, or Acros and were used without further purification. Media
components were purchased either from Applichem (Darmstadt,
Germany) or Invitrogen.


Site-specific mutagenesis : The mutants tHisF-Cys9Ala/Asp11Cys,
Cys9Ala/Leu50Cys, and Cys9Ala/Thr171Cys were produced by PCR-
based methods by using the plasmid pET11c_tHisF-C9A as tem-
ACHTUNGTRENNUNGplate.[16b] The mutant tHisF-Cys9Ala/Asp11Cys was generated by a
standard PCR reaction by using the oligonucleotide 5’-TGATGAA-
GACATATGCTCGCTAAAAGAATAATCGCGGCTCTCTGTGTGAAA-3’
(new codon in bold) as the 5’ primer, and the T7 terminator as
3’ primer. By using the NdeI and BamHI restriction sites, tHisF-
Cys9Ala/Asp11Cys was cloned into pET11c.


The mutant tHisF-Cys9Ala/Leu50Cys was generated by overlap–ex-
tension PCR.[24] To produce the first megaprimer, oligonucleotide A
(5’-CTCGTTTTTTGCGATATCACC-3’; new codon in bold) was used
as the 5’ primer, and oligonucleotide B (5’-CCCCAAGCTTTCA-
CAACCCCTCCAGTCTCA-3’; primer that introduced a HindIII restric-
tion site at the end of the gene) was used as the 3’ primer. To
ACHTUNGTRENNUNGproduce the second megaprimer, oligonucleotide C (5’-TATACG
CATGCTCGCTAAAAGAATAATCGC-3’; primer that introduced a


SpHI restriction site at the start of the gene) was used as the
5’ primer, and oligonucleotide 5’-GGTGATATCGCAAAAAACGAG-3’
(new codon in bold) was used as the 3’ primer. The two megaprim-
ers were purified and mixed with oligonucleotides B and C in a
PCR that yielded the full-length tHisF-Cys9Ala/Leu50Cys gene.


The mutant tHisF-Cys9Ala/Thr171Cys was also generated by over-
lap–extension PCR. To produce the first megaprimer, oligonucleo-
tide 5’-ATCCTGCTCTGCAGTATCGAC-3’ (new codon in bold) was
used as the 5’ primer, and oligonucleotide B was used as the
3’ primer. To produce the second megaprimer, oligonucleotide C
was used as the 5’ primer, and oligonucleotide 5’-GTCGATACTGCA
GAGCAGGAT-3’ (new codon in bold) was used as the 3’ primer.
Again, the two megaprimers were purified and mixed with the oli-
gonucleotides B and C in a PCR that yielded the full-length tHisF-
Cys9Ala/Thr171Cys gene.


By using the SpHI and HindIII restriction sites, the two variants
tHisF-Cys9Ala/Thr171Cys and tHisF-Cys9Ala/Thr171Cys were cloned
into the plasmid pDS56/RBSII/SpHI.[25]


Parallel fermentation and purification of WT tHisF : For produc-
tion of WT tHisF, LB medium that contained carbenicillin
(100 mgL�1) was inoculated with E. coli BL21ACHTUNGTRENNUNG(DE3) cells that had
been transformed with pET11c-thisF,[16c] and treated according to
Scheme 2 by using standard procedures. Alternatively, an improved
and more straightforward protocol was followed by using perma-
nent induction with IPTG (1 mm) and fermentation in 24-well
plates (analogous to Scheme 2). In the latter protocol, a fresh over-
night LB culture (20 mL) was added to TB medium (3.2 mL) in each
well of the plate. Fermentation was carried out in a shaking incu-
bator at 37 8C and 900 rpm (maximal amplitude attainable) for 7 h.
Fermentation of each clone was performed in four wells, followed
by centrifugation (4 8C, 15 min, Eppendorf centrifuge 5810R, rotor
A-4-62, 4000 rpm). Cells were resuspended in buffer (200 mL per
well, Tris-HCl, 100 mm, pH 8), and clones were pooled. Further con-
centration was achieved by a second centrifugation step and re-
suspension in a lysis buffer (400 mL) that was suitable for the next
step: phosphate buffer or Tris-HCl (10 mm), pH 7.0–9.0. The result-
ing suspensions were stored at �78 8C, overnight. For combined
lysis/thermoprecipitation of E. coli cells/proteins, the thawed cells
were heated for 30 min at 75 8C, centrifuged (4 8C, 45 min,
14000 rpm, Eppendorf centrifuge 5810R, rotor F-45-30-11) and the
clear supernatant was collected. This procedure was also applied
for the fermentation and purification of tHisF mutants.


Large-scale protein expression and purification of WT tHisF and
its mutants : Production of larger quantities of tHisF and the
Cys9Ala/Asp11Cys mutant was achieved by using E. coli BL21-


Figure 6. MALDI-TOF spectra of tHisF mutant Cys9Ala/Asp11Cys after modification with 3 and 4 (blue). The spectrum of the unmodified protein is shown in
red for comparison.


ChemBioChem 2008, 9, 552 – 564 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 559


Protein Host for Chelating Ligands and Organocatalysts



www.chembiochem.org





ACHTUNGTRENNUNG(DE3)pLysS cells that contained pET plasmids with the correspond-
ing genes.[16] For production of the mutants Cys9Ala/Leu50Cys and
Cys9Ala/Thr171Cys E. coli W3110trpEA2 cells[26] were used; these
contained the pDS/RBSII/SphI plasmid with the corresponding
genes as well as the repressor plasmid pDM.[25] An overnight LB
culture (100 mL) supplemented with the suitable antibiotics—that
is, carbenicillin (100 mgL�1) and chloramphenicol (34 mgL�1) for
the pET/pLysS-system, and ampicillin (150 mgL�1) and kanamycin
(75 mgL�1) for the pDS/pDM-system—was used to inoculate a 5 L
fermenter (Labfors HT, Infors AG, Switzerland) that contained TB
medium supplemented with the same antibiotics. The culture was
incubated at 37 8C with constant air supply and continuously
stirred (700 rpm). Expression was induced at an OD600 between 0.4
and 0.6 by the addition of IPTG to a final concentration of 1 mm.
After another 5 h of incubation, the cells were harvested by centri-
fugation (4 8C, 15 min, 6000 rpm, Sorvall Evolution Superspeed,
rotor SLC 6000), washed with Tris-HCl (100 mm ; pH 7.4) buffer, and
centrifuged again (4 8C, 25 min, 8000 rpm, Sorvall Evolution Super-
speed, rotor SLC 6000); the cell pellet was frozen. For cell lysis the
pellet was resuspended in Tris-HCl buffer (10 mm ; 150 mL, pH 7.4),
supplemented with benzonase (20 mL; Boehringer). After sonica-
tion (Bandelin, 4O1 min, 40% pulse, on ice), the crude lysate was
heated to 75 8C for 35 min, centrifuged (4 8C, 45 min, 14000 rpm,
Eppendorf Centrifuge 5810R, rotor F-45-30-11), and the clear super-
natant was collected. The supernatant was desalted by using a PD-
10 desalting column (GE Healthcare) either with Tris-HCl buffer
(10 mm ; pH 7.2) or another buffer that was suitable for the subse-
quent experiment. In order to obtain protein of very high purity,
the remaining impurities such as DNA were removed by anion-
exchange chromatography with a stepwise gradient (5 mL,
5 mgmL�1 sample per run, Fractogel EMD DEAE (Merck) 16O
50 mm, starting buffer: 10 mm Tris–HCl pH 7.2, elution buffer :
10 mm Tris-HCl pH 7.2 with 1m NaCl). Fractions that contained
tHisF were pooled and desalted via a PD-10 desalting column (GE
Healthcare). SDS-PAGE (12.5% acrylamide) of the protein showed
single-band purity for all of the studied mutants.


General procedure for chemical modification of tHisF or mu-
tants : A tHisF solution with a concentration of up to 5 mg/mL was
mixed with a solution of the modification reagent in acetonitrile
(1, 4), DMF (3, 10), or aqueous buffer (5, 6, 8, 9). In the case that
acetonitrile or DMF was used, the final concentration of the organ-
ic solvent was 5 vol%. To achieve selective modification, a buffered
solution in the neutral pH range (pH 7.0–7.5) was used. The modifi-
cation reactions were incubated in a shaking incubator for 14–24 h
at 25 8C. Excess modification reagent was removed by gel-filtration
(PD-10 desalting columns, GE Healthcare). Modifications with dye
27 were performed at room temperature for 16 h by using the
ligand in excess.


Tryptic digestion of tHisF or mutant : A solution of tHisF (0.25 mg)
in phosphate buffer (50 mm, 1 mL, pH 7.0) was incubated at 25 8C
with trypsin solution (1 mL, 2 mgmL�1), which was prepared from
tablets (Sigma–Aldrich). For limited proteolysis, samples were
taken after the respective digestion time and directly treated with
a SDS-containing loading dye for subsequent analysis by SDS-
PAGE.


ESI-TOF MS analyses : A sample of protein or modified protein
(20 mL) was added to a water/acetonitrile (1:1) mixture (300 mL) fol-
lowed by glacial acetic acid (6 mL). The final protein concentration
was 0.5 mgmL�1. Alternatively, formic acid instead of glacial acetic
acid was used. The sample was injected with a flow-rate of
600 mLmin�1 in the ESI source. The Micromass LCT ESI-TOF MS was
calibrated with myoglobin as standard. Parameters: capillary:


3000 V, polarity: positive, sample cone: 40 V, extraction cone: 3.0 V,
desolvation temperature: 250 8C, source temperature: 120 8C, MCP:
2600 V, RF lens: 600 V, mass range: 400–2500, cone gas flow:
1 Lh,�1 desolvation gas flow: 326 Lh.�1


Synthesis of modification reagents


Synthesis of modification reagent 3


tert-Butyl N-(2-hydroxyethyl)carbamate : This compound was pre-
pared according to a modified procedure of Callahan.[27] Ethanol-
ACHTUNGTRENNUNGamine (5.18 g, 84.8 mmol, 5.08 mL) was dissolved in CH2Cl2
(180 mL), Et3N (8.57 g, 84.8 mmol, 11.9 mL) was added and di-tert-
butyl dicarbonate (18.5 g, 84.8 mmol) was added slowly. The initial-
ly turbid reaction mixture cleared up after approximately 10 min.
The mixture was stirred for 4 h at room temperature, then washed
with saturated aq NaCl (80 mL) and then with HCl (1m, 100 mL).
The organic phase was dried over MgSO4, then concentrated to
afford a colorless oil ; yield: 13.4 g (83.2 mmol, 98%). 1H NMR
(400 MHz, CDCl3): d=5.2 (br s, 1H), 3.65 (t, J=4.9 Hz, 2H), 3.24 (t,
J=4.9 Hz, 2H), 2.9 (br s, 1H),1.40 ppm (s, 9H); 13C NMR (100 MHz,
CDCl3): d=156.4, 61.9, 42.8, 30.7, 27.9 ppm.


tert-Butyl N-[2-(tosyloxy)ethyl]carbamate : tert-Butyl N-(2-hydroxy-
ACHTUNGTRENNUNGethyl)carbamate (13.4 g, 83.3 mmol, 1.0 equiv) and triethylamine
(18.9 g, 187 mmol, 26.3 mL, 2.25 equiv) were dissolved in CH2Cl2
(120 mL), and cooled in an ice/water-bath. A solution of tosyl chlo-
ride (17.44 g, 91.5 mmol, 1.1 equiv) in CH2Cl2 (120 mL) was added
slowly to the cold solution. The mixture was stirred at room tem-
perature for 60 h. It was washed successively with 10% (w/v) aq
citric acid (3O70 mL) and saturated aq NaCl (70 mL), and then
dried (MgSO4). The crude product was treated with of EtOAc/hex-
anes (20 mL, 1:1) and crystallized at �20 8C. White crystals were
isolated; yield: 18.73 g (59.3 mmol, 71%). 1H NMR (300 MHz,
CDCl3): d=7.71 (d, J=8.4 Hz, 2H), 7.27 (d, J=8.3 Hz, 2H), 4.8 (br s,
1H), 3.99 (t, J=5.0 Hz, 2H), 3.30 (brd, J=4.9 Hz, 2H), 2.37 (s, 3H),
1.33 ppm (s, 9H).


3-(N-Boc-2-aminoethyl)-7-acetyl-10-methylisoalloxazine : 7-Acetyl-10-
methylisoalloxazine (11; 1.20 g, 4.44 mmol) was prepared according
to the procedure of Levine,[28] and was dissolved in DMF (180 mL).
K2CO3 (920 mg, 6.66 mmol) and tert-butyl N-[2-(tosyloxy)ethyl]-
ACHTUNGTRENNUNGcarbamate (7.00 g, 22.2 mmol) were added and the mixture was
stirred at room temperature in the dark for 3 days. The color
changed from yellow to greenish-brown. Then the solvent was
ACHTUNGTRENNUNGremoved in vacuo. The brown residue was resuspended in EtOAc
(50 mL) and H2O (50 mL), and then it was extracted with EtOAc
(5O50 mL) and CH2Cl2 (5O50 mL). Evaporation of the solvent gave
the red crude product. Purification by flash chromatography (SiO2,
EtOAc/MeOH, 15:1) afforded desired product as a yellow solid;
yield: 910 mg (2.20 mmol, 50%). 1H NMR (400 MHz, [D6]DMSO): d=
8.78 (d, J=1.9 Hz, 1H), 8.41 (dd, J=1.9 and 9.0 Hz, 1H), 8.09 (d, J=
9.0 Hz, 1H), 6.85 (t, J=5.4 Hz, 1H), 4.02–4.10 (m, 5H), 3.26 (d, J=
5.6 Hz, 2H), 2.78 (s, 3H), 1.39 ppm (s, 9H); 13C NMR (100 MHz,
[D6]DMSO): d=196.8, 159.4, 156.0, 155.1, 150.2, 139.2, 136.4, 134.4,
134.1, 133.3, 132.7, 117.4, 78.0, 41.3, 38.0, 32.3, 28.6, 27.2 ppm;
HRMS (ESIpos-ICR): m/z calcd for C20H23N5O5Na: 436.15968; found:
436.15988 [M+Na]+ .


3-(2-Aminoethyl)-7-acetyl-10-methylisoalloxazine-trifluoracetate (12):
3-(N-Boc-2-aminoethyl)-7-acetyl-10-methylisoalloxazine (500 mg,
1.21 mmol) was dissolved in CH2Cl2 (30 mL) and TFA (30 mL) and
stirred at room temperature. After 2 h the solvent was removed in
vacuo. The resulting residue was treated with MTBE (15 mL) and a
yellow precipitate formed. The clear supernatant was discarded.
The yellow solid was dried in vacuo to give the pure desired prod-
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uct; yield: 510 mg (1.21 mmol, 99%). 1H NMR (300 MHz, [D4]MeOH)
d=8.74 (d, J=1.9 Hz, 1H), 8.52 (dd, J=1.9 and 9.1 Hz, 1H), 8.07 (d,
J=9.1 Hz, 1H), 4.42 (t, J=5.8 Hz, 2H), 4.16 (s, 3H), 3.38 (t, J=
5.8 Hz, 2H), 2.75 ppm (s, 3H); 13C NMR (75.5 MHz, [D4]MeOH) d=
198.2, 162.3, 158.2, 152.0, 139.9, 138.2, 136.8, 136.6, 135.8, 134.3,
118.6, 40.9, 40.0, 33.5, 27.6, 27.1 ppm; HRMS (ESIpos-ICR): m/z calcd
for C15H16N5O3: 314.124764; found: 314.124627 [M+H]+ .


3-(2-Maleiamidoethyl)-7-acetyl-10-methylisoalloxazine : 3-(2-Amino-
ethyl)-7-acetyl-10-methylisoalloxazine trifluoracetate (12 ; 510 mg,
1.21 mmol) and maleic anhydride (597 mg, 6.08 mmol) were dis-
solved in DMF (20 mL) and stirred for 3 h at 100 8C. The mixture
was cooled to room temperature, and the solvent was removed
in vacuo. The yellow residue was washed with MTBE (3O15 mL)
in order to remove excess maleic anhydride; yield: 455 mg
(1.11 mmol, 91%). 1H NMR (300 MHz, [D6]DMSO): d=14.6 (br s, 1H),
9.1 (br s, 1H), 8.76 (d, J=1.9 Hz, 1H), 8.38 (dd, J=1.9 and 9.0 Hz,
1H), 8.07 (d, J=9.0 Hz, 1H), 6.29 (d, 12.4 Hz, 1H), 6.21 (d, J=
12.4 Hz, 1H), 4.07 (t, J=6.2 Hz, 2H), 4.02 (s, 3H), 3.48 (q, J=6.2 and
12.2 Hz, 2H), 2.74 ppm (s, 3H); 13C NMR (75.5 MHz, [D6]DMSO): d=


196.8, 165.9, 159.6, 155.1, 150.2, 139.1, 136.5, 134.5, 134.2, 132.9,
131.8, 117.5, 37.0, 32.3, 27.2 ppm; HRMS (ESIpos-ICR): m/z calcd for
C19H17N5NaO6: 434.107100; found: 434.107268 [M+Na]+ .


3-(2-Maleimidoethyl)-7-acetyl-10-methylisoalloxazine (3): 3-(2-Malein-
amidoethyl)-7-acetyl-10-methylisoalloxazine (330 mg, 0.802 mmol)
and NaOAc (1.30 g) were suspended in Ac2O (20 mL), and stirred
for 80 min in a 100 8C oil bath. The mixture was cooled to room
temperature, and Ac2O was removed in vacuo. The greenish-yellow
residue was resuspended in H2O (15 mL) and stirred for 10 min at
room temperature. The crude product was collected by filtration as
a yellow solid. In addition, the filtrate was extracted with CH2Cl2
(4O25 mL). The collected organic phase was dried (MgSO4), and
the crude product was purified by flash chromatography (SiO2,
EtOAc/MeOH, 19:1); yield: 256 mg (0.651 mmol, 81%). 1H NMR
(300 MHz, [D6]DMSO): d=8.76 (d, J=1.8 Hz, 1H), 8.38 (dd, J=1.9
and 9.0 Hz, 1H), 8.05 (d, J=9.0 Hz, 1H), 6.99 (s, 2H), 4.10 (t, J=
5.3 Hz, 2H), 4.01 (s, 3H), 3.76 (t, J=5.2 Hz, 2H), 2.73 ppm (s, 3H);
13C NMR (75.5 MHz, [D6]DMSO): d=196.8, 171.4, 159.5, 154.9, 150.1,
138.4, 136.6, 134.9, 134.6, 134.2, 133.5, 133.0, 117.6, 35.7, 32.5,
27.2 ppm; HRMS (ESIpos-ICR): m/z calcd for C19H15N5NaO5:
416.096536; found: 416.096849 [M+Na]+ .


Synthesis of modification reagent 4 : Compound 4 was prepared
ACHTUNGTRENNUNGaccording to a modified literature procedure.[29]


5-Amino-1,10-phenanthroline (15): 5-Nitro-1,10-phenanthroline
(14 ; 1.2 g, 5.3 mmol), 10% Pd/C (200 mg) and hydrazine hydrate
(1.0 mL) were stirred in EtOH (50 mL) and incubated in a 75 8C oil
bath for 4 h. The reaction mixture was filtered, the filtrate was con-
centrated to a final volume of 10 mL, and the product was crystal-
lized at 4 8C. The precipitate was washed with H2O (2O10 mL) and
dried in vacuo to afford the desired product as a yellow solid;
yield: 770 mg (3.94 mmol, 74%). 1H NMR (300 MHz, [D6]DMSO): d=
9.05 (dd, J=1.6 and 4.2 Hz, 1H), 8.6–8.7 (m, 2H), 8.02 (dd, J=1.6
and 8.1 Hz, 1H), 7.33 (dd, J=4.2 and 8.3 Hz, 1H), 7.50 (dd, J=4.2
and 8.2 Hz, 1H), 6.86 (s, 1H), 6.13 ppm (s, 2H); 13C NMR (75 MHz,
[D6]DMSO): d=149.7, 146.5, 145.2, 143.0, 140.9, 133.0, 131.1, 130.9,
123.5, 122.4, 122.2, 102.1 ppm; MS (EI): m/z (rel.%): 195 (100), 168
(12), 140 (8).


5-Maleiamido-1,10-phenanthroline : 5-Amino-1,10-phenanthroline
(15 ; 400 mg, 2.05 mmol) were suspended in CH2Cl2 (20 mL), and
maleic anhydride (1.00 g, 10.2 mmol) was added. The reaction mix-
ture was heated to reflux for 3.5 h. After cooling to room tempera-
ture, the solid was filtered off and washed with CH2Cl2 ; yield:


550 mg (1.88 mmol, 91%). 1H NMR (300 MHz, [D6]DMSO): d=10.7
(br s, 1H), 9.13 (dd, J=1.5, 4.2 Hz, 1H), 9.05 (dd, J=1.6, 4.2 Hz, 1H),
8.73 (dd, J=0.8, 8.3 Hz, 1H), 8.44 (dd, J=1.4, 8.1 Hz, 1H), 8.22 (s,
1H), 7.7–7.9 (m, 2H), 6.73 (d, J=12.0 Hz, 1H), 6.39 ppm (d, J=
12.0 Hz, 1H); 13C NMR (75 MHz, [D6]DMSO): d=167.3, 165.0, 150.3,
149.8, 146.1, 144.2, 136.4, 132.9, 132.3, 131.6, 130.3, 128.3, 125.0,
124.0, 123.2, 120.7 ppm.


5-Maleimido-1,10-phenanthroline (4): 5-Maleiamido-1,10-phenan-
throline (380 mg, 1.29 mmol) was added to a suspension of NaOAc
(2 g) in Ac2O (20 mL) and incubated for 1 h in a 100 8C oil bath.
After cooling to room temperature, the mixture was poured into
ice-water (80 mL) and stirred until the Ac2O had decomposed com-
pletely. After extraction with CH2Cl2 (3O100 mL), the organic phase
was washed with H2O (3O100 mL), dried over MgSO4, and concen-
trated to 10 mL. The addition of hexane (50 mL) provoked precipi-
tation of the product, which was isolated as a white solid; yield:
216 mg (0.785 mmol, 61%). 1H NMR (300 MHz, CDCl3): d=9.15–
9.25 (m, 2H), 8.21 (dd, J=1.7, 8.1 Hz, 1H), 7.90 (dd, J=1.7, 8.3 Hz,
1H), 7.55–7.65 (m, 2H), 7.69 (s, 1H), 6.97 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3): d=169.9, 151.9, 151.3, 147.2, 146.7, 136.7, 135.1,
131.6, 128.0, 127.8, 126.5, 126.3, 123.9, 123.7 ppm.


Synthesis of modification reagent 5 and 6


7-Oxabicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3-dicarboximide (17): This compound
was prepared according to a modified literature procedure.[30] A
ACHTUNGTRENNUNGsolution of maleimide (5.00 g, 51.5 mmol) and furan (19.0 mL,
257 mmol) in Et2O (175 mL) was heated in an autoclave for 24 h at
90 8C. The white precipitate that formed upon cooling was filtered
off and dried under vacuum to give the desired product; yield:
6.59 g (39.9 mmol, 77%). 1H NMR (300 MHz, [D6]DMSO): d=11.1
(br s, 1H), 6.53 (s, 2H), 5.12 (s, 2H), 2.85 ppm (s, 2H); 13C NMR
(75 MHz, [D6]DMSO): d=178.2, 136.8, 80.7, 48.8 ppm.


5-(2-Chloroethyl)-4-methyl-thiazole (18): This compound was pre-
pared according to a literature procedure.[31]


Protected thiazole 19 : 7-Oxabicyclo ACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3-dicarboxi-
mide (17; 1.00 g, 5.91 mmol) and K2CO3 (4.09 g, 29.6 mmol) were
mixed under argon, and DMF (20 mL) was added. A solution of
5-(2-chloroethyl)-4-methyl-thiazole (18 ; 1.44 g, 8.87 mmol) in DMF
(10 mL) was added dropwise to this suspension. The reaction mix-
ture was heated to 50 8C for 3 h, cooled to room temperature, and
concentrated in vacuo to give a viscous yellow oil. The crude prod-
uct was taken up in H2O (20 mL) and EtOAc (30 mL). The aqueous
phase was extracted with EtOAc (3O30 mL). The combined organic
phase was dried over MgSO4. Purification by flash chromatography
(SiO2, hexanes/EtOAc, 4:6!2:8) gave a colorless viscous oil that
crystallized upon standing to give a white solid; yield: 1.60 g
(5.51 mmol, 94%). 1H NMR (300 MHz, CDCl3): d=8.51 (s, 1H), 6.45
(s, 2H), 5.19 (s, 2H), 3.62 (t, 2H), 2.97 (t, 2H), 2.77 (s, 2H), 2.35 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): d=176.2, 150.7, 150.2, 136.9,
126.9, 81.2, 47.8, 39.7, 24.5, 15.1 ppm; MS (EI): m/z (%): 290 (13.4),
222 (44.1), 125 (100), 112 (20.7), 110 (21.3). HRMS: (ESIpos-ICR): m/z
calcd for C14H14N2NaO3S: 313.061735; found: 313.061605 [M+Na]+ .


Maleimido thiazole 20 : A solution of protected thiazole 19 (500 mg,
1.72 mmol) in anisole (4 mL) was heated under argon to 140 8C for
1 h. The reaction mixture was cooled down and was concentrated
in vacuo to give a light-brown solid. Sublimation (0.04 mbar, from
110 to 170 8C in 30 min, then 170 8C for 15 min) afforded the de-
sired product as a white solid; 353 mg (1.59 mmol, 92%). 1H NMR
(300 MHz, CDCl3): d=8.51 (s, 1H), 6.63 (s, 2H), 3.67 (t, 2H), 3.02 (t,
2H), 2.31 ppm (s, 3H); 13C NMR (75 MHz, CDCl3) d=170.7, 150.6,
150.3, 134.6, 127.0, 38.8, 25.4, 15.1 ppm; MS (EI) m/z (%): 222 (55.5),
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125 (100), 112 (48.0), 110 (42.5) ; HRMS: (EI): m/z calcd for
C10H10N2O2S: 222.046303; found: 222.046005 [M]+ .


Thiazolium salt 5 : A solution of maleimido thiazole 20 (300 mg,
1.35 mmol) and benzyl bromide (322 mL, 2.70 mmol) in anhydrous
acetonitrile (1 mL) was heated to 50 8C under sonication, overnight.
After cooling to room temperature, anhydrous Et2O (50 mL) was
added to provoke precipitation of a light-brown solid. The hygro-
scopic solid was triturated in Et2O under argon and rinsed with dry
Et2O. After drying in vacuo in a dessicator with P2O5, the desired
thiazolium salt was obtained as a beige powder; yield: 528 mg
(1.34 mmol, 99%). 1H NMR (400 MHz, [D6]DMSO): d=10.23 (s, 1H),
7.5–7.1 (m, 5H), 6.96 (s, 2H), 5.81 (s, 2H), 3.67 (t, 2H), 3.20 (t, 2H),
2.19 ppm (s, 3H); 13C NMR (100 MHz, [D6]DMSO): d=171.1, 158.4,
143.1, 135.7, 134.9, 133.4, 129.6, 129.1, 127.7, 56.2, 37.8, 25.6,
11.5 ppm; MS (ESIpos): m/z (%): 312.9 (100); HRMS: (ESIpos-ICR):
m/z calcd for C17H17N2O2S: 313.100527; found: 313.100764 [M]+ .


Thiazolium salt 6 : Maleimido thiazole 20 (220 mg, 1.25 mmol) and
2-hydroxy-5-nitrobenzyl bromide (436 mg, 1.88 mmol) were dis-
solved in anhydrous acetonitrile (2 mL) under an argon atmos-
phere. Upon sonication of the solution for 2 h at 30 8C, a white pre-
cipitate formed. Anhydrous Et2O (60 mL) was added, and the white
solid was triturated. The solid was filtered off under an argon at-
mosphere and rinsed with Et2O (2O20 mL). The white solid was
dried in vacuo over P2O5; yield: 557 mg (1.23 mmol, 98%). 1H NMR
(300 MHz, [D6]DMSO): d=11.87 (s, 1H), 10.08 (s, 1H), 8.30 (d, J=
3.0 Hz, 1H), 8.21 (dd, J=3.0 and 9.1 Hz, 1H), 7.12 (d, J=9.2 Hz,
1H), 6.94 (s, 2H), 5.75 (s, 2H), 3.65 (t, J=6.3 Hz, 2H), 3.20 (t, J=
6.3 Hz, 2H), 2.34 ppm (s, 3H); 13C NMR (75 MHz, [D6]DMSO): d=
171.0, 162.7, 159.0, 143.3, 139.9, 134.9, 134.5, 127.6, 127.4, 119.9,
116.5, 52.2, 37.6, 25.4, 11.6 ppm; MS (ESIpos, m/z (%): 374.0 (100).
HRMS (ESIpos-ICR): m/z calcd for C17H16N3O5S: 374.080516; found:
374.080402 [M�Br]+ .


Synthesis of modification reagent 7


6-Maleimido-benzothiazole : 6-Aminobenzothiazole (21; 500 mg,
3.33 mmol) and maleic anhydride (327 mg, 3.33 mmol) in a mixture
of anhydrous CH2Cl2 (10 mL) and anhydrous Et2O (10 mL) were
stirred for 3 h at room temperature. The yellow solid was filtered
off and dried in vacuo. Anhydrous NaOAc (5.46 g, 66.6 mmol) and
Ac2O (30 mL) were added. The suspension was heated to 80 8C
under argon for 4 h. After cooling to room temperature, Ac2O was
removed in vacuo, and the remaining solid was partitioned be-
tween EtOAc (100 mL) and H2O (50 mL). The aqueous phase was
extracted with EtOAc (2O50 mL). The combined organic phase was
washed with saturated aq NaHCO3, and dried over MgSO4. Removal
of the solvent gave the pure desired product; yield: 730 mg
(3.17 mmol, 95%). 1H NMR (300 MHz, CDCl3): d=8.99 (s, 1H), 8.16
(d, J=8.9 Hz, 1H), 7.92 (d, J=2.1 Hz, 1H), 7.46 (dd, J=2.1, 8.8 Hz,
1H), 6.84 ppm (s, 2H); 13C NMR (75 MHz, CDCl3) d=169.8, 155.6,
152.8, 134.7, 129.1, 124.8, 124.4, 120.0 ppm; MS (EI) m/z (%): 230
(100), 174 (12.8), 160 (18.1). HRMS: (EI): m/z calcd for C11H6N2O2S:
230.015003, found: 230.015255 [M]+ .


3-Benzyl-6-maleimido-benzothiazolium bromide (7): 6-Maleimido-
benzothiazole (446 mg, 1.94 mmol) and benzyl bromide (461 mL,
3.87 mmol) were mixed with anhydrous acetonitrile (2 mL) and so-
nicated at 50 8C, overnight. After it had cooled, the beige precipi-
tate was filtered off, rinsed with EtOAc, and dried in vacuo to give
the desired product (677 mg, 1.69 mmol, 86%). 1H NMR (300 MHz,
[D6]DMSO): d=10.80 (s, 1H), 8.56 (d, J=1.9 Hz, 1H), 8.41 (d, J=
9.1 Hz, 1H), 7.54 (dd, J=2.0 and 9.1 Hz, 1H), 7.6–7.4 (m, 5H), 7.29
(s, 2H), 6.16 ppm (s, 2H); 13C NMR (75 MHz, [D6]DMSO): d=169.8,


166.7, 139.3, 135.4, 133.1, 132.8, 131.8, 129.53, 129.47, 128.7, 128.5,
123.3, 118.2, 55.8 ppm.


Synthesis of modification reagent 8


Protected N-(3-bromopropyl) maleimide 22 : 1,3-Dibromopropane
(2.50 mL, 24.2 mmol) was added dropwise to a suspension of
7-oxabicycloACHTUNGTRENNUNG[2.2.1]hept-5-ene-2,3-dicarboximide (17; 2.00 g,
12.1 mmol) and K2CO3 (8.37 g, 60.6 mmol) in anhydrous DMF
(120 mL). The suspension was stirred at 50 8C for 1.5 h, allowed to
cool to room temperature, and concentrated in vacuo. The residue
was taken up in H2O (20 mL) and EtOAc (50 mL). The aqueous
phase was extracted with EtOAc (3O20 mL). The combined organic
phase was dried over MgSO4. Removal of the solvent gave the
crude product (3.12 g) as a brown oil that crystallized upon stand-
ing. Purification by flash chromatography (SiO2, hexanes/EtOAc,
7:3) gave the desired product (2.49 g, 8.71 mmol, 72%) as a white
solid. 1H NMR (300 MHz, CDCl3): d=6.45 (s, 2H), 5.20 (s, 2H), 3.57
(t, J=6.8 Hz, 2H), 3.27 (t, J=6.8 Hz, 2H), 2.78 (s, 2H), 2.07 ppm (tt,
J1= J2=6.8 Hz , 2H); 13C NMR (75 MHz, CDCl3): d=176.5, 136.9,
81.4, 47.8, 38.0, 31.0, 29.0 ppm; MS (EI) m/z (%): 287 (4.0), 285 (4.1),
219 (0.84), 217 (0.85), 138 (5.1), 110 (5.1), 68 (100). HRMS (EI):
m/z calcd for C11H12BrN1NaO3: 307.989288; found: 307.989677
[M+Na]+ .


Protected thiazolium bromide 23 : A solution of the protected N-(3-
bromopropyl) maleimide 22 (500 mg, 1.75 mmol) and thiazole
(248 mL, 3.50 mmol) in anhydrous acetonitrile (1 mL) was refluxed
for 20 h under argon in a flask equipped with a cold finger. After
cooling to room temperature and addition of anhydrous Et2O
(20 mL), a white precipitate that had formed during the reaction
was filtered off and dried in vacuo over P2O5; yield: 538 mg,
(1.45 mmol, 83%). 1H NMR (300 MHz, [D6]DMSO): d=10.19 (dd, J=
1.3, 2.3 Hz, 1H), 8.58 (dd, J=1.3, 3.7 Hz, 1H), 8.37 (d, J=3.6, 2.5 Hz,
1H), 6.57 (s, 2H), 5.15 (s, 2H), 4.52 (t, J=7.1 Hz, 2H), 3.39 (t, J=


7.1 Hz, 2H), 2.96 (s, 2H), 2.12 ppm (tt, J1= J2=7.0 Hz, 2H); 13C NMR
(75 MHz, [D6]DMSO): d=176.9, 160.0, 137.3, 136.8, 127.3, 80.7, 52.4,
47.6, 35.0, 28.3 ppm; MS (ESIpos, m/z (%)): 291 (49), 223 (100), 138
(33). HRMS (ESIpos): m/z calcd for C14H15N2O3S: 291.079793; found:
291.079869 [M�Br]+ .


Thiazolium bromide 8 : Protected thiazolium bromide 23 (200 mg,
0.539 mmol) in anhydrous DMF (1 mL) was heated under an argon
atmosphere to 135 8C for 1.5 h. After cooling to room temperature,
the solvent was removed in vacuo to yield the desired product
(135 mg, 0.445 mmol, 83%) as a beige solid. 1H NMR (300 MHz,
[D6]DMSO): d=10.17 (dd, J=1.3 and 2.1 Hz, 1H), 8.58 (dd, J=1.2
and 3.7 Hz, 1H), 8.36 (dd, J=2.3 Hz and 3.7 Hz), 7.07 (s, 2H), 4.55
(t, J=7.3 Hz, 2H), 3.45 (t, J=6.5 Hz, 2H), 2.15 ppm (tt, J1= J2=
7.0 Hz, 2H); 13C NMR (75 MHz, [D6]DMSO): d=171.5, 160.0, 137.4,
135.0, 127.2, 52.5, 34.3, 29.3 ppm; MS (ESIpos, m/z (%)): 223 (100).
HRMS (ESIpos): m/z calcd for C10H11N2O2S: 223.053572; found:
223.053503 [M�Br]+ .


Synthesis of modification reagent 9


Protected N-(2-bromoethyl) maleimide : Dibromoethane (1.04 mL,
12.1 mmol) was added dropwise to a suspension of protected mal-
eimide 17 (1.00 g, 6.06 mmol) and K2CO3 (4.19 g, 30.3 mmol) in an-
hydrous DMF (60 mL). The mixture was heated to 50 8C for 1.5 h,
cooled to room temperature, and the solvent was removed in
vacuo. The residue was taken up in H2O (10 mL) and EtOAc
(30 mL). The aqueous phase was extracted with EtOAc (2O20 mL).
The combined organic phase was dried over MgSO4. Evaporation
of the solvent gave the desired product as a pale brown solid;
yield: 1.55 g (5.70 mmol, 94%). 1H NMR (300 MHz, CDCl3): d=6.46
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(s, 2H), 5.22 (s, 2H), 3.83 (t, J=6.9 Hz, 2H), 3.42 (t, J=6.8 Hz, 2H),
2.82 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=175.3, 136.2, 80.6,
47.1, 39.8, 26.5 ppm; MS (EI) m/z (%): 273 (2.0), 271 (2.0), 205 (0.7),
203 (0.7), 138 (1.6), 110 (3.8), 68 (100); HRMS (ESIpos-ICR): m/z
calcd for C10H10BrNNaO3: 293.973638; found: 293.973775 [M]+ .


N-(2-Bromoethyl) maleimide (24): A solution of protected N-(2-bro-
moethyl)maleimide (800 mg, 2.94 mmol) in anisole (5 mL) was
heated to 140 8C for 2 h. The mixture was allowed to cool to room
temperature and the solvent was removed in vacuo to give a pale
brown solid. Sublimation (0.06 mbar, from 50 8C to 90 8C over
30 min) afforded the desired product as a white solid; yield:
492 mg (2.41 mmol, 82%). 1H NMR (300 MHz, CDCl3): d=6.768 (s,
2H), 3.95 (t, J=6.6 Hz, 2H), 3.54 ppm (t, J=6.6 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=169.8, 133.9, 38.8, 27.8 ppm; MS (EI) m/z (%):
205 (26.9), 203 (28.1), 110 (100); HRMS (EI): m/z calcd for
C6H6BrNO2: 202.958205; found: 202.957976 [M]+ .


4-Methoxyphenyl-1,2,4-triazole (26): MeI (1.4 mL, 22.3 mmol) was
added dropwise to a stirred solution of 4-hydroxyphenyl-1,2,4-tria-
zole (25 ; 3.00 g, 18.6 mmol) and KOH (1.25 g, 22.3 mmol) in etha-
nol (100 mL). After complete addition of MeI, the mixture was
heated to reflux for 14 h, then cooled to room temperature, and fil-
tered. The filtrate was concentrated in vacuo and the remainder
was taken up in CH2Cl2 (30 mL) and KOH (1n, 20 mL). The aqueous
phase was extracted with CH2Cl2 (2O20 mL). The combined organic
phase was washed with saturated aq Na2SO3 and KOH (1n), dried
over MgSO4, and the solvent was removed in vacuo to give the
ACHTUNGTRENNUNGdesired product as a pale orange solid; yield: 2.60 g (14.8 mmol,
80%). 1H NMR (300 MHz, CDCl3): d=8.38 (s, 1H), 8.01 (s, 1H), 7.50
(m, 2H), 6.94 (m, 2H), 3.79 ppm (s, 3H); 13C NMR (75 MHz, CDCl3):
d=159.8, 152.8, 141.2, 130.6, 122.3, 115.2, 56.0 ppm. MS (EI) m/z
(%): 175 (100), 121 (56.5), 106 (14.2), 80 (18.1) ; HRMS (EI): m/z calcd
for C9H9N3O: 175.074560; found: 175.074697 [M]+ .


Triazolium bromide 9 : A solution of 4-methoxyphenyl-1,2,4-triazole
(26 ; 309 mg, 1.77 mmol) and N-(2-bromoethyl) maleimide (24 ;
300 mg, 1.47 mmol) in anhydrous acetonitrile (2 mL) was heated to
reflux for 36 h, cooled to room temperature, and anhydrous Et2O
(40 mL) was added to provoke precipitation. The precipitate was
filtered off and dried in vacuo. In order to remove traces of
4-methoxyphenyl-1,2,4-triazole, the precipitate was dissolved in
MeOH (2 mL) and added dropwise to anhydrous Et2O (50 mL)
while it was stirred. The light-brown precipitate was filtered off
and dried in vacuo over P2O5 to give the desired product; yield:
296 mg (0.781 mmol, 53%). 1H NMR (300 MHz, [D6]DMSO): d=
11.00 (s, 1H), 9.51 (s, 1H), 7.80 (m, 2H), 7.25 (m, 2H), 7.06 (s, 2H),
4.51 (t, J=5.4 Hz, 2H), 4.01 (t, J=5.4 Hz, 2H), 3.86 ppm (s, 3H);
13C NMR (75 MHz, [D6]DMSO): d=171.3, 161.0, 145.6, 141.7, 135.2,
128.3, 122.7, 115.7, 56.2, 47.4, 37.3 ppm; MS (ESIpos, m/z (%)): 299
(100); HRMS (ESI-ICR): m/z calcd for C15H15N4O3: 299.113863; found:
299.114122 [M�Br]+ .
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Introduction


The use of enzymes as catalysts in synthetic organic chemistry
has increased steadily during the last few decades.[1–5] In partic-
ular those enzymes that do not require cofactor regeneration
constitute simple and practical systems that can be handled
even by chemists who have no background in enzymology,
which is one reason why they are used most often. Examples
include hydrolytic enzymes such as esterases, lipases, proteases
and epoxide hydrolases as well as C�C bond-forming enzymes
such as oxynitrilases or aldolases. They often show a remarka-
bly broad substrate scope as well as high regio- and enantiose-
lectivity. In the relevant applications, tedious protective group
methodology is not necessary; this makes the use of enzymes
even more attractive. Indeed, protective groups can be intro-
duced selectively in multifunctional compounds by enzyme
catalysis, and selective deprotection is also possible.[6] If these
traditional methods fail, directed evolution can be applied,[7–13]


as for example in the control of R or S selectivity, on an option-
al basis.[14–16]


Oxidoreductases (E.C. 1.x.x.x) have been used to catalyse se-
lective oxidation or reduction, albeit to a much lesser extent
than hydrolases.[1–5] Such a limitation appears odd, especially in
view of the fact that oxidoreductases are often complementary
to their chemical counterparts, and allow for chemo-, regio-,
and stereoselective transformations that are not possible (or
not easily possible) by synthetic catalysts. Examples are stereo-
selective Baeyer–Villiger (BV) reactions, enantioselective reduc-
tion of “difficult” prochiral ketones and chemoselective oxida-
tion of polyolic substrates. The fact that oxidoreductases are


not used by organic chemists as extensively as they deserve to
be is, to a significant extent, due to their dependence on
redox cofactors.[1–5] In particular, the relatively unstable nicotin-
ACHTUNGTRENNUNGamide cofactors NAD(P)H and NAD(P)+ , which serve as sources
of redox equivalents, are prohibitively expensive, and therefore
cannot be applied stoichiometrically. For this reason several re-
generation methods that enable the substoichiometric use of
these cofactors have been developed. One approach that is
commonly used in industry is whole-cell catalysis,[17–20] which
relies on the microbial cell to both express the enzyme and re-
generate the cofactor. However, this requires equipment that
is usually not available in organic chemistry laboratories. An-
other approach is based on enzyme-coupled systems,[21–26] and
makes use of such regeneration enzymes as glucose-, formate-,
or alcohol dehydrogenases, which of course make the overall
system more complicated. Finally, chemical or electrochemical
approaches or combinations thereof have been reported, but
again each system has advantages and disadvantages.[27–31]


Conceptually, the most elegant approach completely circum-
vents the use of a nicotinamide cofactor as a carrier for reduc-
tion equivalents. For example, electrochemical reduction cou-
pled to P450 monooxygenases has been described.[32–38] More-
over, chemical and electrochemical methods for the direct re-


[a] Dr. A. Taglieber, Dr. F. Schulz, Dr. F. Hollmann, M. Rusek, Prof. Dr. M. T. Reetz
Max-Planck-Institut f*r Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 M*lheim/Ruhr (Germany)
Fax: (+ 49) 208-306-2985
E-mail : reetz@mpi-muelheim.mpg.de


The quest for practical regeneration concepts for nicotinamide-
dependent oxidoreductases continues. Recently we proposed the
use of visible light to promote the direct reductive regeneration
of a flavin-dependent monooxygenase. With this enzyme (PAMO-
P3) light-driven enantioselective Baeyer–Villiger oxidations were
performed. In spite of the significant reduction in the complexity
achieved, catalytic performance of the novel approach did not
meet the requirements for an efficient biocatalytic oxygenation
system. Driven by this ultimate goal, we further investigated the
limiting factors of our particular system. We discovered that oxi-
dative uncoupling of the flavin-regeneration reaction from enzy-
matic O2-activation accounts for the futile consumption of ap-
proximately 95 % of the reducing equivalents provided by the
sacrificial electron donor, EDTA. Furthermore, it was found that


the apparent turnover frequency (TOF) for PAMO-P3 in the pres-
ent setup is approximately two orders of magnitude lower than
in conventional setups that use NADPH as reductant. This finding
was traced to sluggish electron transfer kinetics that arose from
an impeded interaction between PAMO-P3-bound FAD and the
reducing catalyst. The limiting factors and potential approaches
for their circumvention are discussed. Furthermore, we broadened
the light-driven regeneration approach to the class of flavin-de-
pendent reductases. By using the Old Yellow Enzyme homologue
YqjM as a model system, a significantly higher catalytic turnover
for the enzyme catalyst was achieved, which we assign to a
higher accessibility of the prosthetic group as well as to the
ACHTUNGTRENNUNGabsence of oxidative uncoupling.
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generation of flavin-dependent monooxygenases have been
established.[30,39,40] The electrochemical methods, although suc-
cessful, likewise add to the complexity of the system and gen-
erally require special equipment and training. Several review
articles that cover the field of cofactor regeneration methods
have appeared recently.[41]


We recently proposed and demonstrated the use of visible
light for the reductive regeneration of flavin-dependent en-
zymes, which eliminates the need for nicotinamide cofactors
as carriers for reduction equivalents, and also greatly simplifies
the overall system.[42] It had been known for decades from the
work of Frisell[43] and Massey[44] that flavins can be photochemi-
cally reduced by using simple sacrificial electron donors such
as amines (e.g. , ethylenediaminetetraacetate, EDTA). We there-
fore exploited these observations in the development of a
light-driven stereoselective biocatalytic oxidation,[42] specifically
the enantioselective monooxygenase-catalyzed Baeyer–Villiger
reaction of ketones. We chose a mutant of phenylacetone
monooxygenase (PAMO-P3) from Thermobifida fusca as the
flavin-dependent Baeyer–Villigerase (BVMO), which we had
previously engineered to catalyze enantioselective BV reactions
of selected ketones.[22,45] The light-driven system (Scheme 1A)


constitutes a simplification of the traditional enzyme-coupled
process based on the use of a regenerating enzyme, such as
glucose dehydrogenase (Scheme 1B).


Among the substrates that were tested in BV reactions, race-
mic 2-phenylcyclohexanone (rac-1) was subjected to kinetic
resolution. To our initial disappointment, the attempt to initiate
the reaction by shining white light (simple light bulb) on a
mixture of rac-1, EDTA, flavin adenine dinucleotide (FAD), and
catalytic amounts of the mutant monooxygenase PAMO-P3
failed.[42] However, several groups had postulated that in the
natural system, the nicotinamide cofactor stays bound to a BV
monooxygenase during the catalytic cycle, which suggests


that this sustains a catalytically active conformation of the
enzyme.[29,46,47] In our previous study, we, therefore, repeated
the light-based system (Scheme 1A) in the presence of catalyt-
ic amounts of NADP+ , which indeed resulted in notable cata-
lytic turnover. The maximal theoretical conversion of 50% in
the kinetic resolution of rac-1 to lactone (R)-2 was essentially
reached, with excellent enantioselectivity (48% conversion,
97% ee ; Scheme 2).[42] The observed enantioselectivity turned


out to be identical to that observed in previous experiments
that utilized whole cells,[22,45] or an in vitro system based on
conventional cofactor regeneration. Other ketones were shown


to behave similarly ; again this strongly indicates an
unaltered mechanism for the actual oxidation.


In our initial study we performed several control
experiments, which corroborated the mechanism as
outlined in Scheme 1A.[42] For example, reactions in
the absence of any one of the components used, for
instance, light, EDTA, FAD, or PAMO-P3 resulted in no
turnover. It was also shown that the buffer compo-
nent, Tris is not the source of electrons. Moreover, a
putative flavo-H2O2-shunt pathway was excluded.
Other control experiments showed that FAD can be
replaced by riboflavin or flavin mononucleotide
(FMN), which proved that no significant exchange of
reduced FAD with the protein-bound cofactor occurs.
Finally, we demonstrated that an alternative mecha-
nism based on the possible photoreduction of
NADP+ does not operate. The apparent necessity for
nonenzyme-bound flavin is in accord with previous
findings,[44] and it suggests a catalytic role of free
flavin in the reduction of the enzyme-bound cofactor.


The mechanistic details of the light-driven BV reac-
tion according to Scheme 1A are shown in Scheme 3.
From a practical viewpoint, the light-driven process


constitutes a very simple system, but the catalytic perfor-
mance, as measured by the reaction rate, fell short by one to
two orders of magnitude relative to the normal maximum ac-
tivity.[22, 42,45]


In this study we pursued two goals. First, in order to deter-
mine the factors that lead to reduced catalyst activity, appro-
priate experiments were performed. We expected this informa-
tion to be useful in defining prerequisites for a successful
system and thus the scope of the concept. Second, on the
basis of the gained knowledge, we wished to extend the
ACHTUNGTRENNUNGapplicability of the light-driven direct regeneration system by
ACHTUNGTRENNUNGincluding another family of flavin-dependent enzymes, specifi-


Scheme 1. Comparison of a simplified, light-driven regeneration approach (A) for a
Baeyer–Villiger monooxygenase (BVMO, e.g. , PAMO) with the traditional enzyme-coupled
regeneration approach (B). The latter system employs the common glucose dehydrogen-
ase to catalyse the regeneration of the reduced nicotinamide cofactor (NADPH). By using
visible light, the use of a coupled enzyme and the nicotinamide can be avoided, thereby
reducing the complexity of the setup; E-FAD: enzyme-bound FAD.


Scheme 2. Kinetic resolution of 2-phenylcyclohexanone (rac-1) by a Baeyer–
Villiger reaction.
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cally the Old Yellow Enzyme[48–50] (OYE) homologue YqjM from
Bacillus subtilis (E.C. 1.6.99.1).[51,52]


Results and Discussion


Light-driven Baeyer–Villiger reactions catalyzed by PAMO-P3


Even though the light-driven catalyst system appears to be su-
perior to other direct cofactor-regeneration systems of similar
complexity (Table 1, entry 1 vs. 2), its major disadvantage is the
reduced activity relative to the use of an enzyme-coupled re-
generation system (Table 1, entry 1 vs. 3). We showed earlier
that H2O2 and other reactive oxygen species, which arise from
undesired uncoupling of the regeneration reaction from the
actual enzymatic oxidation process, are not the major cause of
the problem. Rather, the uncoupling itself and/or slow elec-
tron-transfer kinetics were suspected to be rate limiting.[42]


In order to learn more about the light-driven BV reaction,
and perhaps improve the catalytic performance of the system,
further experiments were carried out. The effect of varying the
concentration of enzyme in the reaction of 2-phenyl-cyclohexa-
none (1) was studied first. As expected, at low enzyme concen-
trations, a linear correlation was observed between the biocat-
alyst concentration and rate (data not shown).


As already mentioned, we discovered that in the absence of
the oxidized nicotinamide cofactor NADP+ no oxidation occurs
under the conditions of the light-driven reaction. Thus, NADP+


might function as an “allosteric regulator” by shifting the spa-
tial geometry of PAMO-P3 into its catalytically active form.
Indeed, we found a distinct increase of the overall rate upon
increasing the in situ concentration of NADP+ (Figure 1).


To ensure full saturation of PAMO with NADP+ , all further ex-
periments were performed in the presence of 250 mm NADP+ .
The observed saturation-type behavior supports the assump-
tion of reversible binding of NADP+ to the enzyme. A further
parameter that might influence catalytic performance is the
power of the light source used. We tested three tungsten
bulbs that differed in their nominal power output under other-
wise identical conditions (Table 2).


It was found that the 40 W light bulb was not powerful
enough to efficiently induce turnover, but the 100 W and
200 W lamps led to TOFs of 5.67 and 7.12 h�1, respectively. A
change of the power of the light source from 100 W to 200 W


Scheme 3. Proposed reactions to regenerate the enzyme-bound FAD during the catalytic cycle of a BVMO. Besides the natural reductive pathway that uses
NADPH, the newly introduced pathway is shown. A) Native reduction by using NADPH; B) light-driven regeneration by using EDTA as a source of electrons.


Table 1. Performance of the light-driven BVMO regeneration in compari-
son with a native regeneration system, and an electrochemical system of
comparable simplicity.


Enzyme Mediator Source of TOF[a] TON[b]


reducing equivalents ACHTUNGTRENNUNG[h�1] Enzyme Mediator


1 PAMO[c] FAD EDTA/hn 10 96 9.6
2 StyA[30] FAD cathode 104 26 0.2
3 PAMO[22] NADPH[d] isopropanol 394 9471 400


[a] TOF: catalyst turnover frequency (initial rate) ; [b] TON: total turnover
number; [c] this study; [d] NADPH regeneration by a coupled enzyme.[22]


Figure 1. Influence of the variation of NADP+ concentration on the rate of
2-phenylcyclohexanone oxidation. Conditions: 30 8C, 100 W light bulb,
10 mm PAMO-P3, 100 mm FAD, 25 mm EDTA, 1 mm substrate, 50 mm Tris-HCl
(pH 7.4), 1% (v/v) acetonitrile. TOF was determined after 4 h. The substrate
concentrations used here are different from those that were employed pre-
viously,[42] and therefore the values for TOF are different.
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only leads to a slight increase of the reaction rate and the final
conversion. In fact, we found that the reaction mixtures were
decolorized in the course of the reaction; this indicates that a
significant fraction of FAD is in its reduced state. In any case,
the decolorization was found to be at least partially reversible;
this indicates insignificant decomposition of the flavins, and
was further corroborated by the apparent independence of
the yield on the intensity of light applied.


Of particular interest was the influence of concentration of
the sacrificial electron donor used on the reaction rate and the
final conversion. In a series of experiments, the reaction prog-
ress was monitored for various initial EDTA concentrations
(Figure 2).


Except for the lowest EDTA concentration (where the reac-
tion probably ceased before the first sampling), the initial over-
all reaction rate was independent of the electron donor con-
centration. However, there is a distinct correlation between the
initial EDTA concentration and the final yield of the reaction.
Thus, the production of one equivalent of product necessitates
the consumption of an approximate 30-fold molar excess of
EDTA. In other words, over 95% of the reducing equivalents
that are provided by EDTA are not productively coupled to the
enzymatic reaction. This value even increases if multiple oxida-
tion of one EDTA molecule is assumed.


Similar effects have been reported previously for chemical
and electrochemical regeneration of a FAD-dependent mono-


oxygenase.[30,40] Apparently, free-diffusing reduced species
react quite fast with molecular oxygen; this results in uncou-
pling of the FAD-regeneration reaction from the enzymatic
oxygenation reaction (Scheme 4).[44] Overall, not only are the
reducing equivalents redirected into a futile reaction, but O2 is
also consumed, and reactive oxygen species are generated. We
conclude that this undesired uncoupling represents a major
limitation of the light-driven reaction.


Massey et al. reported that the photochemical reduction of
flavoproteins (i.e. , reduction of the enzyme-bound flavins, FAD,
FMN, or riboflavin) is not strictly linked to the enzyme-specific
type of flavin, but can be catalyzed by a variety of differnet fla-
vins.[44, 53] In our own experiments we could confirm this result ;
we found significant conversion using FAD, FMN, and riboflavin
as freely diffusible regeneration catalysts (Figure 3).


Due to a strong interaction between FAD and the monooxy-
genase, a significant contribution of a putative exchange
mechanism, wherein the reduced flavin binds to the apo-pro-


Table 2. Influence of power of the light source on the oxidation of rac-1.
Conditions: 30 8C, 10 mm PAMO-P3, 100 mm FAD, 25 mm EDTA, 1 mm sub-
strate, 250 mm NADP+ , 50 mm Tris-HCl (pH 7.4), 1% (v/v) acetonitrile.


Power of light source [W] TOF [h�1][a] Conversion [%][b]


40 <0.1 <1
100 5.67�0.20 53.8�1.6
200 7.12�0.24 56.6�1.7


[a] Determined after 4 h; [b] determined after 26 h; note that in PAMO-
catalyzed kinetic resolution of rac-1 the S enantiomer of the substrate is
converted with a significantly lower rate.


Figure 2. Influence of EDTA concentration on the light-driven PAMO-P3-cata-
lyzed oxidation of 2-phenylcyclohexanone. Conditions: 100 W light bulb,
30 8C, 10 mm PAMO-P3, 100 mm FAD, 1 mm substrate, 250 mm NADP+ , 50 mm


Tris-HCl (pH 7.4). [EDTA]=1 mm (^), 2 mm (^), 5 mm (^), 10 mm (^), 25 mm


(^), 50 mm (^).


Scheme 4. Schematic representation of the relevant reactions that occur in
the light-driven regeneration of PAMO–FADH2. A) The first elementary reac-
tion is the light-driven excitation of flavins, which results in a high-redox-po-
tential species that is capable of oxidizing EDTA. B) The resulting semi-qui-
none species reacts very fast with molecular oxygen; this results in the refor-
mation of oxidized flavins (uncoupling reaction) with concomitant formation
of the superoxide radical anion, which itself quickly disproportionates into
H2O2 and O2. C) Synproportionation of two semi-quinones results in the for-
mation of the fully reduced flavin, which can proportionate with PAMO-
bound FAD. After a second electron transfer from a free flavin to PAMO–
FADH·, the reduced, catalytically active PAMO-bound-FADH2 is formed.


Figure 3. Light-driven oxidation of rac-1 by using FMN (^), riboflavin (&), or
FAD (~) as a cocatalyst. The concentration of the flavin was 100 mm ; stan-
dard reaction conditions were applied (initial concentration of substrate:
1 mm).
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tein to catalyze the BV-oxidation reaction, can be excluded.
Overall, our results are in line with the mechanism previously
proposed by Massey (Scheme 4).[44]


In further experiments the influence of the nature of flavins
on the rate of the overall reaction was studied (Table 3). At
least for FAD and FMN, saturation-like behavior can be as-


sumed; this suggests a reversible binding mechanism prior to
the actual electron-transfer step. Interestingly, the smaller FMN
exhibits a significantly higher TOF value compared to FAD; this
can be attributed to the decreased steric constraints (vide
infra). Riboflavin, on the other hand reacts as fast as FAD—a
finding that is currently difficult to rationalize.


It needs to be pointed out that the catalytic performance of
the present “optimized” setup still falls short of the native
cycle by at least one order of magnitude. In addition to the
above-discussed uncoupling, this can be explained by a steri-
cally impeded interaction between the free flavin and the
enzyme-bound FAD. This conclusion is guided by the crystal
structure of PAMO, which shows the FAD deeply buried within
the enzyme cavity with poor accessibility from the solvent
phase (Figure 4). Due to an unfavorable geometry, both flavins
cannot interact perfectly for electron transfer.[54]


The present observations show that the photochemically
driven BVMO-catalysis is limited mainly by two factors: first,
O2-dependent uncoupling of the regeneration reaction from
the desired oxygenation reaction occurs. Second, electron
transfer between free and enzyme-bound flavins is relatively
slow. In order to overcome the former limitation, one might
consider covalent attachment of the free flavins to the enzyme
via a flexible linker. Thus, the concentration of free flavins can
be reduced, which could result in an optimized ratio of synthe-
sis to uncoupling reaction. With regard to the second limita-
tion, either smaller optimized electron shuttle molecules might
be suitable, or enzyme engineering could lead to PAMO var-
iants with increased accessibility of the enzyme-bound flavin
to the solvent. Also, we suggest deazaflavins as redox media-
tors, which are known to be redox-stable towards molecular
oxygen.[55] This would prevent the uncoupling reaction.


Light-driven reduction of enones catalyzed by the Old
Yellow Enzyme homologue YqjM


In order to further exploit the scope of the photochemical
ACHTUNGTRENNUNGregeneration approach, we decided to evaluate an enzyme
system in which both of the above limitations can be over-
come. The Old Yellow Enzyme (OYE)[48] homologue YqjM from
Bacillus subtilis[51, 52] (E.C. 1.6.99.1) fulfills two requirements: as a
reductase, YqjM is oxygen independent, and the YqjM-bound
FMN is readily accessible from the surface (Figure 5). If success-
ful, this would also corroborate some of the previous conclu-
sions.


YqjM catalyzes the NADPH-dependent reduction of a,b-un-
ACHTUNGTRENNUNGsaturated carbonyl compounds such as N-ethylmaleimide and
cyclohex-2-enone. We chose the prochiral compound ketoiso-
phorone (3) as a substrate, which has not been described as a
substrate for YqjM previously. The resulting product 4 is a key
intermediate in carotinoid synthesis.[56] We envisioned the
ACHTUNGTRENNUNGpotentially enantioselective light-driven reduction to occur as
outlined in Scheme 5.


We were pleased to find that irradiation with white light in
the presence of free flavin (FMN) and EDTA gave the desired


Table 3. Influence of the external flavin and its concentration on the
light-driven PAMO-P3 catalyzed oxidation of ketone 1. Standard condi-
tions were employed; conversion was determined after 22 h.


External ACHTUNGTRENNUNG[Flavin] TOF Conversion
flavin [mm] ACHTUNGTRENNUNG[h�1][a] [%]


FAD 250 5.96�0.18 48.5�2.0
100 5.67�0.20 47.2�2.0
50 3.55�0.31 25.7�2.6


FMN 250 9.67�0.34 54.1�0.7
100 10.67�0.63 58.3�2.1
50 7.78�0.39 45.1�4.1


riboflavin[b] 150 5.99�0.21 43.6�0.5
100 4.87�0.21 46.1�1.2
50 4.10�0.19 42.5�3.2


[a] Determined after 4 h; [b] due to the low solubility of riboflavin in
water, the highest concentration that was tested was 150 mm.


Figure 4. Close-up of the substrate access channel of PAMO (X-ray struc-
ture,[55] PDB ID: 1W4X), which shows the protein surface. The enzyme-bound
FAD is displayed in yellow (ball-and-stick). Only the A ring of the isoalloxa-
zine moiety of the flavin is visible, the rest of the cofactor is shielded by the
protein.


Figure 5. Close-up of the crystal structure of YqjM (PDB ID: 1Z41). The
enzyme surface is shown with the well-exposed enzyme-bound FMN in a
ball-and-stick depiction (yellow).
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product (R)-4 in quantitative yield and with good enantioselec-
tivity (88% ee). As expected, control experiments in the ab-
sence of free flavin showed no significant conversion.


Control experiments in the absence of light showed that a
background reaction that is seemingly independent of reaction
time occurs, albeit to a lesser extent (approximately 5%); this
was an initially surprising result. The conspicuous conversion
in the dark controls was then found to be due to the exposure
of the reaction mixture to light during sample preparation and
workup. Moreover, we discovered that in the absence of YqjM,
reduced flavin is capable of reducing ketoisophorone to yield
racemic product 4 (Figure 6). The reduction that is catalyzed
directly by the free flavin occurs at approximately 10% of the
rate of the YqjM-catalyzed reaction. This non-enzymatic back-
ground reaction also explains the somewhat lower optical
purity of the product that was obtained from the light-driven
pathway compared to the one from the “traditional” approach
with a conventional cofactor regeneration system (glucose de-
hydrogenase, NADP; 88% ee vs. 92% ee, respectively). The
slight decrease in enantioselectivity with increasing reaction
time, even after full conversion, suggests a very slow racemiza-
tion of the product under the reaction conditions.


Compared to the PAMO
system (see previous section),
turnover numbers and especially
turnover frequencies were dra-
matically higher, which under-
lines the potential of a flavin-de-
pendent reductase in the light-
driven direct cofactor regenera-
tion (TON=383; TOF=194 h�1).


Furthermore, all experiments
performed with YqjM showed
that NADP+ is not required for
an efficient reaction to proceed.
This finding illuminates the dif-
ference between the YqjM and
PAMO system. In the case of
PAMO the nicotinamide cofactor


stays bound to the enzyme during the actual oxidation reac-
tion in the catalytic cycle. The addition of NADP+ in the light-
driven PAMO-system is required only in order to sustain a cata-
lytically active conformation of the enzyme. In contrast, the
YqjM system does not require such activation.


Conclusions


In this study we have demonstrated the general applicability
of the proposed photochemical regeneration approach for
flavin-dependent monooxygenases and reductases.[42] In the
PAMO-based light-driven system, the major limitations were
identified to be unproductive oxidative uncoupling of the
light-driven flavin reduction reaction from the regeneration of
the prosthetic group of the monooxygenase, and the some-
what sluggish electron-transfer kinetics, which can be related
to poor access of the mediator to PAMO-bound FAD due to
steric reasons. The use of O2-stable mediator systems, such as
deazaflavins,[53] might be suitable to overcome this limitation.
Further investigations to address such issues will be necessary
for a deeper mechanistic understanding and perhaps for im-
proving catalytic performance.


In the case of the Old Yellow Enzyme homologue YqjM as a
reductase, the efficiency of the light-driven regeneration
turned out to be much higher, as expected from the results of
the PAMO system. Thus, the higher performance can be ex-
plained by two factors: the reaction conditions without con-
stant aeration allow for (partial) suppression of the undesired
uncoupling reaction, and the more accessible prosthetic group
of YqjM compared to PAMO results in more efficient electron
transfer. We expect that further applications of our concept
will follow in which other enzymes are targeted, and will hope-
fully lead to practical catalyst systems for application in syn-
thetic organic chemistry.


Experimental Section


PAMO-catalyzed reactions : Preparation of PAMO and PAMO-cata-
lyzed reactions were performed and analyzed by GC as described
earlier.[42] Each series of experiments was performed from the same


Scheme 5. Enantioselective YqjM-catalyzed reduction of ketoisophorone 3. A) Schematic comparison of the “tradi-
tional” regeneration, and B) the light-driven, simplified regeneration approach; GDH: glucose dehydrogenase.


Figure 6. Light-driven enantioselective YqjM-catalyzed reduction of ketoiso-
phorone. Conditions: 100 W light bulb, 30 8C, 303 mgmL�1 YqjM lysate (total
protein content according to Bradford assay), 25 mm EDTA, 100 mm FMN,
1 mm ketoisopherone, 50 mm Tris (pH 7.4), 1% (v/v) acetonitrile. Conversion:
YqjM catalyzed (^), absence of YqjM (&) ; enantiomeric excess in favor of (R)-
4 : YqjM catalyzed (^), absence of YqjM (&).
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PAMO preparation because of slightly varying activities in the
light-driven reactions of different preparations. Therefore, some
values reported here might be slightly different from those that
were reported earlier.[42]


YqjM-catalyzed reactions : YqjM was expressed in E. coli Rosetta-
ACHTUNGTRENNUNG(DE3) under otherwise unchanged conditions according to a
known procedure.[51] After reconstitution of the crude lysate with
FMN followed by removal of excess FMN by gel-filtration (PD-10
desalting columns, GE Healthcare) the protein was analyzed by
SDS-PAGE by using a 12.5% gel. By using the densitograph func-
tion of BioDocAnalyze (Biometra, Gçttingen, Germany) the YqjM
content was determined to be 32% of the total protein content of
the lysate. The total protein content of the lysate was determined
by using a Bio-Rad Bradford assay reagent with bovine serum albu-
min as standard.[57] YqjM-catalyzed reactions were performed
ACHTUNGTRENNUNGaccording to the procedure for the PAMO-catalyzed reactions.
ACHTUNGTRENNUNGSamples were extracted with ethyl acetate and analyzed by GC
(Achiral method: instrument: Agilent Technologies 6890N, carrier
gas: 0.6 bar H2, column: 15 m ZB1 (100% dimethylpolysiloxane,
0.25 mm inner diameter, 0.5 mm film), injector T =220 8C, detector
T =350 8C, program: ramp 80 8C to 110 8C with 5 8Cmin�1, then
20 8Cmin�1 to 340 8C, retention times: 2.83 min (3), 3.05 min (4).
Chiral method: Agilent Technologies 6890N, carrier gas: 0.6 bar H2,
column: 30 m BGB176 (20% 2,3-dimethyl-6-tert-butyldimethylsilyl-
b-cyclodextrin dissolved in BGB-15), 0.25 mm inner diameter,
0.1 mm film, injector T =220 8C, detector T =350 8C, program:
100 8C (iso) 15 min, retention times: 12.11 min (3), 12.35 ((R)-4) min
and 13.90 min ((S)-4).
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Analysis of Organo–Silica Interactions during Valve
Formation in Synchronously Growing Cells of the Diatom
Navicula pelliculosa
Alejandro Heredia,*[a] Han J. van der Strate,[b] Ivonne Delgadillo,[c] Vladimir A. Basiuk,[a] and
Engel G. Vrieling[d]


Introduction


The most distinctive silica producers in aquatic ecosystems are
the unicellular algae known as diatoms, of which well over
10000 distinct species are taxonomically classified based on
their intriguing siliceous exoskeleton morphology.[1] As is well
known, the diatom cell walls are made of nanostructured
amorphous silica (SiO2) with a hierarchically ordered porous
structural design[2,3] that exceeds current nanotechnological
manufacturing capabilities.[4] Similar to other biominerals, bio-
logically formed silica (or biosilica) is produced by controlled
mechanisms under ambient conditions. Moreover, the molecu-
lar and physicochemical mechanisms in biosilica morphogene-
sis appear to be integrated; their combinatorial roles, however,
are not yet well understood.[5,6] Diatoms prefer silicic acid
[Si(OH)4


�] monomers as a source of silicon, which then is pro-
cessed by depositioning of the species-specific siliceous struc-
tures.


Recent studies on the formation of biosilica have focused on
the evolution of colloidal chemistry in silicifying organisms, the
molecular and physicochemical mechanisms of silicon biomin-
eralization, and biomimetics of the ambient silicification pro-
cesses for innovative silica-based materials in nanoscience and
the silica industry.[4, 7–9] In understanding biosilica formation, it
is important to know whether and how organic and inorganic
components interact in vivo. Such interactions can be expect-


ed to occur at two different organizational levels, 1) the inter-
action between the inorganic silicic acid ions and small bio-
molecules during silica precipitation, and 2) the interaction


Biologically formed silica is produced at ambient conditions
under the control of molecular and physicochemical processes
that are apparently integrated in biosilica morphogenesis, but
the mechanisms are not yet fully understood. With the recent
identification of small polypeptides and proteins that are encap-
sulated inside the biosilica and functional in silica polymerization
in vitro, it is of importance to determine whether interactions be-
tween inorganic silica species and these organic compounds
occur in vivo. A time-resolved analysis of valve formation in syn-
chronously growing cells of the diatom species Navicula pellicu-
losa enabled us to characterize the relevant chemical bonds by
attenuated total reflectance Fourier-transformed infrared (ATR-
FTIR) spectroscopy. Typically, inorganic bonds of Si�O�Si (bands
at 1058, 843 cm�1), Si�OH (3689 cm�1), and P=O (1239 cm�1)
and organic bonds of proteinaceous matter (with the amide I
and II bands at 1642 and 1543 cm�1, respectively) were positively
identified during one cycle of valve formation. The observed var-


iations in FTIR band intensity and location represented specific
interactions between organic and inorganic molecules during the
major silicification event, during which stretching of the Si�O
bonds was predominantly noticed. The experimentally obtained
frequencies (n) of the major bonds corresponded to those that
were obtained by MM+ and PM3 FTIR simulations for organo–
silica interactions based on biomolecules that are proposed to be
involved in biosilica formation. The results indicated that hydro-
gen bonds originated from interactions, albeit weak, between
ACHTUNGTRENNUNGorganic phosphate or amine groups to the inorganic hydroxyl
groups or oxygen atoms from the silicic acid and/or silica. The
existence of covalent P�O�Si bonds and electrostatic interactions
could not be excluded. These interactions clearly suggest that
biomolecules actively contribute to the silica polymerization pro-
cess during valve formation in N. pelliculosa, and also might act
comparably in other diatoms species in which similar biomole-
cules have been identified.
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ACHTUNGTRENNUNGbetween larger biopolymers and oligomeric silica species and/
or solid silica in morphogenesis. The occurrence of the first has
been proposed from in vitro studies to determine the role of
isolated peptides and polyamines from diatoms in silica pre-
ACHTUNGTRENNUNGcipitation.[11,21] The suggested phase-separation processes also
indicate that these interactions might continue at a higher or-
ganizational levels.[10,11] Throughout the latter process, silicic
acid and/or silica interactions with lipids and carbohydrates
that are part of the membrane of the silica deposition vesicles
(SDV) and subsequently the protective casing, seems also obvi-
ous.[12] Therefore, unraveling the processes that are involved in
silicic acid polycondensation in vivo will lead to a further un-
derstanding of the mechanisms of biological nanopatterning,
and how molecular and physicochemical aspects contribute.


Nevertheless, the occurrence of these interactions has not
been demonstrated accurately. On the one side, non-invasive
in vivo approaches are not readily available, whereas on the
other side, the exact nature and composition of inorganic and
organic molecules that induce or remain present during and
after silica depositioning are not known. With respect to the
latter, however, progress has been made for diatom and
sponge biosilicas, and the biomolecular content such as silicon
transporters, casing proteins, small encapsulated polypeptides
(silaffins, silicatein), and long-chain polyamines (LCPAs) have
been identified and characterized.[8,13–18] Also, the physico-
chemical properties of the diatom biosilica, particularly the
specific surface area, fractality, surface roughness, and pore vol-
umes and distributions have been well documented.[3,6,19,20]


In the pennate diatom Navicula salinarum, it has been dem-
onstrated that valve morphogenesis is a rapid process with dis-
tinct stages in two- and three-dimensional valve develop-
ment.[21] Apparently, diatom biosilica formation is a highly dy-
namic process, during which interactions between silicic acid
and/or oligomeric silica species with organic molecules expect-
edly are of importance for growth and structure direction.
Silica–biomolecule interactions in organisms have been studied
in only a few instances, namely during silica formation that is
induced by the exterior surface of bacteria,[22, 23] and in the
functioning of a cell-wall-associated diatomaceous carbonic
ACHTUNGTRENNUNGanhydrase.[24,25] A time-resolved analysis of the evolution of
chemical bonds due to interactions of inorganic and organic
molecules in the course of diatom valve formation has not
been encountered. Such a study could further substantiate the
role of these interactions in silica depositioning, and perhaps
elucidate structure–direction processes in diatom biosilicifica-
tion. Insight into these silica–biomolecule interactions is also of
interest to tailor the (bio)physicochemical properties of a syn-
thetic route for the production of highly hierarchically ordered
silica structures, or to translate this knowledge to the design of
novel high-performance silica-based materials.[4]


We approached this challenge by analyzing the different
stages of valve formation in synchronously growing cells of
the pennate diatom species Navicula pelliculosa. For this spe-
cies, data on various organic and inorganic components and
physicochemical properties are known. The biosilica of these
species exhibit a low (specific) surface area, which is common
for diatomaceous silica,[5, 26] and indicates that this silica is


ACHTUNGTRENNUNGcondensed, or less hydrated compared to artificial silicas.[27]


Diatom biosilica of the frustules is located at the exterior of
the plasma membrane of the cells, and as such, is protected
against spontaneous dissolution in their aquatic ecosystems by
a quite inert organic casing. This casing covers the siliceous
frustule elements such as valves and girdle bands.[28] The thick-
ness of the casing and the casing/silica ratio can negatively
affect FTIR analyses, and this has been demonstrated for the
species N. minima, which has a casing of about 100 nm thick-
ness.[19] In the present study we have performed an attenuated
total reflectance FTIR spectroscopy on biosilica that was ob-
tained from a related but much smaller species, N. pelliculosa,
for which the organic layer is thin;[29] this ensures that the FTIR
spectra were not obscured by the bonds of the casing compo-
nents. For the interpretation of experimental data, interactions
were also analyzed by so-called PM3 FTIR spectroscopy simula-
tions based on the physicochemical properties of a few bio-
molecules that are known to be involved in biosilica formation,
namely: native silaffins, LCPAs, and silicatein. Silaffins and
LCPAs (or combinations thereof) exhibit the ability to induce
silica precipitation in vitro, and, depending of the reaction con-
ditions, control the morphology of the finally formed silicas ;
this has been extensively reviewed by Lopez et al.[8] and Foo
et al.[14]


Results and Discussion


Valve formation in N. pelliculosa


Molecular probing of valve formation in N. pelliculosa by using
2-(4-pyridyl)-5-((4-(2-dimethylaminoethylamino-carbamoyl)me-
thoxy)phenyl) oxazole (PDMPO) revealed that the new hypo-
valve was rapidly produced (Figure 1) and that the whole pro-
cess proceeds comparably to the sequence that was observed
for a closely related species, N. salinarum.[51] The premature
valve appeared to originate from the center of the cells, start-
ing at the central nodule in proximity to the cleavage furrow
(arrow Figure 1D). Already after 20 min, the newly formed
valves were clearly recognized at the axial area (Figure 1E and
F) and continued to expand in the next 40 min towards the
outer valve edges (Figure 1G–J).


Development of the valve in the third dimension or valve
thickening was readily observed at later intervals (�60 min;
Figure 1 I–L), during which also the transapical costae could be
identified, especially when the focal plane was adjusted man-
ually (not shown here). From these observations, it was clear
that silicification occurs mainly within the first hour (Fig-
ure 1A–J), during which macromorphogenesis, that is the for-
mation of the larger frameworks,[30] and micromorphogenesis,
that is, the subsequent formation of detailed structures during
valve thickening[30] were defined as distinct events. After 8
hours (Figure 1K and L), cell separation has been initiated; this
indicates completion of the new hypovalves; the cleavage
furrow is well visible upon separation of the PDMPO-probed
hypovalves (arrow in Figure 1L).
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FTIR analysis on N. pelliculosa samples


The FTIR spectra were obtained for synchronously growing
N. pelliculosa cells by subsampling over 1 cycle of valve forma-
tion. The collected subsamples represent snap-shots for a
time-resolved analysis, for which harvested cells were studied
as following: whole cells (Figure 2), analysis of the ratio be-
tween the initial stage and later stages (tn/t0 ; Figure 3), SDS-
treated cells (Figure 4) and HNO3-treated cells (Figure 5) that
correspond to a diminished contribution of organic matter. All
positively identified peaks that were used to assign bonds by
the frequency (n) are summarized per studied interval and
treatment (Table 1). The spectra obtained from samples of
whole cells displayed the most important fingerprints of silica
as part of diatom frustules (Figure 2A and B). The bands at
~1060 and 843 cm�1 were assigned as stretching vibrations of
Si�O groups, and were clearly identified over all of the valve
formation intervals. For whole cells however, a quite broad
band at about 1058 cm�1 was noticed, which possibly originat-
ed from PO4


3� from the organic molecules.[31] Other fingerprint
bands that were present at all intervals were those of amide I
at ~1642 cm�1 and amide II at ~1543 cm�1 (Figure 2); these


bands refer specifically to the presence of proteins.[32] The
broad band between 1000 and 1250 cm�1 with a maximum at
~1080 cm�1 (Figure 2A and B) was identified as the most
ACHTUNGTRENNUNGimportant band for inorganic matter because it represents the
sum of many bonds and/or interactions that are related to sili-
con and phosphate groups (Figure 2C).


This broad band most probably also includes the band of
Si�O�C bonds at ~1080 cm�1 [34] and P�O�C bonds with bands
at both ~1076 and 1085 cm�1.[34] The occurrence of bands for
the Si�C and P�O�Si groups (782–794 cm�1) were not identi-
fied and their presence was ruled out.[35,36] Also covalent inor-
ganic bonds between Si atoms and N or C atoms were not
identified, this is in agreement with earlier observations.[37] Sur-
prisingly, in the spectra of whole cells, two distinct bands were
observed in parallel at different stages of valve formation;
namely at the intervals of t=30, 50, 350 and 1440 min. The
bands appeared at 1734 and 3689 cm�1 (Figure 2B) and are
ACHTUNGTRENNUNGrespectively related to bonds of a C=O ester[19] and a C�OH or
an O�H.[38,39] Our FTIR analysis did not provide information on
the presence of other solids or mineral groups, such as
ACHTUNGTRENNUNGsulfate.[40]


Figure 1. Valve formation in synchronously growing Navicula pelliculosa cells visualized by PDMPO probing. All images were taken from cells that were orient-
ed in the girdle view. The fluorescence images (right columns) were aligned by their bright field ones (left columns). The sequence of valve formation is
shown as the duration of valve formation after replenishment of silicon to Si-synchronized cells (see also Table 1 in the sampled intervals) ; note that t=0
(a,b) refers to the cells in cytokinetic arrest just prior to addition of silicic acid and PDMPO.
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It should be noted that the band at 3689 cm�1 can also rep-
resent O�H stretching from highly ordered structures in rela-


tion to the chemical composition of the inorganic
surface.[38] In diatomaceous silica, OH groups indeed
are located at the silica surface.[5,41] The bands at
2924 and 2852 cm�1 (gray arrows Figure 2B) were as-
signed as C�H bonds (Table 1), which in general cor-
respond to presence of hydrocarbons or lipids;[42–44]


these bands, however, were not always clearly de-
tectable during valve formation in these whole-cell
samples.


Because of the importance of the 1770–950 cm�1


region, which concerns bonds between silicon and
other atoms, the spectra have been normalized in
order to determine whether the peak intensity and
bond occurrence varied during the course of valve
formation (Figure 2C). Indeed variations in peak loca-
tion and intensity were observed; this suggests dy-
namics in the contribution of bonds and the content
and composition of organic and inorganic matter in
N. pelliculosa cells when new valves are produced. In
the first stages of valve formation (between 0 and
10 min) two bands appeared in the region of 1563
and 1474 cm�1 (gray arrow Figure 2C) that most
probably relate to the hydrogen-bond interaction
ACHTUNGTRENNUNGbetween the amine group of a biomolecule and an
oxygen from another molecule.[45] After 40 min of
valve formation, an increase in the intensities of the
amide I (1642 cm�1) and amide II (1543 cm�1) bands
was observed (Figure 2C); this indicates that from
this stage, protein synthesis co-occurred in synchro-
nously growing N. pelliculosa cells. The presence of
weak C�NH bonds (1563 and 1474 cm�1; gray arrows
Figure 2C) suggested that the deformation (stretch-
ing) of amine groups towards oxygen atoms of, for
instance, silicic acid and/or silica, might have oc-
curred. The bands near 1086 and 1058 cm�1 (Fig-
ure 2C), which coincided with Si�O and Si�O�Si
bonds, seemed to change intermittently during valve
formation. Especially, the Si�O�Si band at 1058 cm�1


coappeared with the P=O band at 1239 cm�1, and
this suggests that a biomolecule might have mediat-
ed the silicification process. The presence of the C�
N�H stretching bands at 3263, 1563, and 1474 cm�1


(Figure 2A and C) in the earliest stage of valve forma-
tion (between 0 and 10 min) suggest an active inter-
action of biomolecules with inorganic compounds,
most probably silicic acid and/or silica oligomers, in
the first steps of silica polymerization.


For a qualitative analysis between the sampled in-
tervals of valve formation in N. pelliculosa, an addi-
tional normalization step was applied that was based
on a ratio analysis between every interval and the ini-
tial stage of cytokinesis arrest (t0 ; Figure 3). In this
way the obtained spectra at every later stage (tn) was
corrected for the contribution of the initial stage (t0)
and the relative difference between tn and t0 was de-


termined; moreover, the ratio analysis enhanced the variations
in the bond contributions between the compared stages,


Figure 2. FTIR spectra of the whole cells of the diatom Navicula pelliculosa, which were
collected during valve formation of synchronously growing cells (see also Table 1 for the
sampling scheme). The most clear-cut peaks are indicated and assigned to previously re-
ported bonds (see also Table 1). A) Two representative FTIR spectra at the starting stage
(t=0; lower spectrum) and after 50 min of valve formation (upper spectrum) and B) nor-
malized spectra that were obtained throughout the whole process of valve synthesis
that indicate variations between bonds at different stages of valve formation. C) Normal-
ized FTIR spectra for the region of 1770–950 cm�1.
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which were observed less clearly in the original spectra. The
ratio of 1 (t0/t0) is used as the baseline in order to define either
a decreased (ratio<1) or an increased (ratio>1) contribution
of chemical bonds or interactions at certain frequencies com-
pared to the starting stage of valve formation (t0). Clearly, the
contribution of chemical bonds varied during the course of
valve formation in N. pelliculosa because the relative contribu-
tion of the assigned bonds differed over time (Figure 3). Inter-
estingly, at almost all intervals the relative contribution of
amide I and amide II bonds was quite stable in the earliest
stages (0–30 min), and clearly was less variable than other
bonds with frequencies in the region of 1550 to 1100 cm�1


(Figure 3). This suggested that the level of protein synthesis
was also quite stable during these earliest stages of valve for-
mation, albeit with the remark that after 30 min the contri-
ACHTUNGTRENNUNGbution of first amide I (t>50 min) and second amide II (t>
40 min) bonds increased. From t=30 min onwards, the contri-
bution of bonds of CH2NH (1474 cm�1) and of CH2 and CH3


groups (both with bands at 1436 cm�1) also increased (Fig-
ure 2C). During the course of valve formation, variation in the
abundance of P=O bonds (band at 1239 cm�1; Figures 2C and
3) was also observed in the ratio analysis, regardless of the fact
that the contribution of these bonds in the normalized spectra
(Figure 2C) was quite low. Apparently biomolecules did inter-
act differently at different stages during the course of valve
formation in N. Pelliculosa.


The spectra of the SDS-treated samples of N. pelliculosa
were much clearer than those that were obtained for the
whole cells, and displayed a decreased number of peaks and
for several identified bands of lower peak intensities (Figure 4).
Certainly the extraction of intracellular matter by SDS has re-
sulted in a diminishment of the contribution of organic matter.
The typical band that is observed at 3685 cm�1 (arrow
Figure 4) was clearly identified in samples of whole cells (Fig-
ure 2A), but was much more intense in the spectra of SDS-
treated cells. This peak was assigned to O�H stretching that
was caused by a hydrated component that interacts with, or is
interconnected to a highly ordered or even semi-crystalline
structure.[31,38, 42,43] In SDS-treated diatom cells, solid silica of the
parental frustule and that of newly formed valves contributed
mostly (>90%) to the total sample mass, and exhibited such
semicrystalline features (on the micron scale) that relate to ho-
mogeneity in pore distributions.[3] Therefore, it was reasonable
to suggest that the identified O�H stretching would result
from interactions of organic matter, possibly the remnants of
the external protective casing or other associated compounds
with the solid silica matrix. This suggestion was further sup-
ported by the fact that these interactions did not remain when
nearly all organic matter was removed by nitric acid oxidation


Figure 3. The ratio analysis between the initial stage (t0) and later stages as tn/t0 to determine the relative differences between the two stages. The most
clear-cut peaks are indicated and assigned to previously reported bonds (see also Table 1). An alternative version of this figure showing a direct comparison
between all time points is given in the Supporting Information.


Figure 4. FTIR spectra of the SDS-treated cells of the diatom Navicula pellicu-
losa that were collected during valve formation. The most clear-cut peaks
are indicated and assigned to previously reported bonds (see also Table 1).
The spectra for the different intervals were vertically shifted for clarity; from
bottom to top the following intervals during the course of valve formation
in synchronously growing cells are shown: t=0, 30, 40, 110, 230 and
1440 min.
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(Figure 5). The SDS-treated samples clearly revealed both pro-
tein fingerprint bands of amides I and II (Figure 4) and other
organic compounds (Table 1). The C�H bonds with typical fre-
quencies at 2927 and 2848 cm�1 (gray arrows Figure 4) relate
to lipids,[45] whereas the bonds with frequencies at 1224 and
1038 cm�1 (arrowheads Figure 4) most probably coincide with
phosphorylated compounds and polysaccharides.[31,45] The
presence of these compounds indicated that the remnants of
the protective casing was still present after SDS treatment,
which is in line with previous molecular-probing studies.[46,47]


Most conspicuously, the FTIR spectra of HNO3-treated sam-
ples were nearly void of organic matter, and silica has been
ACHTUNGTRENNUNGretained almost exclusively (Figure 5A). In fact, HNO3-treated
diatom biosilica, depending on the species, contains at least
over 95% silica;[28,42] the organic source most probably consists
of analogues of the recently identified silaffins and/or LCPAs,
which only can be dissoluted from solid diatom biosilica.[8]


Consequently, a low contribution of protein-related bonds in
the FTIR spectrum was expected, and only a very small peak
was observed at 1632 cm�1 (gray arrow Figure 5A) which is
close to the amide II band at 1642 cm�1. Instead of a proteina-
ceous nature, adsorbed water molecules may also be responsi-
ble for this band.[38,48] The main siloxane and silane frequencies
are found between 1250 and 950 cm�1 (arrows Figure 5A),
while the major Si�O peak was observed at 1055 cm�1, with
one additional peak at about 1200 cm�1 (arrowheads Fig-
ure 5A and B).


These silica-related bands partially overlap with those that
correspond to the presence of carbohydrates and PO4


3� fre-
quencies,[31,34,45, 47] which explains why accurate band assign-
ment of silicon-related bonds in the region of 1250–950 cm�1


is quite difficult in whole cells (Figure 2) and SDS-treated sam-
ples (Figure 4). A wide O�H band with a peak at ~3356 cm�1


appeared to decrease in intensity in the course of valve forma-
tion in N. pelliculosa between the onset (t0) of valve formation
and the nearly 2D completion of the valve after 60 min (see
also Figure 1 I and J). The intensity increased again at a later
stage (350 min), which can be explained by a second silicifica-
tion event of, for instance, the synthesis of the girdle bands
and/or casing formation before the dividing cells finally sepa-
rate. Clearly, the previously assigned O�H bands at 3689 and
3685 cm�1 that were observed in spectra of whole cells and of
SDS-treated cells were absent; this indicates that the observed
O�H interactions must occur within the solid silica. Bonds that
are related to C�H and C�CH2 at 2916 and 1426 cm�1, respec-
tively, displayed a low but quite stable intensity over the
period of valve formation; this suggests that the contribution
of encapsulated organic matter remained constant. By normal-
izing the spectra for the frequency region between 1300 and
750 cm�1 (Figure 5B), the degree of tetrahedral ordering of
SiO2, or the periodicity of the silica network could be qualita-
tively assessed by integration of the peak areas and the posi-
tion of the maxima. By calculation of the ratio I800/I1055, the
degree of order was determined, and it was observed that the
degree of ordering in the silica network varied in the process
of valve formation in N. pelliculosa (Table S2in the Supporting
Information); the degree of ordering decreased at distinct
stages in the following order : t=80, 10, 350, 20 and 50 min.
The optimal ordering was seen after 80 min of synchronous
growth when the new valves of N. pelliculosa became devel-
oped completely in their second dimension, as determined by
PDMPO probing (Figure 1 J–L). At later stages, the degree of
order slightly decreased, which might indicate that completion
of the newly formed valves in the third dimension occurs with
more hydrated silica on a more dense silica base, namely the
completed 2D valve structure.


Figure 5. FTIR spectra of the HNO3-treated cells of the diatom Navicula pelliculosa that were collected during valve formation. A) The spectra for the different
intervals were vertically shifted for clarity; from bottom to top the following intervals in the course of valve formation in synchronously growing cells are
shown: t=10, 20, 50, 80, and 350 min. B) Normalized FTIR spectra for the region 1300–733 cm�1 from which the degree of order in the silica network was
qualitatively assessed by determining the I800/I1055 ratio. For assignment of bands see also Table 1.
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MM+ simulations


To obtain insight into the possible interactions between chemi-
cal groups from individual diatomaceous biomolecules or their
larger complexes that are due to docking with inorganic
groups from silica, we have performed MM+ simulations. By
combining geometry optimization and molecular dynamics for
establishing relaxation of the optimized structures, we deter-
mined a number of local energy minima for every tested
ACHTUNGTRENNUNGbiomolecule that was evaluated at different conformations
(Table S3). The most stable structure that was obtained for
native silaffin-1 corresponded to an a helix conformation with
energy of �3565.67 kcalmol�1. In this conformation, it was
possible for non-ionic silicic acid Si(OH)4 units to approach the
regions that are rich in PO4


3� and NH to form hydrogen bonds
(Figure 6).


Stretching of the Si�OH bonds, as was noticed in the experi-
mentally obtained FTIR spectra (Figure 5), could even further
facilitate such interactions in vivo. In contrast, in the modeled
interaction of this molecule with amorphous silica, only weak
hydrogen bonds were obtained (Figure 7A). For the modeled
silaffin–silica structure, it was found that oxygen from the
phosphate groups from the peptide were responsible for
building the hydrogen bonds upon interaction with the amor-
phous silica structure (Figures 6 and 7). By using the molecular
conformation with the lowest energy (Table S3), the distance
between the aforementioned groups in the silaffin–amorphous
silica models has been determined to be about 2.5 I in size
(Figure 7A).


Table 1. Assignment of detected FTIR frequencies of inorganic, organic and hybrid bonds for sequentially obtained samples from synchronously growing
Navicula pelliculosa cells ; these samples were examined for intact frozen (column 4) or freeze-dried (column 5) and for cell walls, following treatment of
cells with SDS (column 6) or HNO3 (column 7). The assignment is based on previously reported data (column 3). Frequencies that represent interactions
ACHTUNGTRENNUNGbetween -OH groups of silica and the C=O esters of a biomolecule are indicated in bold.


Frequency Assigned Refs. Intervals at which bands were identified [min]
ACHTUNGTRENNUNG[cm�1] bonds Whole cells Whole cells (frozen SDS-treated HNO3-treated


ACHTUNGTRENNUNG(frozen) + freeze dried) cells cells


~3700 Si�OH stretching (disor-
dered)


[19, 22,23] n.d. superimposed on other bands


~3689 (~3685) Si�OH stretching (ordered) [35, 37,38] 30 50, 350, 1440 0, 30, 40, 110, 230,
1440


n.d.


~3350 (~3338) O�H stretching [39, 45] 0, 40, 230 10, 30, 50, 110, 350,
1440


0, 30, 40, 110, 230,
1440


10, 20, 50, 80, 350


~3200 Si�O stretching [19, 22,23] superimposed on other bands
~2924 C�H stretching [45] 40, 230 30, 50, 110, 350, 1440 0, 30, 40, 110, 230,


1440
10, 20, 50, 80, 350


2852 C�H stretching [45] 40, 230 30, 50, 110, 350, 1440 0, 30, 40, 110, 230,
1440


10, 20, 50, 80, 350


1734 C=O [45] 30, 50, 110, 350, 1440 n.d. n.d.
1642 amide I [45] 0, 40, 230 10, 30, 50, 110, 350,


1440
0, 30, 40, 110, 230,
1440


n.d.


1543 amide II [45] 0, 40, 230 10, 30, 50, 110, 350,
1440


0, 30, 40, 110, 230,
1440


n.d.


1460, 1420 P�O�Si [35] –
~1430 C�CH2 [45] 0, 40, 230 10, 30, 50, 110, 350,


1440
0, 30, 40, 110, 230,
1440


10, 20


~1563, ~1474 C�NH [53] 0 10 n.d. n.d.
~1240 P=O [31] 230 30, 50, 350, 1440 0, 30, 40, 110, 230,


1440
n.d.


~1165 C�C [45] 0 50, 1440 – –
~1140 HPO4


2� [31] 10 – –
~1085 Si�O [22, 23] 0 30, 50, 1440 0, 30, 40, 110, 230,


1440
10, 20, 50, 80, 350


1077 Si�O [22, 23] not clear not clear 10, 20, 50, 80, 350
~1058 P�O�C, Si�O�Si PO4


3� [19, 22,23] 0 30, 50, 1440 0, 30, 40, 110, 230,
1440


10, 20, 50, 80, 350


~950, ~870 Si�O [22, 23] 0, 40, 230 10, 30, 50, 110, 350,
1440


0, 30, 40, 110, 230,
1440


10, 20, 50, 80, 350


~789 Si�O�Si [22, 23] n.d. n.d. 0, 30, 40, 110, 230,
1440


10, 20, 50, 80, 350


Intervals at which PDMPO probed N. pelliculosa cells
were harvested and their matching samples that were
analyzed by FTIR


0, 20, 40, 80, 230,
470


10, 30, 50, 110, 350,
1440


0, 40, 110, 230, 1440 10, 20, 50, 80, 350,
470


n.d. : not detected.
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FTIR-PM3 simulations


In order to fit the FTIR spectra of our modeled structures to
those that were obtained experimentally, we have applied
minor horizontal corrections to align the distinctive fingerprint
bands, that is, those of the amides (amides I and II) and Si�O,
based on their reported assigned frequencies (Table 1). For the
organic molecules, a correcting factor of 0.85 was applied,
whereas for the silica-related bands the correction factor was
0.90. Despite these minor corrections, we noticed that the sim-
ulation of FTIR spectra was not readily straightforward because
of the occurrence of a few bands that could not be properly
assigned and because of minor variations between multiple si-
mulated FTIR spectra. It is known, however that diversity in
FTIR spectra appeared to be caused by small variations in the
molecular structures when a molecular dynamic approach is
applied. Nevertheless, the simulated FTIR spectra always re-
vealed clear-cut peaks of assignable bonds such as either
amide I (at ~1632 cm�1; arrow in Figure 7B) and Si�O (at
741 cm�1; arrowhead in Figure 7B). As stated earlier, the
a helix conformation of the modeled native silaffin-1 is the


one with the lowest energy, but this conformation might not
always occur during silica formation in diatoms, and conse-
quently more bands could be expected. Indeed, our experi-
mental FTIR spectra displayed more assignable bands than the
simulated ones (Figures 2–5). Also, in the FTIR simulations, sev-
eral typical additional bands appeared constantly (asterisks in
Figure 7B) that could not be assigned to any chemical bonds
so far. These additional bands in the simulated FTIR spectra,
however, might have originated from either inharmonic vibra-
tions due to coupling of atoms through the valence electrons
in the structures, or heterogeneity in the analyzed system.


Although the simulated FTIR spectra contained minor ob-
scuring signals, the comparison between experimental and si-
mulated FTIR spectra was achieved and provided evidence of
variation in silica–biomolecule interactions that specifically oc-
curred during the major silicification event in the synchronous-
ly growing diatom Navicula pelliculosa, namely the formation
of siliceous valves. Such interactions were already suggested
by various in vitro studies in which purified diatomaceous bio-
molecules (e.g. , silaffins and LCPAs) or synthetic proteins there-
of and other model proteins were used. The assignment of


Figure 6. A) The a-helix silaffin model interacting with a Si(OH)4 molecule in a region near a C�H from its side chain (marked box). B) Enlarged view of the
Si(OH)4 molecule interacting with the silaffin-1 structure with a PO4


3� group located in the proximity that most probably influences the interaction. The dis-
tance between the Si(OH)4 and the molecule is marked with a discontinuous line and has been calculated to be �2.5 I.
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bonds that were identified by FTIR also agreed with previously
reported data on biosilica,[22,23] but here the dynamics of possi-
ble hybrid interactions were analyzed in more detail. FTIR spec-
tra revealed that carboxylic, aliphatic, amine, and possibly also
phosphate groups are of main importance in their interactions
with silica species in N. pelliculosa (Table 1), but the electrostat-
ic interactions could not be excluded. Irrespective of the
sample treatment, the typical bands that are related to silica
(i.e. , those at 1058 and 843 cm�1) were always observed in the
FTIR spectra; obviously their contribution increased when or-
ganic matter was progressively removed (Figure 2–Figure 5).
The identified PO4


3� and carbohydrate bands at 1224 and
1038 cm�1, respectively, in SDS-treated samples (Figure 4) were
expected to originate from either the casing components and/
or other organic matter that remained firmly associated with,


or encapsulated in the diatom biosilica. These bands were
absent when cells were treated with nitric acid to remove any
bound organic matter (Figure 5). As previously demonstrated,
native silaffin appeared to be heavily phosphorylated and
modified with polyethyleneimine side chains, and as such,
could explain the observed phosphate band. A 31P NMR spec-
troscopic analysis also demonstrated the presence of phos-
phate in diatom biosilica.[49] The observed phosphate band
was not related to the phosphorus of nucleic acids, because
these bonds have different frequencies, namely, at 1100 and
1235 cm�1.[44]


In normalized FTIR spectra for whole cells (Figure 2C), the
deformation of weak C�NH or N�H bonds was determined
from variations in peaks at 1563 and 1474 cm�1, which were in-
dicative of interactions between both compounds that were
facilitated by stretching of hydrogen bonds between the
amine groups of a biomolecule towards solid silica. During the
course of valve formation in N. pelliculosa the contribution of
assigned chemical bonds clearly varied (Figure 2–Figure 5), but
also suggested that important cellular processes such as pro-
tein synthesis (as determined from the presence and contribu-
tion of the amide bands in the spectra) were not major events
during valve formation. However, upon initiation of valve for-
mation (at t=0), immediately following silicon replenishment
to cytokinetically arrested N. pelliculosa cells, the contribution
of most of the assigned bands was much higher. In fact, al-
ready after 10 min of silicon replenishment, the relative contri-
bution of all bands had increased in comparison to arrested
cells (Figure 2); this implies that the synthesis machineries of
both the biomolecules and biosilica were activated substantial-
ly. It is also noteworthy that the relative contribution of protei-
naceous matter (as defined from the amide bonds) over that
of inorganic bonds only increased at stages beyond 40 min of
valve formation (Figure 2C). This correlated quite well to our
observation of the stage where the siliceous valves of N. pelli-
culosa appeared to be fully developed in their second dimen-
sion, (Figure 1 I and J) and the dividing cells were preparing for
synthesis of the casing[29] and separation.


In the FTIR spectra of whole cells, the presence of the bands
that are assigned to N�H stretching (at 3263 cm�1) throughout
valve formation was not clear-cut because the relative contri-
bution of such bonds remained stable once silica formation
had been initiated (Figure 1A). Only at the earliest stage
ACHTUNGTRENNUNG(<60 min), could organic compounds that display N�H stretch-
ing towards silica be involved directly in the rapid silicification
process. Indeed our PDMPO probing demonstrated that valve
formation is a fast process, and that the 2D completion of the
new valve occurs within ~1 hour (Figure 1); this rate of valve
synthesis agreed with that of two other species such as the
ACHTUNGTRENNUNGrelated pennate species Navicula salinarum[51] and the centric
diatom Thalassiosira pseudonana.[52] The band that was ob-
served at 3689 cm�1 (Figure 2A, B) appeared at different stages
of valve formation, but the presence of these bands always co-
incided with a C=O band at 1734 cm�1 in the FTIR spectra of
whole cells (intervals indicated in bold in Table 1). The pres-
ence of the C=O band suggests that either an acidic molecule
(e.g. , with aspartic acid or glutamic acid) has been synthesized


Figure 7. A) Silaffin-1/silica model where the biomolecules in an a-helix con-
formation interact with the glass-like fragment. The hydrogen bonds are
marked as discontinuous lines and black arrows. B) The subsequent simulat-
ed FTIR spectrum of the interaction between silica and modeled native silaf-
fin-1 after optimization in water. For details in frequency assignment see
Table 1.
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or that the environmental pH had varied, causing changes in
FTIR spectral absorbances of amino acids.[53] For diatoms, it has
been demonstrated that the silica deposition vesicle acidifies
during valve formation,[46] and that this might explain changes
in the spectral behavior of amino acids. The band at 3685 cm�1


must be regarded as an assembly of chemical bonds that are
related to the silica surfaces at which O�H groups also are
present.[37,38,41] In fact, NMR spectroscopic studies on diatom
bio ACHTUNGTRENNUNGsi ACHTUNGTRENNUNGliACHTUNGTRENNUNGca always proved the presence of Q1 (SiO–3OH) and Q2


(SiO2–2OH) orientations of silica at the surface,[5,41] and it is
well possible that these “free“ hydroxyl groups form hydrogen
bonds with organic molecules such as those that are present
in the casing. This assumption was supported by the enhance-
ment of peak intensities of this particular band in FTIR spectra
of SDS-treated N. pelliculosa cells (Figure 3), where hydrogen
bonding of SDS molecules also might have co-occurred.


In general, the biosilica of HNO3-treated diatoms cells (incl.
N. pelliculosa) contains @95% of SiO2 with a minor amount
ACHTUNGTRENNUNGencapsulated organic matter and trace elements.[5,26] In the
samples of N. pelliculosa cells that were treated with HNO3,
only a few bands were assigned to organic matter. Based on
the assigned P�O�Si bonds with fingerprint bands at 1460
and 1420 cm�1 (Figure 6), a covalent linkage between silica
and phosphorylated organic molecules or inorganic phospho-
rus species must have occurred. Remarkably, when covalent
P�O�Si bonds were observed, the OH groups with the band
ACHTUNGTRENNUNGlocated at 3689 cm�1 were absent; this makes it tempting to
suggest that these hydroxyl groups originated from the silica
with hydrogen bridges that interacted with organic com-
pounds. Of interest is whether biomolecules that resemble the
native phosphorylated silaffins and LCPAs of Cylindrotheca fusi-
formis, or LCPAs that have been identified in other diatom
ACHTUNGTRENNUNGspecies also are active in silicification of N. pelliculosa.


Conclusions


The experimental data that were obtained indicated that,
throughout synthesis of the siliceous valve in cells of the
diatom Navicula pelliculosa, interactions between inorganic
and organic compounds occurred. Theoretically derived data
supported the experimental data, and this shows that hybrid
interactions between modeled diatomaceous silaffin-1 and
silica were favorable when silaffin-1 had an a-helix conforma-
tion. As proposed for silaffins and LCPAs on the basis of in
vitro studies, silica synthesis and most importantly silica parti-
cle size is controlled by the molecular arrangements of chemi-
cal groups such as amines and phosphates that are present or
interact with the biomolecules.[49,54] Apparently these interac-
tions occurred in vivo too, as has been demonstrated in FTIR
spectra on the SDS-treated cell walls of synchronously growing
N. pelliculosa cells that were collected at various intervals
during the course of valve formation. The nature of the inter-
action most probably relied on hydrogen bonds between the
organic compound and silica, but covalent bonds and also
electrostatic interactions between silicon and phosphorus
could not be excluded. A plausible mechanism for the synthe-
sis of the siliceous frustule parts, is that the local concentration


of silicic acid is raised to facilitate rapid polymerization, during
which biomolecules in N. pelliculosa—possibly analogues of
the silaffins or LCPAs currently identified in other species—in-
teract with silica and/or its precursors via hydrogen bonds to
further enhance the polymerization process. The presence of
bonds between organic and inorganic compounds in HNO3-
treated biosilica samples implied that interacting biomolecules
did remain encapsulated in the solid silica structure, as hap-
pens to be the case for silaffins and LCPAs. Whether the forma-
tion of the characteristic, hierarchically ordered pore structures
also relies on similar silica-biomolecules interactions is not
clear yet and the controlled synthesis and nanostructural prop-
erties of diatom biosilica should be further characterized in this
respect to determine the exact role of organic compounds in
vivo. For N. pelliculosa, the organic structures from which the
O�H and C=O bands at respectively 3689 and 1734 cm�1 origi-
nated, should also be related to the orientation of hydroxyl
groups at the surface of the silica that was formed and the dis-
tinctive features of the biopolymers that were involved and
their properties at different stages of valve development. A de-
tailed understanding of the biomolecule–silica interactions that
control biosilica formation is expected to lead to a better
ACHTUNGTRENNUNGunderstanding of diatom silicon biomineralization, and offers
potential for the design of novel synthesis routes for highly
ACHTUNGTRENNUNGordered silica-based materials.


Experimental Section


Culturing and synchronous growth : An axenic culture (1 L) of the
pennate diatom Navicula pelliculosa (strain CCMP543) was estab-
lished in artificial seawater[55] with a salinity of 32.5 practical salinity
units (PSU). The cells were grown at 16 8C under a 16 h light/8 h
dark cycle by using a light intensity of ~25 mmol photons m�2 s�1


(Biolux fluorescent tubes, Osram, Germany). The cells were
synchronized at the stage of cytokinetic arrest by silica starvation[29]


in such a way that immediately after silicon replenishment, valve
formation could be evaluated accurately.[51, 56] In short, the cells
were harvested by mild centrifugation (5 min, 160g, 16 8C) and
gently washed twice with silicon-free (Si-free) medium (500 mL).
The cells were then resuspended in Si-free artificial seawater (0.5 L)
in a 1 L polycarbonate bottle (Nalgene). Cytokinetic arrest was es-
tablished by 70 h incubation in Si-free medium after synchronous
growth was initiated by replenishing the culture with silicic acid
(final concentration of 0.20 mm) and the major nutrients nitrate
and phosphate (at final concentrations of 340 and 18 mm, respec-
tively).


Sampling and pretreatment of diatom biosilica : Synchronously
growing cells were harvested in duplicate at different time inter-
vals for the FTIR spectroscopy experiments (details on the sam-
pling scheme are available in Table 1). For every subsample, the
culture (10 mL) was centrifuged (5 min, 890g, 5 8C) and the pellet-
ed cells were subjected to one of the following treatments prior to
FTIR analysis: 1) immediately frozen (N2), 2) immediately frozen (N2)
and subsequently freeze-dried, 3) SDS extraction,[26,51] and 4) HNO3


extraction.[3,57] Cells that were either solely frozen or frozen and
subsequently freeze-dried were examined to determine whether a
water effect could be observed in FTIR spectra.


Molecular probing : To evaluate valve morphogenesis in synchro-
nously growing N. pelliculosa cells, we applied molecular probing
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by using 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylamino-carba-
moyl)methoxy)phenyl)oxazole (PDMPO, LysoSensor yellow/blue
DND-160, Molecular Probes, Eugene, USA) as was described previ-
ously.[51,58] For this, the probe was simultaneously added at a final
concentration of 1.0 mm with silicic acid to the Si-synchronized
cells. During valve formation the samples of probed cells (1 mL)
were harvested by centrifugation (1 min, 890g, 5 8C) at quite simi-
lar intervals to those that were chosen for the FTIR data acquisition
(see Table S1). The pelleted cells were immediately resuspended in
chilled 98% (v/v) MeOH (�20 8C; 1 mL) and stored at �20 8C until
further microscopic analysis. Fluorescence microscopy was applied
by using an Axioscope (Zeiss, Oberkochen, Germany) that was
equipped with a bandpass filter for excitation at 365 nm and a
longpass filter to record emitted light at wavelengths above
397 nm.


FTIR measurements of diatom biosilica: The FTIR spectra were
obtained by using a single-reflectance accessory (Golden Gate,
Specac, UK) in an IFS-55 spectrometer (Bruker, Karlsruhe, Germany).
The spectra were recorded at the absorbance from 4000 to
600 cm�1 at a resolution of 4 cm�1 over 128 scans per silica speci-
men. The penetration depth of the beam was 2 mm[44] and sufficed
for a proper analysis of the small diatom species N. pelliculosa. To
determine the precise frequencies of the different chemical groups
that were produced in the experiments, a cross-referencing was
performed against previously reported group-specific frequencies
(Table 1).


FTIR normalization: To gain insight into the changes in the organ-
ic content during valve formation, a normalization by correction
for the baseline between the range of 1770–950 cm�1 was per-
formed for FTIR spectra that were obtained for whole cells and cell
walls that were obtained after HNO3 extraction. This normalization
allowed a qualitative view on changes in bonds over time. In a
second step, the normalized spectra were compared to the spec-
trum at t=0 (t0) by dividing the spectra of later intervals (tn) by the
spectrum of t=0. With this approach the difference in intensities
of bands became clearer, which made the qualitative analysis more
accurate. The chosen region comprised the bands that are known
for the amide I, amide II, and biosilica[22,23, 45] and could be used as
a qualitative index for the content of protein and silica.[23]


To qualitatively determine the different degree of structural order-
ing of the tetrahedral organization of SiO2 in the biosilica network
over time, a different normalization was implemented in the range
of 1300–733 cm�1 for the HNO3-treated samples. Because the
HNO3-treated samples contained only a very limited amount of or-
ganic matter, the normalization was based on the integrated sur-
face (I) of the silica-related bands that related to the energy that
was involved in the FTIR vibration mode, and depended on the
mass of silica analyzed.[48] The degree of order in the silica network
subsequently was computed according to the half-width and the
maximum absorbance (A) of the typical bands for silica at 1055
and 800 cm�1. By comparing both I and A for every interval, it was
possible to determine the degree of order in the silica network
over time as: I=DnA, where Dn is the half-width and A the maxi-
mum absorbance of the band. The intensity index for every inter-
val was defined as W= I800/I1055 and were evaluated for changes
during diatom valve formation.[48]


Computational Methods


The MM+ method : Molecular modeling studies were performed
by using molecular mechanics and quantum mechanics methods
as implemented in the HyperChem program Version 7.1 (Hyper-


Cube, Canada). Geometry optimizations were used to find the co-
ordinates of molecular structures that represented a potential
energy minimum. Full geometry optimization was performed by
using the HyperChem settings for the MM+ force field, the Polak–
Ribiere conjugate gradient algorithm, and a root mean square gra-
dient (RMS) of 0.0001 kcalI�1mol�1. Molecular dynamics relaxation
of the optimized structures was employed to look for possible
local minima (step size of 0.001 ps, constant simulation tempera-
ture of 300 K). The organic molecules were geometrically opti-
mized in both the a-helix and b-sheet to determine the most
stable conformation (MM+ method). In the case of the long-chain
polyamines (LCPAs) an optimization of the structures with hetero-
geneous and homogeneous distribution of [�C3H6NCH3]n was per-
formed. The number of this [�C3H6NCH3]n group was modified as
well, because these chemical modifications affect the functionality
and structure of the biomolecules. The models of LCPAs and Silaf-
fin 1A1 (here Silaffin-1) were performed from their most basic struc-
tures.[59] Secondary structure models were applied, because data
on their three dimensional structures were not available. The or-
ganic molecules (see Table S1) were chosen to solely interact with
silicic acid in presence of water molecules, and with the non-ion-
ized Si(OH)4 structure; the latter choice was based on the reported
non-ionic structure at pH values near 7.0.[60]


The PM3 semi-empirical method: The optimized geometries that
were obtained by the MM+ molecular mechanics method were
further optimized with PM3 semi-empirical methods by selecting
and editing the closest region to the non-ionic Si(OH)4 groups (at
least 20 structures were PM3 optimized), by assuming that the
closest places are responsible for the formation of the siloxane
bonds (Si�O�Si). In semi-empirical calculations, full geometry opti-
mization was performed with the Restricted Hartree–Fock (RHF)
basis, Polak–Ribiere conjugate gradient algorithm, and total root-
mean-square (RMS) gradient of 0.0001 kcalI�1mol�1 as was recom-
mended in the HyperChem manual, and mentioned previously as
the most suitable method for long biomolecules.[61] The Hyper-
Chem vibrational spectrum with active IR vector rendering has
been used to graphically display the normal modes that were asso-
ciated with the vibrations. The results of the calculations for the
chosen organic molecules are presented in Table S3.


Assignment of simulated IR hybrid bands : The bands of the dif-
ferent hybrid bonds of organic and inorganic groups were simulat-
ed in order to approach the silica–biomolecule interaction. The
ACHTUNGTRENNUNGfollowing compounds were optimized with the PM3 method and
their bands were obtained: (OH)3Si�NH2, SiO2, H3C�Si(OH)3, H3CO�
Si(OH)3, (HO)3P�O�Si(HO)3 and non-ionic silicic acid (Si(OH)4) to
obtain the Si�N, the Si�O, the Si�C, the Si�O�C, the Si�O�P, and
Si�O bands, respectively. In favor of the precise identification of si-
mulated FTIR bands, a minor horizontal correction was performed
for matching the well-known SiO2, amide I, and amide II.
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Introduction


The filamentous fungi are prodigious producers of secondary
metabolites, and compounds derived from the polyketide and
nonribosomal peptide pathways are particularly common.
Fungi also produce numerous compounds derived by a combi-
nation of these two pathways. For example, 2-pyrrolidinones
such as fusarin C (1, Fusarium venenatum),[1] equisetin (2, Fusa-
rium heterosporum),[2] chaetoglobosin A (3, Penicillium expan-
sum)[3, 4] and pseurotin A (4, Pseudeurotium ovalis[5] and Asper-
gillus fumigatus[6]) have been shown by classical isotope feed-
ing experiments to be derived from polyketide and amino acid
components. Other compounds such as the fungal 2-pyridones
including tenellin (5, Beauveria bassiana),[7] leporin A (6, Asper-
gillus leporis)[8] and aspyridone A (7, Aspergillus nidulans)[9] are
also derived from amino acids and polyketides, as are a very
wide range of similar compounds.[10]


Recently we showed that precursors of fusarin C (1) and ten-
ellin (5) are synthesised by giant enzymes consisting of an iter-
ative type I polyketide synthase (PKS) fused to a single nonri-
bosomal peptide synthetase (NRPS) module (Scheme 1). Thus,
the first steps of fusarin biosynthesis are carried out by the
ACHTUNGTRENNUNGfusarin synthetase (FUSS),[11] while tenellin synthetase (TENS)
must carry out the first steps of tenellin biosynthesis.[12] Parallel
results have been obtained in the case of the 2-pyrrolidinones
equisetin (2),[2] pseurotin A[6] (4) and the 2-pyridone aspyri-
ACHTUNGTRENNUNGdone A (7).[9] Very recently SchBmann and Hertweck have
linked the biosynthesis of chaetoglobosin A (3) with a similar
PKS-NRPS.[13] These synthetases are encoded by ca 12 kb genes
which occur frequently in the known genomes of filamentous
fungi. In some cases such genes have been linked to surprising
and new biological activities—a good example is the PKS-


NRPS gene ace1 which is involved in avirulence signalling in
the plant pathogen Magnaporthe grisea.[14]


The PKS-NRPS genes generally occur within extended gene
clusters. In the case of tenellin (Figure 1), at least three other
putative biosynthetic genes are clustered along with the PKS-
NRPS (orf4, tenS). In B. bassiana these genes encode two
ACHTUNGTRENNUNGproteins homologous to cytochrome P450 monooxygenases
(ORF1 and ORF2) and a putative Zn-dependent oxidoreductase
(ORF3) which is a member of the family of trans-acting enoyl
reductases.[15]


Sequence analysis of the PKS-NRPS genes suggests that the
biosynthetic proteins consist of separate catalytic domains
(Figure 1). At the N terminus is the iterative type I PKS usually
consisting of b-ketoacyl ACP synthase (KAS), acyl transferase
(AT), dehydratase (DH), C-methyltransferase (C-MeT), enoyl-re-
ductase (ER), ketoreductase (KR) and acyl carrier protein (ACP).
In this respect the PKS is similar to other highly reducing PKSs
(HR-PKSs) known from the biosynthesis of lovastatin[16] and
squalestatin,[17] for example. Immediately downstream of the
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[b] Dr. M. Heneghan, Dr. A. M. Bailey, Dr. C. M. Lazarus
School of Biological Sciences, University of Bristol
Woodland Road, BS8 1UG (UK)


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


The tenS gene encoding tenellin synthetase (TENS), a 4239-resi-
due polyketide synthase nonribosomal-peptide synthetase (PKS-
NRPS) from Beauveria bassiana, was expressed in Aspergillus
oryzae M-2-3. This led to the production of three new com-
pounds, identified as acyl tetramic acids, and numerous minor
metabolites. Consideration of the structures of these compounds
indicates that the putative C-terminal thiolester reductase (R)
domain does not act as a reductase, but appears to act as a


Dieck ACHTUNGTRENNUNGmann cyclase (DKC). Expression of tenS in the absence of a
trans-acting ER component encoded by orf3 led to errors in
ACHTUNGTRENNUNGassembly of the polyketide component, giving clues to the mode
of programming of highly reducing fungal PKS. Coexpression of
tenS with orf3 from the linked gene cluster led to the production
of a correctly elaborated polyketide. The NRPS adenylation
domain possibly shows the first identified fungal signature se-
quences for tyrosine selectivity.
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PKS is the NRPS consisting of condensation (C), adenylation
(A), thiolation (T) and putative thiolester reduction (R) do-
mains.[12]


With this knowledge in hand it is possible to speculate
about the catalytic activities of the PKS-NRPS proteins. For ex-
ample, we have hypothesised that pretenellin (8) should be
the product of TENS (Scheme 1).[12] However, such predictions
cannot yet be made with high confidence because of ambigui-
ties in the results of feeding experiments and the present lack
of knowledge regarding the selectivities of the catalytic do-
mains. For tenellin these uncertainties encompass the adenyla-
tion domain because isotope feeding experiments suggest
that both phenylalanine and tyrosine are efficient precursors.[18]


Furthermore, there are no firmly established rules for predict-
ing A domain selectivity in fungal NRPS systems as there are
for bacterial A domains. There is also uncertainty regarding the
cyclisation step—it is not known how, or when, this occurs.
Questions also surround the PKS as the structure of tenellin
ACHTUNGTRENNUNGrequires an ER-mediated step in the first condensation cycle
during tenellin biosynthesis but sequence analysis (vide infra)
suggests that the ER domain may be inoperative.
In order to clarify the exact role of the TENS PKS-NRPS pro-


tein we expressed B. bassiana tenS in the heterologous host As-
pergillus oryzae M-2-3 using the pTAex3 expression system.[19]


The use of A. oryzae M-2-3 together with pTAex3 to determine
the role of various fungal PKS genes has been pioneered by
Ebizuka, Fujii and others,[20] and we have used it to express the
tetraketide synthases involved in squalestatin and methylor ACHTUNGTRENNUNGcin-
ACHTUNGTRENNUNGaldehyde biosynthesis.[17,21] However, this strategy has not yet
been reported in the case of the PKS-NRPS genes.


Results


We used a dual recombination strategy for first assembling the
required PKS-NRPS gene and then transferring it to a derivative
of pTAex3 (See the Supporting Information). A. oryzae M-2-3
(argB�) was transformed with the expression plasmid pTAex3-
tenS for expression trials ; transformation with an empty
pTAex3 vector provided a control. Selection was carried out on
minimal medium lacking arginine, allowing discrimination of
the desired clones which carry the argB gene, and 11 inde-
pendent transformants were isolated. Three of these were con-
firmed then transferred to liquid medium and grown in shake
culture. After 10 days the mycelia and medium were homoge-
nised, acidified to pH 3 and the mixture extracted with ethyl


Scheme 1. The previously proposed catalytic activities and product of TENS.
See text for domain abbreviations. CoA, coenzyme A ; SAM, S-adenosyl-
ACHTUNGTRENNUNGmethionine.
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acetate (EtOAc). The organic extracts were concentrated, defat-
ted, reextracted from water into EtOAc, evaporated again and
dissolved in methanol (MeOH) prior to LCMS analysis. Chroma-
tograms of extracts from A. oryzae pTAex3-tenS expression
clones were compared with chromatograms of extracts made
from the A. oryzae pTAex3 control.
LCMS analysis identified several new peaks that were not


present in untransformed (UT) A. oryzae M-2-3 or in A. oryzae
M-2-3 pTAex3 grown under identical conditions (Figure 2).
These compounds proved difficult to isolate by normal phase
(flash) chromatography, but a combination of preparative thin-
layer and reverse-phase chromatography eventually yielded
three new compounds (Figure 3). Prototenellin A (9A ; EI, [M]+ ,


C21H23NO4, calcd 353.1627, found
353.1631) was isolated as the
major metabolite in 3.8 mgL�1


yield. Prototenellin B (9B ; EI,
[M+Na]+ , C18H19NO4Na, calcd
336.1206, found 336.1220) was
the next most abundant com-
pound (3.6 mgL�1). Prototenel-
lin C (9C ; EI, [M+Na]+ ,
C21H25NO6Na, calcd 410.1580,
found 410.1595) was more diffi-
cult to isolate, but was eventual-
ly obtained in 3.0 mgL�1. Further
compounds were present in
lower titres, but these could not
be isolated in sufficient quantity
to be characterised.
Prototenellin A (9A) displayed


characteristic 1H NMR signals corresponding to the tyrosine-de-
rived moiety of the molecule—in particular, diagnostic aromat-
ic doublets indicated the presence of the para-substituted
phenyl ring, while diastereotopic benzylic protons showed dis-
tinctive coupling to the adjacent methine proton in the COSY
spectrum (Table 1). In the polyketide moiety a distinctive cou-
pling pattern showed that H-9 was adjacent to both H-8 and
H-10. Long-range coupling between H-14 and H-10 and H-12
placed methyl-14 as attached to C-11, and similar long-range
coupling between H-15 and H-8 placed methyl-15 attached to
C-7. These assignments were further confirmed by COSY H,H
and HMBC, HSQC and HSQC-DEPT C,H correlations (Figure 3).
Prototenellin B (9B) was identified by a similar series of NMR


experiments in which the tyrosine-derived moiety was rapidly
identified and the structure of the simplified polyketide was
determined by short-range and long-range 1H,1H coupling.
Once again HMBC and HSQC correlation spectra confirmed the
connectivity.
Prototenellin C (9C) was more difficult to fully identify be-


cause of the lack of material and instability during purification.
HRMS analysis suggested that prototenellin C (9C) was related
to prototenellin A (9A) by the formal addition of two water
molecules and by one oxidation. Prototenellin C (9C) was in-
soluble in CDCl3, and spectra obtained in CD3OD were difficult
to interpret because of extensive exchange of deuterium and
the presence of tautomers. Spectra obtained in CD3CN also
suggested that the differences between 9A and 9C were
ACHTUNGTRENNUNGlocated in the polyketide moiety of the compound, but signifi-
cant signal overlap in the aliphatic region of the spectrum pre-
vented further use of CD3CN as a useful NMR solvent.
When 9C was dissolved in CD3OD,


1H NMR showed the pres-
ence of the tyrosine-derived moiety, and chemical shifts for H-
16 and H-5 suggested that the tetramic acid moiety was also
intact. 1H and 13C NMR signals and HMBC correlations for posi-
tions 11–14 supported the presence of the hydroxyl butyryl
moiety shown for 9C in Figure 3, although possible deuterium
exchange occurred at C-9 and C-11 (See the Supporting Infor-
mation). However, doubling of signals possibly due to diaste-
reoisomerism and/or tautomerism prevented further elucida-


Figure 1. The organisation of the tenellin biosynthetic gene cluster in B. bassiana. tenS encodes a 4239-amino acid
synthetase. The approximate domain boundaries are shown.[12]


Figure 2. Comparison of HPLC traces of organic extracts from: untrans-
formed A. oryzae M-2-3 (A); A. oryzae M-2-3 pTAex3-tenS (B) ; and A. oryzae
M-2-3 pTAex3-tenS/pTAex3-orf3 (C) strains (diode array, 200–400 nm). See
the Experimental Section for extraction and HPLC details.
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tion of 1H and 13C chemical shifts for the remaining polyketide
atoms. It is likely that 9C has the structure shown in Figure 3.
Other compounds were produced by TENS in A. oryzae but


low concentration prevented adequate NMR characterisation.


LCMS analysis (Figure 4), howev-
er, indicated that two of the
minor compounds eluting close
to 9A (m/z 354) differed from it
by 14 mass units corresponding
to a single methyl group. The
compound eluting at 40.4 min
appeared to be monomethylat-
ed (m/z 340), while that eluting
at 42.7 min appeared to be tri-
methylated (m/z 368). Three
compounds elute with m/z 354
corresponding to dimethylated
compounds (39.4, 41.1 and
42.3 min). There also appears to
be an isomer of 9B, eluting at
36.9 min, possibly representing a
methylation regioisomer. Isomers
of 9C were also observed, al-
though there was no m/z evi-
dence for related compounds
with differing numbers of
methyl groups in this case.
In order to probe the activity


of the putative trans-acting ER
encoded by orf3, we constructed
a pTAex3 derivative in which se-


lection was provided by a basta-resistance (bar) cassette, and
the argB gene was inactivated by truncation. This allowed co-
transformation of the tenS/argB vector with the orf3 bar vector
into A. oryzae. Dual selection was achieved by plating the


Figure 3. A) Structures of major compounds isolated from A. oryzae M-2-3 transformed to express tenS (9A–C) or
to co-express tenS and orf3 (10). B) Key correlations from 2D NMR experiments for 9A and 10.


Table 1. 1H (400 MHz, CDCl3) and
13C (100 MHz, CDCl3) NMR data for new compounds 9A, 9B and 10.


Prototenellin A (9A) Prototenellin B (9B) Pretenellin A (10)
Pos. dH J [Hz] dC dH J [Hz] dC dH J [Hz] dC


1 5.79 s – 5.95 s – 5.84 br s –
2 – 177.7 – 175.5 – 176.5
3 – 96.1 – 98.4 – 98.6
4[a] – 192.5 – 194.2 – 194.3
5 3.96 dd, 10.1, 3.4 62.6 3.98 dd 10.2, 3.2 64.5 4.00 dd, 10.5, 2.9 63.6
6 – 184.8 – 176.0 – 176.5
7 – 127.4 7.19 d, 15.5 115.1 7.16 d, 15.5 115.8
8 8.06 d, 11.2 144.6 7.55 d, 15.5 151.7 7.58 d, 15.5 151.5
9 6.54 dd, 15.0, 11.2 121.3 – 135.0 – 133.5
10 6.78 d, 15.0 147.9 6.20 q, 7.1 142.1 5.91 d, 9.3 153.2
11 – 135.5 1.88 d, 7.1 16.0 2.53 m 35.0
12 5.91 q, 7.3 134.2 – – 1.27


1.45
m
m


29.4


13 1.84 d, 7.3 14.5 – – 0.89 t, 7.3 11.7
14 1.86 s 12.4 1.91 s 11.3 1.04 d, 6.6 19.8
15 2.05 s 11.9 – – 1.94 s 11.9
16 3.26


2.62
dd, 13.9, 3.4;
dd, 13.9, 10.1


37.8 3.20
2.60


dd, 13.9, 3.2
dd, 13.9, 10.2


38.0 3.25
2.64


dd, 14.9, 2.9
dd, 10.5, 14.9


37.5


17 – 130.7 – 128.4 – 129.9
18/22 7.09 d, 8.0 130.3 7.05 d, 7.2 130.4 7.09 brm 130.7
19/21 6.80 d, 8.0 115.8 6.78 d, 7.2 115.5 6.80 brm 115.8
20 – 154.7 – 155.4 – 156.1


[a] C-4 was weak in the 1D 13C spectrum for both 9A and 9B but was located in 2D spectra by HMBC correlation to H-5. 13C chemical shifts were also veri-
fied by comparison to literature values for related compounds.[18,43] Sample concentrations were between 1 and 3 mgmL�1.
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transformation mixture on a minimal medium lacking arginine,
and overlaying after 24 h with basta, followed by subculturing
single colonies onto basta-containing minimal medium lacking
arginine. Eleven clones were isolated which showed both
basta resistance and arginine prototrophy. These clones were
examined by PCR of genomic DNA which confirmed the pres-
ence of both tenS and orf3. Five clones were grown in produc-
tion medium and organic extracts were examined by LCMS.
Four clones produced a single new compound (m/z 356.1842
([M+H]+), calcd for C21H26NO4 356.1862) which was purified by
HPLC. Pretenellin A (10), was identified by 1H and 13C NMR. In
comparison with tenellin itself, 10 showed very similar 1H
chemical shifts and an identical coupling pattern for the poly-
ketide moiety (C-7 to C-15). The tetramic acid moiety showed
near identical chemical shifts to 9A–C (C-3 to C-5 and C-16 to
C-20). Both polyketide and tetramic acid moieties showed very
similar 1H and 13C chemical shifts to a synthetic analogue of 10
lacking the aromatic p-hydroxy group.[18] Final structural confir-
mation was provided by HSQC-DEPT and HMBC experiments.


Discussion


Expression of tenS in A. oryzae has allowed us to determine the
function of a fungal PKS-NRPS in isolation for the first time.
Other recent work from the groups of Schmidt,[2] Hertweck[13]


and Turner[6] have investigated the activity of fungal PKS-NRPS
proteins in the context of other proteins from the biosynthetic
pathway. Our experiments, however, show that TENS behaves
differently in the presence and absence of the ORF3 trans-
acting ER, and examination of the chemical structure of prod-
ucts can also shed light on the proposed activities of other
biosynthetic proteins encoded in the tenellin biosynthetic
gene cluster. The structures of compounds 9A–C and 10
reveal key aspects of the programming of fungal PKS-NRPS
proteins, especially in relation to polyketide biosynthesis, the
ring closing reaction and amino acid selection.


The programming of polyketide biosynthesis


Fungal polyketide synthases can be classified into three types:
nonreducing synthases (NR-PKS) responsible for the biosynthe-
sis of compounds such as tetrahydroxynaphthalene and norso-
lorinic acid; partially reducing synthases (PR-PKS) which make
6-methylsalicylic acid; and highly reducing synthases (HR-PKS)
which make complex polyketides such as squalestatin and lov-
astatin.[22]


The PKS components of TENS closely match other HR-PKS.
In addition to KAS, AT and ACP domains, TENS has domains
putatively responsible for C-methyl transfer, keto-reduction, de-
hydration and enoyl-reduction (ER). Other HR-PKS, such as the
squalestatin tetraketide synthase (SQTKS)[17] and the lovastatin
diketide synthase (LDKS),[16] are known to possess functional
ER domains. The ER domain of the lovastatin nonaketide syn-
thase (LNKS), however, is known to be inoperative; the neces-
sary enoyl-reductase activity is supplied by a protein encoded
by lovC which has been shown to act in trans with LNKS to
produce the reduced nonaketide intermediate.[16] Close inspec-
tion of TENS suggests that its ER domain might also be inoper-
ative. In support of this, phylogenetic analysis shows that the
putative ER domain from TENS more closely matches that of
LNKS and aspyridone synthetase (ASPS), both of which possess
inoperative ER domains, than those of LDKS, SQTKS and other
synthases for which the ER domain has been shown to be
functional (Figure 5).


A single enoyl-reduction step is required after the first chain-
extension condensation reaction during the biosynthesis of
the tenellin polyketide. It is clear from the fully unsaturated
side-chains of prototenellin A (9A) and prototenellin B (9B)
that TENS itself is not capable of carrying out this step. The


Figure 4. LCMS chromatograms of secondary metabolites derived from
A. oryzae M-2-3 pTAex3-tenS. A) Diode array trace (200–400 nm); B)–E), single
ion monitoring (ES+) for protonated ions ([M+H]+) corresponding to singly
methylated tetraketides (m/z 314), monomethylated pentaketides (m/z 340),
dimethylated pentaketides (m/z=354) and trimethylated pentaketides (m/z
368).


Figure 5. Phylogenetic analysis of putative ER domains of fungal PKS and
PKS-NRPS: Protein names (peptide sequence used for comparison): SQTKS,
squalestatin tetraketide synthase; LDKS, lovastatin diketide synthase; RatFAS,
rat fatty acid synthase; FUMS, fumonisin synthase; TTS1, T-toxin synthase 1;
TTS2, T-toxin synthase 2; FUSS, fusarin synthetase; LNKS, lovastatin nonake-
tide synthase; TENS, tenellin synthetase; ASPS, aspyridone synthetase; PSES,
pseurotin synthetase. Selected ER domain sequences were extracted and
aligned using ClustalX. The alignment was then subjected to boot-strapped
phylogenetic analysis using the Neighbour-joining analysis in MEGA3.[41,42]
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tenellin gene cluster contains a gene encoding a lovC homo-
logue (ORF3) and we have assumed that this trans-ER is re-
sponsible for correct reduction during tenellin biosynthesis.[12]


Vederas and co-workers observed that expression of lovB en-
coding LNKS in A. terreus led to the production of polyunsatu-
rated pyrones from truncated polyketide intermediates.[16]


Thus, it appears that in the absence of the lovC protein, LNKS
is incapable of extending the chain to the required nonaketide,
producing only a hexaketide and a heptaketide. However, Ve-
deras observed that LNKS was able to carry out the correct C-
methylation event during the
third chain extension (the first
cycle requiring the action of ER),
but thereafter, in the absence
of lovC, correct programming
broke down.
TENS appears to act similarly


in the absence of the trans-ER
that is the likely product of orf3
expression—both pentaketide
(e.g. , 9A) and tetraketide (e.g. ,
9B) products are observed. The
timing of the C-methylation pro-
gramming also breaks down,
with TENS performing its second
methylation after the third ex-
tension, rather than after the second extension as required for
tenellin biosynthesis. LCMS analysis of crude extracts also indi-
cates that the fidelity of methylation is disrupted with mono-
methyl and trimethyl isomers of 9A detected at low concen-
tration, along with possible dimethyl regioisomers.
The structure of prototenellin C (9C) has not been fully elu-


cidated, but HRMS and partial 1H NMR analysis indicates it is
most likely to be one of the three isomers shown in Figure 3
bearing a more highly oxygenated side chain than tenellin. Re-
gardless which of these is the actual structure of 9C, it is clear
that the production of 9C indicates further loss of control in
programming by TENS in the absence of ORF3. Here, in
common with the LNKS observations,[16] the polyketide moiety
is more highly oxidised indicating the failure of later KR and
DH steps after the first extension when the ER step is not car-
ried out.
Coexpression of tenS with orf3 leads to the production of a


single compound, pretenellin (10). This compound can be con-
sidered as a genuine precursor of tenellin. LCMS analysis did
not reveal the presence of either isomeric or chain-shortened
analogues of 10 or any of the unsaturated prototenellin com-
pounds 9A–C. This shows that as well as performing the re-
quired ER reaction after the first condensation, programming
and fidelity of TENS are returned to normal in the presence of
the ORF3 protein.
Thus in the case of tenellin biosynthesis, at least, lack of the


first enoyl reduction can affect the programming of all subse-
quent PKS steps. Presence of the trans-ER appears to be crucial
for correct PKS programming in TENS. Two possible ways of af-
fecting the PKS programming can be envisaged for this pro-
tein. In one scenario the ER protein could be involved in the


first modification cycle only, and the subsequent changes in
programming would be guided by the structure of the grow-
ing polyketide itself. The second possibility would involve the
ER remaining bound to TENS during all rounds of extension
and processing, allowing its influence to be felt throughout
the entire biosynthetic cycle. Further experiments will have to
be performed to differentiate between these possibilities.
Differences in the trans-ER may also explain the wide range


of compounds known which are related to tenellin. These in-
clude bassianin (11, Beauveria tenella)[7] and farinosone B (12,


Paecilomyces farinosus).[23] Consideration of these compounds,
and the diverse range of compounds isolated from A. oryzae
expressing tenS, indicates that the NRPS domains of TENS and
related PKS-NRPS proteins operate independently of the PKS
as amino-acid addition and ring closing reactions appear to
proceed correctly with all observed polyketides.


Ring closing


The NRPS modules of TENS, FUSS and other fungal PKS-NRPS
synthetases terminate with a putative reductive (R) domain. In
their entirety, the A, T and R domains show end-to-end homol-
ogy to the fungal a-aminoadipate reductase (AAR) complex
ACHTUNGTRENNUNGinvolved in lysine biosynthesis encoded by lys2.[24,25] The A
domain of AAR selects a-aminoadipic acid, activates the e-car-
boxylic acid to an acyl adenylate and transfers it to the phos-
phopantetheine (PP) thiol of the T domain to form an enzyme-
linked thiolester. The R domain then utilises NADPH to perform
a reduction of the thiolester to release aminoadipate-e-semial-
dehyde, regenerating the PP thiol (See Scheme S1 in the Sup-
porting Information). By analogy to this chemistry we speculat-
ed that the TENS PKS-NRPS complexes would activate and
attach phenylalanine or tyrosine to its own PP thiol. This must
then be condensed with the ACP-linked polyketide, by the C
domain, to form a T domain-linked amide. Action of the R
domain could then reductively release this as a peptide-alde-
hyde which would be reactive for a Knoevenagel-type ring-
forming reaction—yielding a compound such as 8 (Scheme 1).
Reductive release mechanisms have been observed for a


number of NRPS-type systems: for example MBller and co-
workers described the MxcG component of the myxochelin
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synthetase from the myxobacterium Stigmatella aurantica Sg
a15 which reduces a lysine-derived carboxylate twice to form a
primary alcohol.[26] In the NRPS responsible for gramicidin bio-
synthesis in Bacillus brevis ATCC 8185, the terminal R domain
of LgrD[27] releases the product as an aldehyde, which is further
reduced by a second reductase encoded by LgrE located up-
stream of the NRPS genes.[28] We have also recently reported a
fungal NR-PKS (methylorcinaldehyde synthase, MOS) from Acre-
monium strictum which uses a reductive release mechanism
catalysed by a C-terminal R domain.[21]


Multiple alignment of the thiolester reductive domains from
Candida glabrata AAR, LgrD, MxcG and the Acremonium stric-
tum MOS R domains with the TENS putative R domain support
the idea that this domain could
be involved in a reductive pro-
cess (See the Supporting Infor-
mation). In particular an
NAD(P)H binding motif (ILL-
TGATGFLGAXLLEXLL) is well con-
served in TENS. A similar se-
quence is present in the known
thiolester reductases, as well as
in an aldehyde reductase from
Sporobolomyces salmonicolor
(1Y1P),[29] which has had its
structure solved by X-ray crystal-
lography.[29]


However, a problem with the
reductive-release hypothesis is
that this mechanism would pro-
vide a product (e.g. , 8) at a lower oxidation level than ob-
served in the final metabolite. In the case of tenellin, reoxida-
tion at C-4 would be required to provide a substrate suitable
for further oxidative ring expansion.[12] In the case of equisetin
(2), the final product is also at the ester oxidation level at C-4,
again indicating that if a reductive release and cyclisation were
used by the equisetin synthetase (EQS) a further oxidation step
would be needed. The recently reported aspyridone synthetase
(ASPS) also has an apparent C-terminal reductase but produces
a product at the tetramic acid/hydroxypyridone oxidation
level. Hertweck and co-workers have proposed the involve-
ment of one of two P450-encoding genes in the ASPS biosyn-
thetic cluster in the oxidation of the proposed pyrrolinone ring
intermediate.[9]


The new compounds 9A–C isolated after the expression of
tenS alone, and pretenellin A (10) from tenS/orf3 coexpression,
all retain the enol functionality at C-4, which would be consis-
tent with direct formation of the tetramic acid ring by a Dieck-
ACHTUNGTRENNUNGmann condensation of the thiolester, without intervention of
the reductase. It is therefore unclear what role the putative R
domain plays during tenellin biosynthesis. It is conceivable
that there could be a reductive release, followed by a reoxida-
tion process (either by the R domain itself or by adventitious
enzymes in vivo), although this would not be an optimal re-
lease strategy. Intriguingly the NADPH binding motif of the
TENS putative R domain is similar to that of Pseudomonas aeru-
ginosa UDP-N-acetylglucosamine 4-epimerase, which achieves


its reaction by an oxidation/reduction sequence.[30] Adventi-
tious reoxidation by a cytoplasmic enzyme cannot be ruled
out at this stage, but we regard this as unlikely because of the
similarities in proposed cyclisation in a number of different
fungi.
However, it is more likely that the putative R domain cataly-


ses a Dieckmann cyclisation (DKC) of the bound N-b-ketoacyl
a-aminothiolester intermediate (Scheme 2) which would ach-
ieve both cyclisation and release. Such DKC reactions have an-
alogues in synthetic chemistry where N-acetoacetyl a-amino-
esters are good substrates for base-catalysed cyclisation.[10,18]


Such a process, however, would have no requirement for
NADPH.


An alternative and additional potential role for the N-termi-
nal domain could be as an editing device. For the Dieckmann
cyclisation to occur the polyketide bound to the PKS ACP must
possess a b-carbonyl. In cases in which the PKS does not
ACHTUNGTRENNUNGprovide a polyketide correctly functionalised at the b-carbon
atom, the PKS-NRPS would be blocked by a covalently linked
acyl group attached to the T domain. Reduction of this would
release an aldehyde or alcohol and free-up the synthetase.
ACHTUNGTRENNUNGTentative support for this hypothesis comes from the known
fungal metabolites farinosone C (13, Paecilomyces farinosus)[23]


and scyphostatin (14, Dasyscyphus mollissimus).[31]


Amino acid selection


Both phenylalanine and tyrosine have been shown to be incor-
porated into tenellin.[18,32,33] Phenylalanine could be a direct
substrate for TENS giving a benzyl-substituted 2-pyrollidinone
which could be hydroxylated later—possibly by one of the
two P450 monooxygenases encoded in the tenellin cluster. Al-
ternatively, phenylalanine could be hydroxylated ‘early’ to give
tyrosine which is the substrate for TENS. It is also conceivable
that TENS could accept both phenylalanine and tyrosine as
substrates, and that products derived from phenylalanine
could be oxidised later by one of the P450 monooxygenases.
Expression of tenS, in the absence of other genes from the


tenellin gene cluster, shows that TENS selects tyrosine as its
substrate. Amino acid selection is performed by the adenyla-


Scheme 2. Proposed biosynthesis of tenellin in B. bassiana.
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tion (A) domain. Comprehensive structure and sequence analy-
sis of bacterial A domains by Marahiel[34] and Challis and Town-
send[35] has shown that the amino-acid binding pocket is com-
posed of ten key amino acids (Table 2). Because these amino
acids are involved in substrate selection it has been possible to
draw up signature sequences which can predict which amino
acids a given A domain will select. For example a bacterial A
domain with selectivity for phenylalanine is the gramicidin-S
GrsA A1 domain.[36] The signature sequence of this domain
shows clear similarities to other bacterial A domains which
select phenylalanine, such as tyrocidine TycA A1 (Table 2).[37]


Similarly, A domains with selectivity for tyrosine are known,
such as tyrocidine TycC A3[37] and fengycin FenA A3.[38] In these
cases, Challis and Townsend have suggested that E322 may be
involved in hydrogen-bonding to the aromatic hydroxyl of ty-
rosine.[35]


However, in the case of fungal A domains this analysis has
been harder to perform because fungi appear to use signature
sequences which have diverged significantly from bacterial
ACHTUNGTRENNUNGsequences. Additionally, there is a relative lack of data relating
fungal A domains with their known substrates—although limit-
ed progress has been made recently. For this reason compari-
son of the TENS A domain signature sequence to those of
phe- and tyr- activating bacterial A domains is unproductive
(Table 2).
Hertweck and co-workers very recently showed that a cryp-


tic PKS-NRPS biosynthetic gene cluster in A. nidulans encodes
proteins which synthesise aspyridone A (7).[9] This compound
appears to utilise tyrosine as its amino acid component. We
therefore compared the A domain signature sequences of
TENS and the aspyridone synthetase (ASPS, Table 2). These
show remarkable similarity, and for the first time may indicate
a fungal A-domain signature sequence for tyrosine. Genome
sequencing has revealed the sequences of a number of other
fungal PKS-NRPS biosynthetic genes. Among these, A. oryzae
itself encodes a cryptic PKS-NRPS whose A domain also con-
tains a remarkably similar signature sequence (Table 2) to the
TENS and ASPS A domains. Transcript analysis by us (data not
shown) and others[39] indicates that this PKS-NRPS is not ex-
pressed during tenS expression in A. oryzae M-2-3. It appears
likely that the A. oryzae PKS-NRPS would also utilise tyrosine.
Turner and co-workers have recently identified the pseurotin A
PKS-NRPS (PSES) from Aspergillus fumigatus, which appears to
select phenylalanine.[6] Interestingly, analysis of the PSES A-


domain signature sequence shows that this is more similar to
the bacterial Phe-selecting A domains than to the fungal Tyr-
selecting A domains.


Conclusions


Expression of tenS in A. oryzae M-2-3 reveals key information
about fungal A domain selectivity, HR-PKS programming and
the role of putative R domains during product release from
fungal PKS-NRPS proteins. We have shown that in vivo the PKS
of TENS, acting in concert with the trans-ER encoded by orf3,
most likely produces a doubly methylated pentaketide at-
tached to its ACP. In parallel, the A domain selects and acti-
vates tyrosine and attaches it to the T domain. The C domain
would then link this to the polyketide, forming enzyme-bound
amide 15, and finally Dieckmann cyclisation, catalysed by the
C-terminal DKC domain, would afford pretenellin A (10,
Scheme 2). This compound requires only two oxidations to be
converted to tenellin (5) via the 2-pyridone (16, Scheme 2).[12]


These oxidations would be performed by the two cyctochrome
P450 enzymes encoded in the tenellin cluster. Further ques-
tions remain to be answered, however, and we are currently
examining the actual role of the C-terminal DKC domain
during tenellin biosynthesis, knockout of the tailoring genes,
as well as the expression of a number of other PKS-NRPS
genes from fungi.


Experimental Section


Transformation.[40] A. oryzae M-2-3 was grown on MEA (Malt Ex-
tract Agar, Fluka) plates for 10 days. Spores were collected into
water (1 mL) and inoculated into DPY (dextrin-peptone-yeast
ACHTUNGTRENNUNGextract: 2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5%
KH2PO4, 0.05% MgSO4, 50 mL) and grown at 25 8C and 200 rpm for
12 h. Mycelia were collected by filtration and washed with water
and saline (0.8m). Protoplasting was performed using NovoZym
(Novo Biolabs; 10 mgmL�1) in saline (0.8m) with gentle shaking at
25 8C for 2 h. Protoplasts were centrifuged at 707g for 10 min and
washed twice with saline (0.8m) and once with solution 1 (0.8m


NaCl, 10 mm CaCl2, 50 mm Tris-HCl, pH 7.5). Protoplasts were dilut-
ed to 3R107 mL�1 in solution 1 and divided into aliquots (200 mL)
and pTAex3-tenS (20 mL, 5 mg) was added. The protoplasts were
placed on ice and Solution 2 (1 mL, 60% PEG 6000, 0.8m NaCl,
50 mm CaCl2, 50 mm Tris-HCl, pH 7.5) was then added dropwise
over 15 min. Then mixtures were incubated at RT for 20 min.


Table 2. Signature residues for amino acid selection by adenylation domains. Sequence numbering from Gramicidin-S synthetase (GrsA) A domain 1.[36]


Signature position
Sequence (selectivity) 235 236 239 278 299 301 322 330 331 517


gramicidin-S GrsA A1 (Phe)[36] D A W T I A A I C K
tyrocidine A TycA A1 (Phe)[37] D T F T I A A I C K
tyrocidine A TycC A3 (Tyr/Trp)[37] D A L T T G E V V K
fengycin FenA A3 (Tyr)[38] D G T I T A E V A K
TENS (Tyr)[12] D M V I P P C A A K
ASPS (Tyr)[9] D M V I Y W C A A K
A. oryzae (?) D M A I R W C A A K
PSES (Phe)[6] D A Y T S W A I C K
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Czapek-Dox agar (5 mL) supplemented with sorbitol (1m) was
added to the transformation mixtures. The mixtures were poured
onto Czapek-Dox plates supplemented with sorbitol (1m) and
grown at 32 8C for 7 days. Single transformant colonies were trans-
ferred onto fresh Czapek-Dox plates and grown at 32 8C.


PCR to confirm presence of tenS. Genomic DNA was prepared
from A. oryzae M-2-3 pTAex3-tenS using the Extract-N-Amp Plant
PCR kit (Sigma). A PCR to amplify a 734 bp fragment of tenS was
performed using 5’-GAAGCTCCCGGCATCCTTGGTGTA-3’ and 5’-ATA-
CATTTCCTCCCGGGCGTCGTC-3’ primers.


Construction of pTAex3-BAR-orf3. orf3 was amplified from
B. bassiana genomic DNA with 5’-CACCAAGGACAGCCATTCAACC-
CATC-3’ and 5’-TAGCATCAACTCAGGGCAGC-3’ primers using KOD
DNA polymerase (Novagen). The PCR product was cloned into
pENTR/d-TOPO Gateway entry vector (Invitrogen) and sequenced.
orf3 was transferred into the fungal expression vector pTAex3-Targ-
BAR (C.M.L. , unpublished results) using Gateway in vitro recombi-
nation (Invitrogen). pTAex3-Targ-BAR is a derivative of pTAex3,
which has a Gateway destination cassette (Invitrogen) and BAR
(basta resistance) gene, and the argB gene is truncated at both
ends (and thus inactive).


Cotransformation with pTAex3-tenS and pTAex3-BAR-orf3. Co-
transformation with pTAex3-tenS and pTAex3-BAR-orf3 was done as
transformation with pTAex3-tenS except that after 24 h growth
transformation plates were over-laid with Czapek-Dox agar supple-
mented with BASTA (final concentration 50 mgmL�1). Cotransform-
ants were cultivated on Czapek-Dox-BASTA plates at 30 8C


Fermentation. A. oryzae/pTAex3-tenS was grown on MEA plates for
7–10 days at 32 8C. Spores and aerial mycelia were collected into
sterile water (1 mL). Czapek-dox supplemented with 3% maltose
and 1% polypeptone (100 mL) was inoculated with the suspension
(300 mL) and cultivated for 10 days, 200 rpm, at 25 8C. The same
procedure was used for tenS/orf3 cotransformants.


Extraction and purification. Ten 10 day-old cultures (each 100 mL
in 500 mL Erlenmeyer flasks) were pooled and acidified to pH 3
with 37% HCl. The mixture was homogenised and extracted with
ethyl acetate (2R500 mL). The organic extract was combined and
concentrated in vacuo. The residue was defatted by partitioning
between n-hexane (300 mL) and 10% aqueous methanol (300 mL).
The methanol fraction was concentrated and the aqueous residue
was further diluted with distilled water (300 mL) and re-extracted
into ethyl acetate (2R300 mL). Upon evaporation the organic frac-
tion yielded a dark yellow residue (206 mg).


The defatted extract (50 mg) was loaded on a glass-backed silica
gel thin layer chromatography plate (20R20 cm). The plate was de-
veloped in chloroform/methanol/water/acetic acid (80:18:1.5:0.5)
to yield seven bands. The band at Rf=0.21 corresponded to proto-
tenellin C. A combination of prototenellin A and B appeared as a
yellow band at Rf=0.4. These bands were carefully scraped off and
extracted with acetone/ethanol solvent system (9:1). The resulting
extracts were concentrated to yield semi-pure solids of prototenel-
lin C and prototenellin A and B combined which were refined by
preparative HPLC.


The semipure compounds, dissolved in HPLC grade methanol,
were then subjected to HPLC preparative purification using a Phe-
nomenex Luna 5m C18 (2) (250R4.6 mm) reverse phase column. A
gradient of water (+0.05% TFA) and acetonitrile (+0.05% TFA) sol-
vent system was used. 75 mL of the extract solution was injected
for each round of one hour HPLC program (0 min, 5% B; 5 min,
5% B; 45 min, 75% B; 46 min, 95% B; 50 min, 95% B; 55 min, 5%


B; 60 min, 5% B). Eluted fractions were collected with an automatic
fraction collector (Pharmacia LKB-FRAC-100): 0.5 mL per 30 s.


Prototenellin A (Rt=40.7 min) was obtained from fractions 81 and
82; prototenellin B (Rt=36.2 min) eluted in fractions 72–74 while
fractions 52 and 53 contained prototenellin C (Rt=25.8 min). The
respective eluents were evaporated in order to remove acetonitrile
and then extracted from water into ethyl acetate which was con-
centrated to yield the pure compounds.


Compound characterisation. NMR experiments were conducted
with a Jeol ECP-400 instrument. 1H chemical shifts were deter-
mined by 1H and COSY NMR and 13C chemical shifts were obtained
by HSQC, HSQC-DEPT and HMBC experiments. NMR data are
shown in Table 1 and in the Supporting Information. HRMS was
measured at the University of Bristol, School of Chemistry HRMS
ACHTUNGTRENNUNGfacility and is described in the text. IR data were obtained using a
Perkin–Elmer FTIR instrument for compounds mounted directly on
the diamond cell : prototenellin A (9A), IR nmax (neat) 3296, 2923,
2852, 1656, 1613, 1555,1516, 1445 cm�1; prototenellin B (9B), IR
nmax (neat) 3273, 2924, 2853, 1646, 1610, 1568, 1516, 1442 cm


�1;
pretenellin A (10), IR nmax (neat) 3254, 2960, 2924, 1604, 1557, 1514,
1428 cm�1.


Acknowledgements


We thank the EU FP6 MC-EST programme BRISENZ for funding
(LMH). A.Y. thanks Bayero University/MacArthur Foundation for
funding. J.M. gratefully acknowledges the support of the BBSRC
and the M. Evans Scholarship. The work was supported by BBSRC
grant BB/E007791/1.


Keywords: Beauveria · biosynthesis · fungi · heterologous
expression · natural products


[1] P. S. Steyn, R. Vleggaar, J. Chem. Soc. Chem. Commun. 1985, 1189–1191.
[2] J. W. Sims, J. P. Fillmore, D. D. Warner, E. W. Schmidt, Chem. Commun.


2005, 186–188.
[3] W. Graf, J.-L. Robert, J. C. Vederas, C. Tamm, P. H. Solomon, I. Miura, K.


Nakanishi, Helv. Chim. Acta 1974, 57, 1801–1815.
[4] J.-L. Robert, C. Tamm, Helv. Chim. Acta 1975, 58, 2501–2504.
[5] P. Mohr, C. Tamm, Tetrahedron 1981, 37, 201–212.
[6] S. Maiya, A. Grundmann, X. Li, S.-M. Li, G. Turner, ChemBioChem 2007, 8,


1736–1743.
[7] C. K. Wat, A. G. McInnes, D. G. Smith, J. L. C. Wright, L. C. Vining, Can. J.


Chem. 1977, 55, 4090–4098.
[8] M. R. Tepaske, J. B. Gloer, D. T. Wicklow, P. F. Dowd, Tetrahedron Lett.


1991, 32, 5687–5690.
[9] S. Bergmann, J. Schumann, K. Scherlach, C. Lange, A. A. Brakhage, C.


Hertweck, Nat. Chem. Biol. 2007, 3, 213–217.
[10] B. Royles, Chem. Rev. 1995, 95, 1981–2001.
[11] Z. Song, R. J. Cox, C. M. Lazarus, T. J. Simpson, ChemBioChem 2004, 5,


1196–1203.
[12] K. L. Eley, L. M. Halo, Z. Song, H. Powles, R. J. Cox, A. M. Bailey, C. M.


Lazarus, T. J. Simpson, ChemBioChem 2007, 8, 289–297.
[13] J. SchBmann, C. Hertweck, J. Am. Chem. Soc. 2007, 129, 9564–9565.
[14] H. U. Bohnert, I. Fudal, W. Dioh, D. Tharreau, J. L. Notteghem, M. H.


Lebrun, Plant Cell 2004, 16, 2499–2513.
[15] R. Simeone, P. Constant, C. Guilhot, M. Daffe, C. Chalut, J. Bacteriol.


2007, 189, 4597–4602.
[16] J. Kennedy, K. Auclair, S. G. Kendrew, C. Park, J. C. Vederas, C. R. Hutchin-


son, Science 1999, 284, 1368–1372.
[17] R. J. Cox, F. Glod, D. Hurley, C. M. Lazarus, T. P. Nicholson, B. A. M. Rudd,


T. J. Simpson, B. Wilkinson, Y. Zhang, Chem. Commun. 2004, 2260–2261.


ChemBioChem 2008, 9, 585 – 594 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 593


Tenellin Biosynthesis



http://dx.doi.org/10.1039/c39850001189

http://dx.doi.org/10.1039/b413523g

http://dx.doi.org/10.1039/b413523g

http://dx.doi.org/10.1002/hlca.19740570630

http://dx.doi.org/10.1002/hlca.19750580830

http://dx.doi.org/10.1016/0040-4020(81)85056-9

http://dx.doi.org/10.1002/cbic.200700202

http://dx.doi.org/10.1002/cbic.200700202

http://dx.doi.org/10.1139/v77-580

http://dx.doi.org/10.1139/v77-580

http://dx.doi.org/10.1016/S0040-4039(00)93530-5

http://dx.doi.org/10.1016/S0040-4039(00)93530-5

http://dx.doi.org/10.1038/nchembio869

http://dx.doi.org/10.1021/cr00038a009

http://dx.doi.org/10.1002/cbic.200400138

http://dx.doi.org/10.1002/cbic.200400138

http://dx.doi.org/10.1002/cbic.200600398

http://dx.doi.org/10.1105/tpc.104.022715

http://dx.doi.org/10.1128/JB.00169-07

http://dx.doi.org/10.1128/JB.00169-07

http://dx.doi.org/10.1126/science.284.5418.1368

http://dx.doi.org/10.1039/b411973h

www.chembiochem.org





[18] M. C. Moore, R. J. Cox, D. R. Duffin, D. O’Hagan, Tetrahedron 1998, 54,
9195–9206.


[19] Y. Sugano, R. Nakano, K. Sasaki, M. Shoda, Appl. Environ. Microbiol.
2000, 66, 1754–1758.


[20] A. Watanabe, Y. Ono, I. Fujii, U. Sankawa, M. E. Mayorga, W. E. Timber-
lake, Y. Ebizuka, Tetrahedron Lett. 1998, 39, 7733–7736.


[21] A. M. Bailey, R. J. Cox, K. Harley, C. M. Lazarus, T. J. Simpson, E. Skellam,
Chem. Commun. 2007, 4053–4055.


[22] R. J. Cox, Org. Biomol. Chem. 2007, 5, 2010–2026.
[23] Y. Cheng, B. Schneider, U. Riese, B. Schubert, Z. Li, M. Hamburger, J. Nat.


Prod. 2004, 67, 1854–1858.
[24] K. D. An, H. Nishida, Y. Miura, A. Yokota, BMC Evol. Biol. 2003, 3, 9.
[25] T. M. Zabriskie, M. D. Jackson, Nat. Prod. Rep. 2000, 17, 85–97.
[26] N. Gaitatzis, B. Kunze, R. MBller, Proc. Natl. Acad. Sci. USA 2001, 98,


11136–11141.
[27] N. Kessler, H. Schuhmann, S. Morneweg, U. Linne, M. A. Marahiel, J. Biol.


Chem. 2004, 279, 7413–7419.
[28] N. Schracke, U. Linne, C. Mahlert, M. A. Marahiel, Biochemistry 2005, 44,


8507–8513.
[29] S. Kamitori, A. Iguchi, A. Ohtaki, M. Yamada, K. Kita, J. Mol. Biol. 2005,


352, 551–558.
[30] N. Ishiyama, C. Creuzenet, J. S. Lam, A. M. Berghuis, J. Biol. Chem. 2004,


279, 22635–22642.
[31] M. Tanaka, F. Nara, K. Suzuki-Konagai, T. Hosoya, T. Ogita, J. Am. Chem.


Soc. 1997, 119, 7871–7872.
[32] J. L. C. Wright, L. C. Vining, A. G. McInnes, D. G. Smith, J. A. Walter, Can.


J. Biochem. 1977, 55, 678–685.
[33] E. Leete, N. Kowanko, R. A. Newmark, L. C. Vining, A. G. McInnes, J. L. C.


Wright, Tetrahedron Lett. 1975, 16, 4103–4106.


[34] T. Stachelhaus, H. D. Mootz, M. A. Marahiel, Chem. Biol. 1999, 6, 493–
505.


[35] G. L. Challis, J. Ravel, C. A. Townsend, Chem. Biol. 2000, 7, 211–224.
[36] E. Conti, T. Stachelhaus, M. A. Marahiel, P. Brick, EMBO J. 1997, 16, 4174–


4183.
[37] R. Weckermann, R. Furbass, M. A. Marahiel, Nucleic Acids Res. 1988, 16,


11841–11841.
[38] S. Steller, D. Vollenbroich, F. Leenders, T. Stein, B. Conrad, J. Hofemeister,


P. Jacques, P. Thonart, J. Vater, Chem. Biol. 1999, 6, 31–41; S. Steller, D.
Vollenbroich, F. Leenders, T. Stein, B. Conrad, J. Hofemeister, P. Jacques,
P. Thonart, J. Vater, Chem. Biol. 1999, 6, R156.


[39] T. Akao, M. Sano, O. Yamada, T. Akeno, K. Fujii, K. Goto, S. Ohashi-Kuni-
hiro, K. Takase, M. Yasukawa-Watanabe, K. Yamaguchi, Y. Kurihara, J.
Maruyama, P. R. Juvvadi, A. Tanaka, Y. Hata, Y. Koyama, S. Yamaguchi, N.
Kitamoto, K. Gomi, K. Abe, M. Takeuchi, T. Kobayashi, H. Horiuchi, K. Ki-
tamoto, Y. Kashiwagi, M. Machida, O. Akita, DNA Res. 2007, 14, 47–57.


[40] I. Fujii, Y. Ono, H. Yada, K. Gomi, Y. Ebizuka, U. Sankawa, Mol. Gen. Genet.
1996, 253, 1–10; I. Shibuya, K. Tsuchiya, G. Tamura, T. Ishikawa, S. Hara,
Biosci. Biotechnol. Biochem. 1992, 56, 1674–1675.


[41] J. D. Thompson, T. J. Gibson, F. Plewniak, F. Jeanmougin, D. G. Higgins,
Nucleic Acids Res. 1997, 25, 4876–4882.


[42] S. Kumar, K. Tamura, M. Nei, Briefings Bioinf. 2004, 5, 150–163.
[43] P. S. Steyn, P. L. Wessels, Tetrahedron Lett. 1978, 19, 4707–4710.


Received: July 14, 2007


Published online on February 12, 2008


594 www.chembiochem.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 585 – 594


R. J. Cox et al.



http://dx.doi.org/10.1016/S0040-4020(98)00557-2

http://dx.doi.org/10.1016/S0040-4020(98)00557-2

http://dx.doi.org/10.1128/AEM.66.4.1754-1758.2000

http://dx.doi.org/10.1128/AEM.66.4.1754-1758.2000

http://dx.doi.org/10.1016/S0040-4039(98)01685-2

http://dx.doi.org/10.1039/b708614h

http://dx.doi.org/10.1039/b704420h

http://dx.doi.org/10.1021/np049761w

http://dx.doi.org/10.1021/np049761w

http://dx.doi.org/10.1186/1471-2148-3-9

http://dx.doi.org/10.1039/a801345d

http://dx.doi.org/10.1073/pnas.201167098

http://dx.doi.org/10.1073/pnas.201167098

http://dx.doi.org/10.1021/bi050074t

http://dx.doi.org/10.1021/bi050074t

http://dx.doi.org/10.1016/j.jmb.2005.07.011

http://dx.doi.org/10.1016/j.jmb.2005.07.011

http://dx.doi.org/10.1074/jbc.M401642200

http://dx.doi.org/10.1074/jbc.M401642200

http://dx.doi.org/10.1021/ja9713385

http://dx.doi.org/10.1021/ja9713385

http://dx.doi.org/10.1016/S0040-4039(00)91186-9

http://dx.doi.org/10.1016/S1074-5521(99)80082-9

http://dx.doi.org/10.1016/S1074-5521(99)80082-9

http://dx.doi.org/10.1016/S1074-5521(00)00091-0

http://dx.doi.org/10.1093/emboj/16.14.4174

http://dx.doi.org/10.1093/emboj/16.14.4174

http://dx.doi.org/10.1093/nar/16.24.11841

http://dx.doi.org/10.1093/nar/16.24.11841

http://dx.doi.org/10.1016/S1074-5521(99)80018-0

http://dx.doi.org/10.1016/S1074-5521(99)80078-7

http://dx.doi.org/10.1093/dnares/dsm008

http://dx.doi.org/10.1093/nar/25.24.4876

http://dx.doi.org/10.1093/bib/5.2.150

http://dx.doi.org/10.1016/S0040-4039(01)85711-7

www.chembiochem.org






DOI: 10.1002/cbic.200700446


Azotobacter vinelandii Metal Storage Protein: “Classical”
Inorganic Chemistry Involved in Mo/W Uptake and Release
Processes
Jçrg Schemberg,[a, c] Klaus Schneider,*[a, b] Dirk Fenske,[a] and Achim M�ller*[a]


Dedicated to Professor Dante Gatteschi


Introduction


Molybdenum is an essential transition metal to all organisms.
It is specifically bound to a large number of enzymes and pro-
teins that are involved in Mo uptake/transport, Mo processing
for cofactor biosyntheses, enzyme catalysis, gene regulation,
intracellular Mo homeostasis and metal storage.[1, 2] Based on
the function of molybdenum, the protein’s structural character-
istics, and the type of Mo species that are present in the pro-
tein, molybdoproteins can be divided into five classes (for a
short overview, see ref. [2]). Besides the cofactor-containing
ACHTUNGTRENNUNGenzymes (Moco enzymes, FeMoco nitrogenases),[3, 4] the largest
and best characterized group of Mo proteins comprises all
ACHTUNGTRENNUNGproteins that are capable of binding molybdenum as single
molybdate (Mod/Mop proteins, “molbindins”). MoO4


2�-binding
proteins are principally involved in Mo transport, gene regula-
tion, intracellular Mo transfer and homeostasis, and contain
ACHTUNGTRENNUNGbetween one and eight molybdate ions (e.g. , ModA and ModG
of A. vinelandii).[5, 6, 7]


The Mo storage protein (MoSto), which is subject of the
present study, exhibits several outstanding properties which
differ fundamentally from those of all other known Mo-con-
taining proteins and even of all metalloproteins.[2, 8] It is func-
tionally very closely connected to nitrogen fixation, however—


The release of Mo (as molybdate) from the Mo storage protein
(MoSto), which is unique among all existing metalloproteins, is
strongly influenced by temperature and pH value; other factors
(incubation time, protein concentration, degree of purity) have
minor, though significant effects. A detailed pH titration at 12 8C
revealed that three different steps can be distinguished for the
Mo-release process. A proportion of ~15% at pH 6.8–7.0, an ad-
ditional 25% at pH 7.2–7.5 and ca. 50% (up to 90% in total) at
pH 7.6–7.8. This triphasic process supports the assumption of the
presence of different types of molybdenum-oxide-based clusters
that exhibit different pH lability. The complete release of Mo was
achieved by increasing the temperature to 30 8C and the pH
value to >7.5. The Mo-release process does not require ATP; on
the contrary, ATP prevents, or at least reduces the degree of
metal release, depending on the concentration of the nucleotide.
From this point of view, the intracellular ATP concentration is
suggested to play—in addition to the pH value—an indirect but
crucial role in controlling the extent of Mo release in the cell. The
binding of molybdenum to the apoprotein (reconstitution pro-
cess) was confirmed to be directly dependent on the presence of
a nucleotide (preferably ATP) and MgCl2. Maximal reincorporation
of Mo required 1 mm ATP, which could partly be replaced by GTP.
When the storage protein was purified in the presence of ATP


and MgCl2 (1 mm each), the final preparation contained 80 Mo
atoms per protein molecule. Maximal metal loading (110–115
atoms/MoSto molecule) was only achieved, if Mo was first com-
pletely released from the native protein and subsequently (re-)
bound under optimal reconstitution conditions: 1 h incubation at
pH 6.5 and 12 8C in the presence of ATP, MgCl2 and excess
ACHTUNGTRENNUNGmolybdate. A corresponding tungsten-containing storage protein
(“WSto”) could not only be synthesized in vivo by growing cells,
but could also be constructed in vitro by a metalate–ion ex-
change procedure by using the isolated MoSto protein. The high
W content of the isolated cell-made WSto (~110 atoms/protein
molecule) and the relatively low amount of tungstate that was
released from the protein under optimal “release conditions”,
demonstrates that the W-oxide-based clusters are more stable
inside the protein cavity than the Mo-oxide analogues, as expect-
ed from the corresponding findings in polyoxometalate chemistry.
The optimized isolation of the W-loaded protein form allowed us
to get single crystals, and to determine the crystal X-ray structure.
This proved that the protein contains remarkably different types
of polyoxotungstates, the formation of which is templated in an
unprecedented process by the different protein pockets. (Angew.
Chem. Int. Ed. 2007, 46, 2408–2413).
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in contrast to all nif gene products—it is not repressed by am-
monium ions.[2] This enables the storage protein, independent-
ly from the nitrogen source, to accumulate large amounts of
Mo inside the cell, thus guaranteeing Mo-dependent nitrogen
fixation even under conditions of extreme Mo deficiency. The
high-capacity Mo storage protein in combination with high-af-
finity Mo-transport proteins (Mo uptake into the cell)[1] repre-
sent a system that scavenges Mo very effectively from outside
the cell, and might thus even cause a self-produced Mo starva-
tion in the surrounding environment.[9, 10] In natural habitats,
where organisms compete for molybdate, species like A. vine-
landii therefore have a great competitive advantage. The
MoSto protein, which was first isolated and described already
in 1981[11] has recently been analyzed to contain 70–90 Mo
atoms per protein molecule,[2] but its maximal Mo-storage ca-
pacity is still unknown. In a recent single crystal X-ray structure
analysis of the storage protein,[8] where for stability reasons
molybdate was replaced by tungstate, 14 different polynuclear
tungsten-oxide clusters that were embedded into pockets
inside a large cavity of the cage-like protein complex, have
been detected. The clusters (cluster fragments) can be divided
into different types: (one) W3, (three) W6, (three) W7, (three)
W2(I), (three) W2(II), and (one) putative W7+x. In this context, it
should be mentioned that the incorporation of a variety of dif-
ferent polynuclear clusters that are encapsulated in the cavity
of a protein is unprecedented, especially the fact that the for-
mation of the different species is templated by the different
pocket functionalities. Furthermore, besides the iron-contain-
ing systems (ferritin, frataxin) MoSto is the only known metal
storage protein that contains a larger number of metal atoms.


Recent results of the single crystal structure analysis of the
protein also revealed that the subunit structure is an a3b3


hexamer that is organized as a trimer of ab dimers.[8] MoSto
appears therefore to be much more complex than convention-
al molybdate-binding proteins,[2] its amino acid sequence does
not show any similarity to sequences of other molybdopro-
teins either. Further, the existence of MoSto appears not to be
an exclusive feature of the genus Azotobacter : current protein
database comparisons revealed that MoSto genes (designated
as mosA and mosB) also occur in Rhodopseudomonas palustris,
Xanthobacter autotrophicus, Bradyrhizobium sp. and two non-
diazotrophic Nitrobacter species (N. hamburgensis, N. winograd-
skyi).


It was a surprise to find that MoSto exhibits an architecture
that is similar to that of nucleoside monophosphate kinases;
the most related member is the hexameric UMP kinase.[2, 12]


This is in full accordance with 1) the detection of the P-loop
motif of an ATP-binding site,[2] 2) the fact that the crystallized
W-containing form of the storage protein contains functional
ATP,[8] and 3) the finding that the binding of Mo/W to the apo-
protein is ATP dependent. In contrast, the Mo-release reaction
does not require ATP, but has been described to be pH regulat-
ed, that is, it occurs only above pH 7.1.[2] Both processes, Mo
binding and release, appear to follow unprecedented (biologi-
cal) mechanisms. There are, however, a great number of open
questions. For instance, under which preparation conditions
can the yield and stability of MoSto be substantially improved,


the Mo content increased, and the Mo loss decreased? What
are the optimal experimental conditions that allow the deter-
mination of the maximal Mo-binding capacity of the storage
protein? Is the Mo binding only affected by ATP, and the Mo
release only by pH changes, or are these processes also influ-
enced by other important factors, such as temperature, incuba-
tion time, protein concentration and the degree of protein
purity? Does an increase of the pH to values >7.0 cause a
ACHTUNGTRENNUNGcontinuously increasing Mo release, an “all or nothing” release
(switch on/switch off mechanism) or rather a stepwise release?
Can Mo be exchanged by W, and do the tungsten-release and
re-binding processes function according to the mechanisms
described for Mo?


The studies concerned with these questions and problems
are subject of the present work. The results that were obtained
confirmed that the Mo storage protein represents a new type
of molybdoprotein and even a new type of metalloprotein,
and they provide optimal prerequisites for future crystallization
studies and structural analyses. Detailed information about the
isolation and crystallization of the W-loaded storage protein,
which allowed us to perform a single-crystal X-ray structure
analysis, and to prove that a new type of assembly process
occurs in the protein cavity,[8] is presented here.


Results and Discussion


pH-regulated release of molybdate from the Mo storage
protein


In the preceding paper[2] we characterized the process of Mo
release from the Mo storage protein (MoSto) as a pH-regulated
mechanism. Based on the results of the current study this
could be confirmed; on the other hand this has been comple-
mented by further fundamental information. The key condition
that triggers the process of Mo release is the shift from weakly
acidic to weakly alkaline pH values; however, the Mo release is
significantly influenced also by the temperature, the incuba-
tion time, the protein concentration and the quality of prepa-
ration (purity, stability). The MoSto preparation that was used
in the present study was homogeneous, stable, and it con-
tained ~1.5 mg protein mL�1, ca. 60 atoms of molybdenum per
protein molecule and a basic low level of free molybdate that
corresponds to 5–8 % of protein-bound molybdenum.


To characterize the real relationship between the pH value
and the Mo-release process, a detailed pH-dependence study
was performed at 12 8C (Figure 1), at which a temperature-
based Mo release was absent or negligibly low. After 1 h stan-
dard incubation time at 12 8C, no Mo release between pH 6.5
and 6.8 was observed. Over the course of further pH titration,
it turned out that the Mo-release process did not, as concluded
in preceding work (which was based on experiments at 30 8C),
follow a “switch on” mechanism within a narrow range above
pH 7.1, but rather occurred in three steps: 1) at pH 6.8–7.0
(very weak increase of the release level), 2) at pH 7.2–7.5 (sig-
nificant release, ca. 40 %), and 3) at pH 7.6–7.8 (most rapid and
largest amount of Mo release). In pH regions between the re-
lease steps (7.0–7.2; 7.5–7.6; >7.8) the MoSto protein was
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stable and did not lose additional amounts of molybdenum
(plateaus in the pH-dependence curve, see Figure 1). Within
this physiologically acceptable pH range a complete (100 %) re-
lease of Mo did not occur at 12 8C but required a temperature
increase to 16 8C or higher (Figure 2, Mo-profile B).


How can it be explained that the pH-dependent Mo release
neither occurs continuously nor abruptly (switch mechanism),
but stepwise (triphasic) with increasing pH? Two processes
presumably play crucial roles:


1) It is known from basic chemistry that increasing the OH�


concentration in the polyoxometalate solutions leads to
degradation of larger to smaller species and finally to
single molybdate ions.[13] The most simple example would
be the reaction of Mo2O7


2� with OH� to give two MoO4
2�


ions. The occurrence of several pH-dependent Mo-release
steps could be explained by the presence of different kinds
of metal–oxygen clusters, which are expected to have dif-
ferent affinities to protons and to react differently towards
an OH� increase.


2) It is also conceivable, on the other hand, that many of the
hydrogen bonds, which have been proved to be involved
in the binding of the Mo–O clusters within the MoSto pro-
tein,[8] might play a role in the Mo-release process. In the
course of pH titration, amino acid residues that exhibit dif-
ferent pKa values and are involved in cluster binding might
become successively deprotonated; this could lead to a
cleavage of hydrogen bonds thus triggering the described
steps of Mo release. Histidine is the only ionic amino acid
with a pKa that is near neutral pH (6.1), and is therefore pre-
destined to donate and accept protons, and thus to play a
key role in the Mo-uptake and release process in the case
of the storage protein. pKa variations within a certain range
might be caused by deviations in the internal protein shell
forming the cavity. In fact, twelve histidine residues are lo-
cated in the a-subunit[2] that might be involved in binding
the metal clusters. In the case of the structurally analyzed
tungstate-loaded storage protein, three histidines are locat-
ed in the close neighborhood of both the W6 and W7 clus-
ters, however, an unambiguous identification of H-bonds
was not yet possible, because the potentially involved
tungstate O atoms could not be localized due to low occu-
pancy.[8] A clear identification was only possible in the case
of the trinuclear W3 cluster, where three direct and compa-
rably strong W�N�His interactions were found to be (prob-
ably) responsible for the high occupancy/stability.[8]


From the available data from both the present and the crys-
tallographic study, it can be postulated (definitely with the ex-
ception of the W3 and W7+x clusters) that, upon increase of the
pH value, both processes, the deprotonation of histidines and
the polyoxometalate (POM) degradations are “working hand-
in-hand” with regard to cluster destabilization. The clusters in
the protein-bound form are certainly more pH stable than in
the isolated form at comparably low concentration in solution;
however, as soon as one or even more than one stabilizing
bond to the protein pocket is broken, the degradation process
is initiated and finally ends with the release of metalate. The
stabilization/destabilization processes of the polyoxometalates
that are responsible for their function in the cell protein, are of
course one of the fascinating aspects of the work.


The sequence of cluster release and the events that trigger
the destabilization and degradation of the clusters are not yet
known in detail. Furthermore it has to be considered that the
complete release or the partial decomposition of one or more
cluster(s) might cause changes in the protein environment
(conformational alterations, different structural flexibility),


Figure 1. The pH dependence of the release of molybdenum at 12 8C. After
adjustment of the selected pH value, the samples of the Mo storage protein
(1.5 mg protein mL�1 each) were incubated for 1 h at 12 8C and subsequently
applied to a Sephadex G-25 gelfiltration column. The resulting fractions
were analyzed for protein-bound and released Mo.


Figure 2. Mo elution profiles of Sephadex G-25 runs (pH 6.5) after quantita-
tive Mo release and subsequent pre-treatment of MoSto with ATP at differ-
ent concentrations. ATP was also present in the column elution buffers, its
concentration each corresponded to that used in the preceding incubation
step (1 h at 30 8C). 1 mm MgCl2 was present in all solutions. A) Reference
peaks of native MoSto (dotted line) and molybdate (dashed line); B apopro-
tein, Mo quantitatively released (after pretreatment at pH 7.6 and 30 8C for
1 h); C–E) re-binding of Mo at different ATP concentrations: C) 0.5 mm ATP ;
D) 0.7 mm ATP ; E) 1 mm ATP.
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which could also significantly influence neighboring protein–
cluster interactions, and thus affect the further process of clus-
ter degradation and the following molybdate/tungstate release
from the protein.


Other factors that influence molybdate release are tempera-
ture, incubation time and protein concentration. As already
mentioned, a further strong effect on the release of Mo from
the storage protein was caused by the incubation temperature.
In Table 1 the temperature influence on the release process at


different pH values is compared. At pH 6.5, at which a pH-
based Mo release does not take place or is hardly detectable,
more than half of the MoSto-bound Mo (56 %) becomes re-
leased if the sample is incubated at 30 8C for 1 h. Under the
same incubation conditions, but at pH 7.6 (the standard pH in
“release experiments“) the Mo release is quantitative (Table 1
and Figure 2, Mo profile B).


Under which condition is the release of Mo more strongly
ACHTUNGTRENNUNGaffected, by pH or by temperature? If we compare two results
of the experiments, where either the temperature or the pH
value is practically without influence on the Mo release, that is,
1) pH 8.0, 12 8C (temperature without significant effect) leads
to ~90 % Mo release, 2) pH 6.5, 30 8C (pH without significant
effect) leads to ~55 % Mo release, we come to the conclusion
that the crucial effect is caused by the pH shift ; this confirms
our earlier assumption.[2] The effect that is caused by increasing
the temperature only plays an indirect role in this process in
that it accelerates the release rates. From inspection of
Figure 1 it becomes obvious that at 12 8C, even an increase of
the pH value to 8.0–8.2 did not lead to a complete Mo release.
The residual amount of protein-bound Mo (5–10 %) is only re-
leased when the pH is higher than 7.5 and the temperature is
increased up to 30 8C. It could be assumed that the Mo3 clus-
ter—provided that the molybdate-loaded storage protein con-
tains such a cluster analogously to the comparably strongly
bonded W3 cluster in the WSto protein form—would be the
most stabilized as well as the “last” cluster to be released from
the protein.


Furthermore, under in vitro conditions, the rate of Mo re-
lease depends strongly on the incubation time (Table 1). At
pH 7.6 and 30 8C a 1 h incubation is required for a complete re-
lease of Mo from MoSto without an accompanying inactiva-
tion/partial denaturation of the apoprotein (full reincorporation
of Mo after ATP/MgCl2 treatment).


The protein concentration was also found to play a role in
holoprotein stability and the Mo release process, although its
significance is less compared to that of temperature, incuba-
tion time, and especially of the pH value. While lowering the
protein concentration supported Mo release, increasing the
concentration had, vice versa, an obvious protecting effect
(data not shown).


ATP influence on Mo release


Addition of ATP (1 mm) to a MoSto sample did not support or
stimulate the release of Mo in any way; on the contrary, it
ACHTUNGTRENNUNGinhibited the release process if it was present in a sufficiently
high concentration. This was true, even when optimal “release
conditions”, with respect to pH value (>7.5) and incubation
temperature (30 8C) were applied. Only at concentrations of
0.5 mm ATP or lower, did significant Mo release occur. From
this aspect, the intracellular ATP concentration is suggested to
play an indirect but also a crucial role in controlling the extent
of Mo release in the cell.


ATP-dependent (re-)binding of molybdate to the storage
protein


The pH-dependent release of Mo from the MoSto protein was
found to be irreversible.[2] Upon lowering the pH to 6.5, regard-
less of the temperature and incubation time, molybdate was
not re-bound to the protein. The binding of molybdate turned
out to be absolutely dependent on the presence of a nucleo-
tide (preferably ATP) and MgCl2. The degree of Mo binding
was strictly ATP-concentration dependent (illustrated in Fig-
ACHTUNGTRENNUNGure 2). At concentrations <0.05 mm, only insignificant amounts
of Mo were re-bound to the protein, at 0.5 mm ATP the pro-
portion of re-bound Mo was about 40 %, and at 0.8 mm or
higher concentrations of ATP, the re-incorporation of Mo was
quantitative. With respect to the other investigated nucleo-
tides, GTP was as effective as ATP, however only if present at
lower concentrations (45 % Mo-binding at 0.5 mm GTP). At
1 mm and higher concentrations, GTP strongly inhibited Mo
binding (data not shown).


In contrast to the Mo release, the overall Mo binding ap-
peared almost to be pH-independent within the tested range
6.5–8.0. At first glance this seems to be an unexpected result,
because the polyoxometalate cluster synthesis is certainly a
pH-dependent process. We must consider, however that in our
assay, the initial reaction rates were not determined, but only
the Mo content of the final product after a 90 min procedure
(see Experimental Section) was measured. Also, the influence
of the temperature (16–30 8C) and incubation time (5–60 min)
was found to be low under our conditions. For example, under
the standard conditions (1 h at 30 8C), 100 % of Mo became


Table 1. Influence of temperature and incubation time on the release of
molybdenum from MoSto. Aliquots (0.4 mL each) of a storage protein so-
lution (1.5 mg mL�1 each) were treated as indicated in the table and then
subjected to Sephadex G-25 gel filtration followed by Mo analysis of the
column fractions. The release of 100 % Mo corresponds to 210 nmol of
MoO4


2�. Experimental error (standard deviation): ~15 %.


Conditions Mo release
Constant Variable [%]


pH 6.5, 12 8C trace
1 h of incubation 16 8C 26


30 8C 56


pH 7.6, 12 8C 41
1 h of incubation 16 8C 65


30 8C ~100


pH 7.6, 15 min incubation time 55
30 8C 30 min incubation time 76


60 min incubation time ~100
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ACHTUNGTRENNUNGincorporated, however, even under explicitly moderate condi-
tions (15 min at room temperature) the Mo-incorporation pro-
cess was almost complete as well (~90 %). From these results
it can be concluded that Mo-binding/cluster formation is a
very rapid process that occurs within minutes or even less so
that the influence of different experimental conditions on the
reaction rates can not be followed by our long-term assay pro-
cedure.


The full and rapid re-incorporation of Mo into the apo-
MoSto, that is, the complete reconstitution of the native holo-
protein, suggests that during the whole procedure of Mo re-
lease and rebinding, the MoSto sample had not been subject-
ed to any irreversible damage or denaturation. From this
ACHTUNGTRENNUNGobservation, it can be concluded that under the conditions
ACHTUNGTRENNUNGapplied (dilution by G-25 chromatography to �0.4 mg mL�1


and subsequent incubation at 30 8C for 1 h) even the apopro-
tein is surprisingly stable.


The steps of the cluster syntheses in the protein are not yet
known in detail either. But from the point of view of inorganic
chemistry, the basic conditions that promote growth of even
large polyoxometalate clusters,[14, 15] and that should also play a
relevant role in the (bio)synthesis of the MoSto-associated clus-
ters (high local MoO4


2�concentration and the presence of tem-
plate type species such as positively charged protein pockets),
have already been referred to in our preceding paper.[2]


Studies on the determination of maximum molybdate-
binding capacity


The maximum Mo storage capacity of MoSto was unknown
until now. The Mo content of MoSto turned out to be variable,
depending on the purification conditions (pH of buffers, tem-
perature during preparation steps, protein concentration/
degree of dilution in the course of column runs, duration of
the whole procedure). Pienkos and Brill[11] reported a content
of 14.5 Mo atoms/MoSto molecule, Fenske et al.[2] who purified
the protein in a one-day procedure, determined a value of 70
Mo atoms but predicted an optimal content of approximately
90 Mo atoms/protein molecule considering the loss of about
20 % of the protein-bound Mo during isolation despite the use
of significantly improved conditions. Although the value of 90
Mo atoms is the multifold of the originally determined Mo con-
tent, the authors assumed that the actual storage capacity of
MoSto might be even higher.


In the present study we therefore further optimized the pu-
rification conditions and storage protein stability by adding
1 mm each of ATP and MgCl2 to the cell suspension prior to
cell disruption as well as to each buffer that was used during
the purification procedure. The final preparation then con-
tained ca. 80 Mo atoms/protein molecule which is still a little
less than the Mo content that was extrapolated in the preced-
ing paper.[2] To either confirm that the value of 80 Mo atoms
actually represents the maximal Mo content of MoSto, or to
demonstrate that the Mo content can be increased still further,
this high-quality MoSto preparation was subjected to two ex-
perimental approaches. While incubation (variable conditions)
in the presence of ATP and MgCl2 (each 1 mm) and excess mo-


lybdate (0.5–4 mm) did not lead to supplementary Mo binding,
application of the well-established Mo release standard proce-
dure (1 h at 30 8C, pH 7.6) followed by the Mo re-binding pro-
cedure (1 h at 12 8C, pH 6.5, presence of ATP and MgCl2) but
with the extra addition of molybdate (optimal concentration:
2 mm) resulted reproducibly in a value of 110–115 Mo atoms
per MoSto molecule. This corresponds to an increase of the
Mo content, compared to the value that was obtained from
the originally prepared MoSto, of approximately 40 % (Fig-
ACHTUNGTRENNUNGure 3). Excess molybdate, that was not consumed in Mo–O
cluster formation/incorporation, was separated by G-25 gel fil-
tration according to the presence of an additional small elution
peak (curve B of Figure 3). From these results we conclude
that the content of about 110 Mo atoms actually represents
the maximum possible “Mo-loading” of the storage protein.


The question of what the mechanism of the supplementary
Mo-binding to the native MoSto (as-isolated state) is, how it
might be blocked, and why Mo must first completely be re-
leased to become able to bind the maximal amount of Mo in
the subsequent reconstitution process, cannot be answered at
present, though this might be due to the fact that complete
growth of the different clusters is only optimal if this starts
from the very beginning as partially degraded clusters cannot
easily grow again.


Biosynthesis of a “W storage protein” in Mo-starved
ACHTUNGTRENNUNGAzotobacter cells


As under diazotrophic growth conditions the conventional Mo
nitrogenase is the most highly expressed protein in the cell,
large amounts of Mo, provided by MoSto in A. vinelandii, are
required to guarantee the biosynthesis of an adequate amount
of FeMo-cofactor molecules. An enzyme system that requires
W in comparable amounts does not exist in A. vinelandii, a
tungsten storage protein is therefore assumed not to be
needed by this organism. Nevertheless, because of the chemi-


Figure 3. In vivo and in vitro Mo-binding capacity of MoSto. The G-25 gel
ACHTUNGTRENNUNGfiltration column was pre-equilibrated and eluted with 50 mm Mops buffer
(pH 6.5) that contained ATP and MgCl2 (1 mm each). The Mo-elution profile
A (dashed line) represents the Mo content of untreated native MoSto (ap-
plied as isolated in the presence of 1 mm ATP and 1 mm MgCl2). Elution pro-
file B (solid line) represents the Mo distribution after subjecting MoSto to
the Mo release standard procedure (1 h at 30 8C, pH 7.6) followed by a Mo
re-binding procedure (1 h at 12 8C, pH 6.5, presence of ATP and MgCl2 plus
extra addition of 2 mm molybdate).


ChemBioChem 2008, 9, 595 – 602 ? 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 599


Mo Uptake and Release from Storage Protein



www.chembiochem.org





cal similarity of tungsten and molybdenum a W-containing
storage protein can be artificially constructed, either in vivo by
Azotobacter cells themselves, or in vitro by a metal-ion-ex-
change procedure by using the isolated Mo storage protein.
Both lines of experiment have successfully been applied in the
present study.


When Azotobacter cells that were extensively Mo-starved by
2–3 precultures (see Experimental Section) were grown in a
medium that lacks molybdate but that contains tungstate
(0.1 mm), A. vinelandii synthesized the regular storage protein
but with tungsten incorporated instead of molybdenum. The
“W storage protein” (WSto) that was isolated according to the
procedure as optimized for MoSto in the present work (in the
presence of ATP/MgCl2), contained in the “as isolated” state
without any subsequent treatments, ca. 110 W atoms per pro-
tein molecule. This value corresponds in fact to that deter-
mined for the maximum possible Mo content. Not only the W-
oxide-based cluster(s) seem to be tighter bound to the protein,
also the clusters themselves are apparently more stable than
the analogous Mo species. This statement is in full agreement
with observations made in the field of polyoxometalate
chemistry, where polyoxomolybdates are described as less
stable than polyoxotungstates.[13] It is therefore concluded that
the W content that was analyzed for the “artificial” WSto re-
flects the real storage capacity more realistic than the Mo con-
tent of the MoSto protein in the “as isolated” state (the highest
value of which was determined to be only 80 atoms/molecule;
see Table 2). On the other hand, we have observed that, al-
though nearly no tungsten seems to get lost during protein
isolation, the W-containing protein itself is less stable than the
MoSto holoprotein, and it exhibits a pronounced tendency to
precipitate, particularly after freeze/thaw treatments. This can
be explained by the fact that the properties of the molybdate
clusters and polyoxotungstates are different, and the polyoxo-
tungstates do not necessarily fit as optimally as the natural
molybdates to the metal-binding centers of the cavity pockets.
This effect might lead to conformational constraints in the pro-
tein, and thus to an easier destabilization of the protein struc-
ture.


In vitro substitution of Mo for W in the isolated storage
ACHTUNGTRENNUNGprotein


Another elegant and easy method to generate WSto from
MoSto is based on an in vitro metal-cluster exchange, which


comprises two preparative steps. First, MoSto was subjected to
conditions that lead to quantitative Mo release (1 h at 30 8C
and pH 7.6). Then, after removing molybdate from the sample
by G-25 and re-concentrating the protein solution (to 1.5-
2 mg mL�1) by ultrafiltration, the apoprotein was incubated at
30 8C for 1 h in the presence of 1 mm each of ATP and MgCl2


and 2 mm tungstate (Na2WO4); for further details of the proce-
dure, see Experimental Section.


In fact, a storage protein with incorporated polytungstates
could be successfully constructed under the described in vitro
conditions (Figure 4). On the other hand, it was rather surpris-
ing that the final product contained only ~60 W atoms per
protein hexamer, which is less than the in-vivo-synthesized
WSto. In the case of the Mo-containing storage protein, we
ACHTUNGTRENNUNGdetermined that a maximum of 60 Mo atoms/MoSto molecule
after standard purification conditions (in the absence of ATP)
were present, but almost double the amount of Mo atoms
were present after the application of Mo-release and subse-
quent Mo-rebinding conditions. In the case of WSto, the met-
ACHTUNGTRENNUNGal-binding behavior proved to be exactly the opposite (see the
comparative data of Table 2). It is noteworthy in this context
that the type of cluster formation does not need to be identi-
cal for the two elements, a fact that is known from inorganic
chemistry.[13c]


W-release experiments yielded similar results as expected.
Under the conditions that were routinely applied to release
Mo quantitatively from the protein (1 h incubation at 30 8C
and pH 7.6), only 34 % of W was released, about 2=3 of the W
remained protein bound (Figure 5). This is in full accordance
with our aforementioned interpretation, namely that the W
species that are present in WSto are significantly more stable.
In this context, it is pertinent to note that the elution peak of


Table 2. Mo/W content of in vivo and in vitro preparations of the storage
protein. The determinations are based on the molar mass of the apopro-
tein (172.2 kDa)


Preparation Mo/W content
(atoms/protein
molecule)


MoSto as isolated (�ATP) 60 Mo
MoSto as isolated (+ ATP) 80 Mo
MoSto reconstituted (Mo release!Mo rebinding) 115 Mo
WSto as isolated (�ATP) 80 W
WSto as isolated (+ ATP) 110 W
WSto constructed in vitro (Mo release!W binding) 60 W


Figure 4. In vitro formation of WSto. Substitution of W for Mo by using the
isolated MoSto holoprotein, was carried out as described in the text and in
more detail in the Experimental Section. After quantitative release of Mo
from the protein and the subsequent final incubation step (1 h at pH 6.5
and 12 8C in the presence of 1 mm ATP, 1 mm MgCl2 and 2 mm tungstate),
the protein sample was applied to the G-25 gel-filtration column pre-equili-
brated and eluted with 50 mm Mops buffer (pH 6.5) that contained 1 mm


each of ATP and MgCl2. The elution profile A (dotted line) displays the apo-
protein (OD280) as high-molecular-weight reference and B (dashed line) the
mononuclear tungstate as low-molecular-weight reference. The profile C
(solid line) represents the W elution profile of the sample that had been sub-
jected to conditions of WSto generation in vitro.
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the low-molecular-weight W-compound, which was released as
a minor portion from the protein does not completely coincide
with the tungstate peak. It is conceivable that due to persis-
tent interaction with the protein, even after incubation under
“release conditions”, dissociation of the W compound, and its
simultaneous breaking down to mononuclear tungstate ions,
occurs—if at all—only during gel filtration; this might be the
reason for a slightly delayed W elution.


Outlook


After the discovery of an unprecedented type of molybdenum/
tungsten-oxide-based uptake and release process in a storage
protein, it is a challenge to perform similar release/uptake
studies with protein preparations that contain other related
metal oxides (like that of vanadium) as well as single-crystal X-
ray structural analyses of protein forms that are either com-
pletely Mo/W-free (apoprotein) or display different degrees of
Mo/W loading. This concerns, on the one hand, the investiga-
tion of the different polyoxometalate clusters that are present
in the protein with different degrees of decomposition, and on
the other hand with different degrees of growth. As the pro-
tein pockets obviously function as templates for cluster forma-
tions (different pocket functionalities lead to different clusters),
such a study would fundamentally help to gain a deeper in-
sight into the understanding of the present type of unprece-
dented assembly processes and especially of the template-
directed syntheses of polyoxometalates (see, for example,
ref. [16]).


Another aim of future studies will be the elucidation of the
specific functions of ATP in the molybdate-release and binding
processes. We have found that ATP stabilizes the storage pro-
tein, is directly involved in the Mo-binding process, and con-
trols the Mo release indirectly. However, details of these func-
tional mechanisms and, in particular, the crucial question,
whether ATP has only conformational influence or functions as
cosubstrate (complexed with Mg2+) supporting somehow the


cluster syntheses thereby being hydrolyzed, have yet to be an-
swered. The observation that the ATP-binding sites are occu-
pied in the a-subunit, while those in the b-subunit are not,[8]


points to the possibility that ATP might even fulfill different
functions in the two subunit types present in the storage pro-
tein.


Experimental Section


Bacterial strain and growth conditions : The bacterial strain that
was used in this study was A. vinelandii wild-type strain OP (DSM
366; ATCC 13705). The growth medium and the conditions for cul-
turing and harvesting the cells were as described previously.[2] The
standard medium contained molybdate (10 mm), the medium used
to favor the formation of a W storage protein, contained tungstate
(100 mm).


Removal of molybdenum impurities from glassware, growth
medium and Azotobacter cells : To remove Mo from potentially
“contaminated” glass vessels, all tubes and culture flasks that were
used in the experiments to produce a W-containing storage pro-
tein were soaked in a nitric acid solution (0.1 m) overnight. The ves-
sels were then rinsed with bi-distilled water (H2Obid) several times,
soaked in an EDTA solution (1 mm) overnight and rinsed again
ACHTUNGTRENNUNGextensively with H2Obid.


FeIII–citrate, the nutritient component, which turned out to be the
one most strongly contaminated with Mo, was subjected to the
ACHTUNGTRENNUNGactivated-coal method in order to effectively remove Mo.[10]


To inoculate the main culture with cells that were as Mo-starved as
possible, A. vinelandii was cultured first on Mo-free agar plates and
then precultured three times in Mo-deficient liquid growth
medium.


Procedure of cell extract preparation via alkaline cell lysis : To
obtain cell-free extracts as material for protein purification, cells
were routinely disrupted by French press treatment. For the pur-
pose of determining the Mo content of Mo-deficient cells/extracts
that served as material for construction of a W-containing storage
protein, a much faster method that was based on protein precipi-
tation was applied. In this procedure, NaOH (150 mL of a 40 %
ACHTUNGTRENNUNGsolution) was added to a cell suspension (1 mL); this mixture was
then boiled for 30 min in a water bath. The resulting extract was
then cooled in an ice bath and subsequently neutralized with HCl.
The neutralized sample was finally centrifuged for 10 min at
13 000 rpm, and the resulting supernatant was used for Mo and
protein analysis.


Protein purification : The storage protein, expressed (without any
tag) in the original bacterial wild-type strain of Azotobacter vine-
ACHTUNGTRENNUNGlandii (see above), was isolated and purified to homogeneity ac-
cording to the basic procedures (French press treatment, ultra-
ACHTUNGTRENNUNGcentrifugation, DEAE-Sephacel chromatography, ammonium sulfate
fractionation and Superdex-200 gel filtration) that were described
in the preceding paper.[2]


Mo and W determination : The content of Mo and W in extracts,
column fractions and in the purified MoSto protein was deter-
mined according to the catalytic method of Pantaler,[17] which was
based on the oxidation of dithiooxamide in the presence of H2O2.
The experimental scale was reduced by a factor of 10 (total test
volume: 2.5 mL) so that the reaction could be carried out in stan-
dard 3-mL cuvettes. Prior to the assay, sample aliquots were filled
in gas-tight vessels, placed in a boiling water bath for 15 min, then


Figure 5. Partial release of tungsten from Wsto. The in-vivo-produced tung-
sten-containing storage protein was subjected to the “release conditions”
(1 h incubation at 30 8C and pH 7.6) that were routinely applied in Mo-re-
lease experiments. After the incubation step, the protein sample was applied
to the G25 gel-filtration column pre-equilibrated and eluted with 50 mm


Mops buffer (pH 7.6). The elution profile A (solid line) displays the distribu-
tion of protein-bound and released tungsten and B (dashed line) represents
the reference elution peak of mononuclear tungstate.
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cooled to room temperature and centrifuged to remove precipitat-
ed protein. Depending on the amount of molybdate present, an
appropriate amount of the protein samples (10–50 mL) were added
to the assay mixture.


The described catalytic assay that was used as a routine assay
could not discriminate between Mo and W. It was therefore ascer-
tained by ICP-MS analyses that the basic chemicals that were used
in our experiments, that is, Na2MoO4 and Na2WO4 (both p.a. , from
Merck), were not contaminated with each other.


Protein determination : The protein content was determined by
using the bicinchoninic acid method.[18]


Experiments on molybdate-binding and release mechanisms :
The procedures for Mo release and (re)binding that were described
by Fenske et al.[2] have been successfully reproduced in the present
work. For most of the experiments, the basic conditions and se-
quential steps of sample treatment were applied as described pre-
viously, except that only one parameter was varied (pH, tempera-
ture, incubation time, protein concentration, ATP/MgCl2 concentra-
tion). For some experiments on the Mo-binding capacity and metal
exchange, the following modified procedures were required.


To determine the maximum possible capacity of Mo-binding, the
Mo storage protein was first purified according to the methods
ACHTUNGTRENNUNGdescribed,[2] however, in order to prevent the loss of significant
amounts of Mo during purification, ATP and MgCl2 (1 mm each)
were added to the cell suspension prior to cell disruption and to
all of the buffers that were used in the subsequent preparation
steps. Samples (each ~1.5 mg mL�1) of the final preparation were
incubated in the presence of ATP, MgCl2 and varying concentra-
tions of MoO4


2� (1–20 mm) between 12–30 8C and for 30–60 min.


The resulting preparations were gel-filtrated by Sephadex G-25
(4 8C, pH 6.5) to separate quantitatively the excess molybdate,
which was not bound to MoSto, from the protein solution. The
protein fractions were finally subjected to Mo analysis.


The samples that were used to substitute W for the protein-bound
Mo (in vitro formation of a W storage protein), were treated as fol-
lows:


To produce the apoprotein, MoSto (~2 mg in a 1 mL sample) was
first subjected to conditions that led to quantitative Mo release
(1 h incubation at 30 8C and pH 7.6 followed by a Sephadex G-25
gel filtration to remove the released molybdate).


The resulting apoprotein was diluted to ~5 mL (ffi0.4 mg mL�1) by
the preceding G-25 column run, was re-concentrated to 1 mL by
ultrafiltration in a B15 Amicon chamber at 4 8C. To stabilize apo-
MoSto, and to cause a partial incorporation of W into the protein,
the ultrafiltration was performed in the presence of ATP and MgCl2


(1 mm each) and Na2WO4 (2 mm).


To accomplish a quantitative W binding, the storage protein solu-
tion that included ATP, MgCl2 and tungstate was subsequently
ACHTUNGTRENNUNGincubated for 1 h at 30 8C.


The sample was then gel-filtrated by Sephadex G-25 at 4 8C. The
elution buffer (MOPS, 50 mm, pH 6.5) contained ATP and MgCl2 at
the same concentration as the sample itself. The collected fractions
(1 mL each) were finally subjected to W analysis to examine wheth-
er the incorporation of the alternative metal into the protein was
successful.


Abbreviations : MoSto, molybdenum storage protein; EXAFS, Ex-
tended X-ray Absorption Fine Structure; SAXS, Small Angle X-ray
Scattering; MOPS, 3-Morpholino-propanesulfonic acid.
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Assembly and Heterologous Expression of the
Coumermycin A1 Gene Cluster and Production of New
Derivatives by Genetic Engineering
Manuel Wolpert,[a] Lutz Heide,[a] Bernd Kammerer,[b] and Bertolt Gust*[a]


Introduction


The aminocoumarin antibiotics novobiocin, clorobiocin and
coumermycin A1 are potent inhibitors of bacterial DNA gyrase
and are of therapeutic interest both as antibiotics and as anti-
cancer agents.[1] Their common characteristic structural moiety
is a 3-amino-4,7-dihydroxycoumarin ring, substituted at posi-
tion C-8 either with a methyl group or with a chlorine atom. In
all three compounds, the 7-hydroxy group of the aminocou-
marin moiety is glycosidically linked to an unusual deoxy
sugar, 4-O-methyl-5-C-methyl-l-rhamnose, which is acylated at
its 3-hydroxy group with a 5-methylpyrrole-2-carboxyl group
or a carbamyl group. Coumermycin A1 is unique among the
aminocoumarins in incorporating two 3-amino-4,7-dihydroxy-
coumarin moieties, which are connected through amide bonds
to a central pyrrole unit—3-methylpyrrole-2,4-dicarboxylic
acid—resulting in a nearly but not completely symmetric mol-
ecule (Figure 1).
Aminocoumarin antibiotics bind to the 43 kDa subunit of


gyrase, which contains the ATP binding site. It has been shown
that the action of coumermycin A1 is unique, in stabilizing a
dimer form of the 43 kDa fragment of GyrB.[2,3] The affinity of
coumermycin A1 towards intact gyrase is extremely high. Peng
and Marians (1993) reported that 50% inhibition of gyrase was
achieved by coumermycin A1 at a concentration of 4 nm, com-
parison to 100 nm for novobiocin, 1.8 mm for norfloxacin and
110 mm for nalidixic acid.[4] These features make coumermycin
A1 a very interesting starting compound for the production of
new structurally modified antibiotics that may show improved
properties for clinical application. Structural analogues of no-
vobiocin and clorobiocin have been generated successfully by
genetic engineering, especially through the heterologous ex-


pression of modified, recombinant gene clusters of these anti-
biotics in Streptomyces coelicolor M512.[5–7] However, no similar
success has so far been achieved with coumermycin A1 ana-
logues. The natural producer of coumermycin A1, Streptomyces
rishiriensis DSM40489,[8] shows low and unreliable productivity
and is not easy to manipulate genetically. In addition, the cou-
mermycin A1 gene cluster is the largest of the three aminocou-
marin clusters, spanning approximately 38.6 kb from the puta-
tive regulatory gene couE[9] to the resistance genes gyrBR and
parYR (Figure 1).[10] Therefore, the cluster has been sequenced
and analysed from different cosmids with overlapping in-
serts.[11] No single cosmid containing the entire gene cluster
was available for heterologous expression experiments.
Here, we report the assembly of two overlapping cosmid in-


serts into a single cosmid spanning the entire coumermycin A1
gene cluster by an efficient strategy based on l RED recombi-
nation.[12,13] Heterologous expression of the obtained cosmid in
S. coelicolor M512 resulted in the ready formation of coumer-
mycin A1. Targeted manipulation of the biosynthetic gene clus-
ter in combination with the heterologous expression of an
ACHTUNGTRENNUNGadditional gene allowed the formation of three structural ana-
logues of coumermycin A1. Preparative isolation of the result-


Many secondary metabolites of clinical importance have been
isolated from different Streptomyces species. As most of the nat-
ural producers remain difficult to handle genetically, heterologous
expression of an entire biosynthetic gene cluster in a well charac-
terised host allows improved possibilities for modifications of the
desired compound by manipulation of the biosynthetic genes.
However, the large size of a functional gene cluster often pre-
vents its direct cloning into a single cosmid clone. Here we de-
scribe a successful strategy to assemble the entire coumermycin
A1 biosynthetic gene cluster (38.6 kb) into a single cosmid clone
by l RED recombination technology. Heterologous expression of
the reconstituted gene cluster in Streptomyces coelicolor M512


resulted in the heterologous production of coumermycin A1. Inac-
tivation of the methyltransferase gene couO—responsible for the
C-methylation at the 8-positions of the aminocoumarin moieties
in coumermycin A1—and heterologous expression of the modified
cluster resulted in an accumulation of a C-8-unsubstituted cou-
mermycin A1 derivative. Subsequent expression of the halogenase
gene clo-hal from the clorobiocin gene cluster in the heterolo-
gous producer strain led to the formation of two new hybrid
ACHTUNGTRENNUNGantibiotics, containing either one or two chlorine atoms. The
identities of the new compounds were verified by LC-MS, and
their antibacterial activities were tested against Bacillus subtilis
in an agar diffusion assay.
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ing compounds and investigation of their antibacterial activi-
ties gave further insights into the structure–activity relation-
ships of the aminocoumarin antibiotics.


Results and Discussion


Generation of a S. rishiriensis cosmid library and construc-
tion of cosmid couMW16 harbouring the entire coumer-
ACHTUNGTRENNUNGmycin A1 gene cluster


The gene clusters for novobiocin and clorobiocin have already
been expressed successfully in S. coelicolor M512, which result-
ed in a heterologous production of the corresponding com-
pound in amounts comparable to those found in the natural
producer.[7] However, because of the size of the coumermy-
ACHTUNGTRENNUNGcin A1 gene cluster (38.6 kb), heterologous expression of this
ACHTUNGTRENNUNGantibiotic had not yet been achieved. In a first attempt to ob-
ACHTUNGTRENNUNGtain a cosmid clone containing the entire coumermycin A1
gene cluster, a cosmid library from Streptomyces rishiriensis
DSM40489 was constructed in the SuperCos1 vector. Approxi-
mately 10000 clones were screened by PCR with two different
primer pairs amplifying either a fragment upstream of couE lo-
calized at the left end of the gene cluster or a fragment local-
ized at the right end of the gene cluster within the resistance
gene gyrBR (Figure 1). The cluster contains a second resistance
gene, parYR, located downstream of gyrBR. The inclusion of


parYR, however, seemed not to be essential for a successful
heterologous expression experiment, as it has been shown
that gyrBR alone is sufficient to convey resistance against cou-
mermycin A1 in Streptomyces.[10] Omission of parYR by screening
for the presence only of gyrBR reduced the required insert size
from 38.6 to 36.6 kb and thereby increased the probability of
obtaining a single cosmid clone harbouring a functional cou-
mermycin A1 gene cluster. Unfortunately, though, no cosmid
containing the complete sequence spanning the region from
couE to gyrBR, and therefore giving the expected PCR products
with both primer pairs, was obtained.
Subsequently, five randomly selected cosmids containing


the gene gyrBR were tested by PCR for the presence of the
gene couH, which maps 3.6 kb downstream of couE (Figure 1).
Two cosmids yielded the expected PCR product, and one of
them—49F3—was used for further analyses. Sequencing of
the ends of cosmid 49F3 by use of T7 and T3 primers from the
SuperCos1 vector determined the left end of the cloned insert
within the gene couG, 1.5 kb downstream of the stop codon of
couE (Figure 1). The right end was identified 7.2 kb down-
stream of the stop codon of the resistance gene gyrBR, so the
cosmid therefore also included the second resistance gene
parYR. Although cosmid 49F3 contains most of the biosynthetic
gene cluster, both putative regulatory genes, couE and couG,
were absent. Subsequently, five randomly selected cosmids
containing the upstream region of couE were also tested for


Figure 1. A) Chemical structure of the aminocoumarin antibiotic coumermycin A1. The substituents at the 8-positions in the aminocoumarin moieties are cir-
cled. B) Organisation of the coumermycin A1 gene cluster.


[5] Primer pairs used for the screening of the cosmid library and the borders of the inserts of cosmids
49F3 (the parent cosmid of couMW12) and 51D9 (the parent cosmid of couMW13) are indicated. The gene couO involved in the inactivation experiment for
the generation of new coumermycin analogues is depicted in grey.
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the presence of couH by PCR. One cosmid, 51D9, which gave
the expected PCR products with the couE and couH primer
pairs, was isolated and used for further analyses. Sequencing
of the ends of cosmid 51D9 determined an overlap of 4037 bp
with cosmid 49F3. We subsequently attempted to reconstitute
the complete gene cluster into one cosmid by homologous re-
combination mediated by l RED. For this purpose, the inserts
of the two conjoining cosmids have to contain two stretches
of identical DNA sequences. Since one stretch of identical se-
quence resulted from the overlap of the cosmids, the second
stretch was obtained by introducing different resistance cas-
settes into both cosmids, whereas both cassettes contain iden-
tical sequences of 106 and 500 bp. A spectinomycin/strepto-
mycin resistance cassette (aadA) was amplified by PCR and in-


serted upstream of couE in cosmid 51D9 by l RED-mediated
recombination (Figure 2).[12,13] Additionally, a NheI site was in-
cluded in the forward primer sequence. The resulting cosmid
couMW13 was digested with NsiI (with cutting at the native
site between couY and couH) and NheI, resulting in a 5930 bp
fragment that contained the spectinomycin/streptomycin re-
sistance cassette (aadA) as well as the genes couE, couG and
couY (Figure 2). In a parallel experiment, an apramycin resist-
ance cassette (aac(3)IV) was amplified by PCR and inserted
within the truncated sequence of couG in cosmid 49F3, result-
ing in cosmid couMW12 (Figure 2). Both resistance cassettes
were flanked by unique NheI and SpeI restriction sites for later
elimination of the cassettes by NheI/SpeI digestion and religa-
tion of the compatible overhangs. As shown in Figure 2,


Figure 2. Strategy for reassembling the entire coumermycin A1 gene cluster and construction of the integrative cosmid couMW16. Cosmid couMW12 was ob-
tained by insertion of an apramycin resistance cassette (aac(3)IV) into cosmid 49F3 upstream of the truncated couG sequence. Cosmid couMW13 was ob-
tained by insertion of a spectinomycin/streptomycin resistance cassette (aadA) upstream of couE in cosmid 51D9. The 5930 bp restriction fragment containing
the spectinomycin/streptomycin resistance cassette, the genes couE, couG, couY as well as 1020 bp upstream of couE was derived by NheI/NsiI digestion of
cosmid couMW13. The three stretches of identical DNA sequences of 106 bp, 500 bp and 1295 bp that allow l RED-mediated recombination are indicated.
The desired recombination event resulting in cosmid couMW14 is depicted in bold lines, whereas dotted lines show an additional undesired recombination
event. NheI, SpeI and NsiI restriction sites are indicated.
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ACHTUNGTRENNUNGhomologous recombination of the 5930 bp NheI/NsiI fragment
with cosmid couMW12 was possible in three regions: 1) the
1295 bp region representing a part of the original overlap of
the cosmids, 2) the 500 bp region, and 3) the 106 bp region of
the resistance cassettes. l RED-mediated recombination would
lead to spectinomycin/streptomycin resistant transformants
only if homologous recombination were to occur within the
106 bp region and one of the two other regions of homology:
that is, either the 1295 bp or the 500 bp region (Figure 2). To
obtain the desired cosmid harbouring the entire coumermycin
A1 gene cluster, recombination of the 106 bp and the 1295 bp
regions is required. Since l RED efficiency depends on the
sizes of identical sequences for recombination,[14] most specti-
nomycin/streptomycin resistant clones were expected to be
the result of this recombination event. Nine of ten isolated
transformants showed the expected restriction pattern, indicat-
ing the successful integration of the desired genes couE, couG
and couY into couMW12. The resulting cosmid was termed
couMW14 (Figure 2). To eliminate the spectinomycin/strepto-
mycin resistance cassette (aadA) from cosmid couMW14, a
NheI/SpeI digestion and a religation of the compatible over-
hangs was performed, resulting in cosmid couMW15. A further
recombination step was performed to provide the integrative
cosmid couMW16, as described previously for the novobiocin
and clorobiocin gene cluster.[7]


In this work we have used l RED recombination to assemble
the entire coumermycin A1 biosynthetic gene cluster from two
cosmids with overlapping inserts. This procedure is generally
applicable to many biosynthetic gene clusters in cases in
which their sizes prevent their direct cloning into a single
clone. The usefulness of l RED recombination in reassembling
gene clusters has also been demonstrated in the work of Perlo-
va et al. , who reconstituted the myxothiazol biosynthetic gene
cluster in a single construct in 2006.[15] These authors used a
combination of standard cloning techniques and RED/ET re-
combination because of the presence of large repeats within
the gene cluster. Another variant of this method, assembling
the inserts of a cosmid clone and a recovery plasmid, was pub-
lished by Wenzel et al. in 2005.[16]


Heterologous expression of cosmid couMW16 and coumer-
mycin A1 production in S. coelicolor M512


To confirm the functionality of the assembled gene cluster
(couMW16) and to test whether S. coelicolor M512 (DredD,
DactII-ORF4, SCP1� , SCP2�) is a suitable host strain for heterol-
ogous production of coumermycin A1, cosmid couMW16 har-
bouring the entire coumermycin A1 gene cluster was intro-
duced into S. coelicolor M512 by PEG-mediated protoplast
transformation. Selection for kanamycin resistance identified
the desired integration mutant, termed S. coelicolorACHTUNGTRENNUNG(couMW16).
Seven independent mutant strains were selected for further
examinations. These strains were cultured in production
medium, and secondary metabolite formation was analysed by
HPLC and LC-MS (Figure 3). The integration mutants accumu-
lated a substance with a retention time identical to that of the
coumermycin A1 standard. The UV absorption spectrum of this


compound was also identical to that of coumermycin A1, with
two maxima at 275 and 345 nm (data not shown). Negative-
ion FAB mass spectrometry further confirmed that the molecu-
lar mass of this substance was identical to that of coumermy-
cin A1, while the negative-ion ESI-CID fragmentation pattern of
the isolated compound was also identical to that of coumer-
mycin A1 (Figure 3). The level of coumermycin A1 production of
the S. coelicolorACHTUNGTRENNUNG(couMW16) integration mutants was on aver-
age 7 mgmL�1 and thereby superior to that found in the
ACHTUNGTRENNUNGnatural producer Streptomyces rishiriensis DSM40489 (2–
5 mgmL�1).[17]


Inactivation of the C-methyltransferase gene couO


After heterologous expression of a functional coumermycin A1
gene cluster had been achieved successfully, we attempted to
use genetic engineering to generate a structurally modified
ACHTUNGTRENNUNGantibiotic containing chlorine atoms in place of the methyl
groups at C-8 in the two aminocoumarin moieties in coumer-
mycin A1. It has been shown previously that the methyltrans-
ferase CouO is responsible for C-methylation at position 8 in
the aminocoumarin moiety in coumermycin A1.


[17,18] Inactiva-
tion of couO was performed by the PCR targeting method.[12,13]


The complete open reading frame of couO within cosmid
couMW16 was replaced by an apramycin resistance cassette
flanked by unique XbaI restriction sites, resulting in cosmid
couMW17. To avoid possible polar effects of the couO inactiva-
tion on downstream genes, the resistance cassette was re-
moved by XbaI digestion and religation to generate cosmid
couMW18, leaving a 6 bp “scar” sequence in place. Cosmid
couMW18 was introduced into S. coelicolor M512 by PEG-medi-
ated protoplast transformation. Genomic integration mu-
tants—termed S. coelicolorACHTUNGTRENNUNG(couMW18)—were isolated on the
basis of their kanamycin resistance, and the correct genotype
was verified by PCR with use of oligonucleotides priming
125 bp upstream and 158 bp downstream of the remaining
“scar” sequence. The expected 289 bp PCR product was ob-
tained for all couMW18 clones, while neither the wild-type
gene couO (969 bp) nor the apra-marked couO deletion in
couMW17 (1663 bp) were detected (data not shown).


Identification of secondary metabolites in the couO
ACHTUNGTRENNUNGdefective mutant


Three independent S. coelicolor ACHTUNGTRENNUNG(couMW18) transformants and
the reference strain S. coelicolorACHTUNGTRENNUNG(couMW16) were cultivated in
production medium, and the extracts were analysed by HPLC
and LC-MS (Figure 3). The production of coumermycin A1 (re-
tention time 9.8 min) was clearly detectable in the reference
strain S. coelicolor ACHTUNGTRENNUNG(couMW16), but not in the DcouO mutant
S. coelicolor ACHTUNGTRENNUNG(couMW18). Instead, cultures of S. coelicolor
(couMW18) showed a dominant peak at a retention time of
8.1 min, displaying a UV spectrum indistinguishable from that
of coumermycin A1 (data not shown). This compound was
ACHTUNGTRENNUNGisolated by HPLC, and negative-ion ESI-CID analysis showed a
molecular ion [M�H]� at m/z 1080, corresponding to the loss
of two methyl groups relative to coumermycin A1 (Mr 1109;
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Figure 3. HPLC and LC-MS analyses of culture extracts from heterologous producer strains. HPLC diagrams of A) coumermycin A1 standard, B) extract of
S. coelicolor ACHTUNGTRENNUNG(couMW16) containing the intact coumermycin A1 gene cluster, and C) S. coelicolor ACHTUNGTRENNUNG(couMW18) containing the couO-defective gene cluster. The ob-
served MS fragmentation patterns of isolated coumermycin A1 and coumermycin LW1 are shown next to the chromatograms. The suggested fragmentation
schemes for coumermycin A1 and coumermycin LW1 are shown separately.
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[M�H]� at m/z 1108; Figure 3). Fragmentation of coumermycin
A1 occurred during negative electrospray ionisation ((�)-ESI)
mass spectrometry at the glycosidic, the amide and the ether
bonds, producing ions at m/z 1108, 1001, 620, 487 and 206
(Figure 3). The ion at m/z 206, representing the methylated
aminocoumarin ring, was observed as the main fragment (rel.
int. 100). In contrast, an ion of m/z 192 (rel. int. 80) but no frag-
ment at m/z 206 was detected in the S. coelicolor ACHTUNGTRENNUNG(couMW18)
mutant extract (Figure 3), indicating that both aminocoumarin
moieties now lacked the C-8 methyl group. This bis-desmethyl-
coumermycin A1 has been designated previously as coumer-
mycin LW1.[17] The production level of coumermycin LW1 was
found to be similar to that of coumermycin A1 in S. coelicolor
M512 expressing the intact coumermycin A1 gene cluster.


Heterologous expression of the halogenase gene clo-hal in
S. coelicolorACHTUNGTRENNUNG(couMW18)


To obtain a new chlorinated coumermycin A1 derivative, the
gene clo-hal from the clorobiocin gene cluster was introduced
into S. coelicolor ACHTUNGTRENNUNG(couMW18). The halogenase Clo-hal has been
shown to be responsible for the chlorination of the aminocou-
marin moiety at position 8 in clorobiocin biosynthesis.[19] Clo-
hal had previously been placed under control of the constitu-
tive promoter ermEp* in the replicative plasmid pUWL201[20]


harbouring a thiostrepton resistance marker, resulting in pAE_
ha7.[21] This plasmid was introduced into S. coelicolor
(couMW18), generating S. coelicolor ACHTUNGTRENNUNG(couMW18)/pAE_ha7. Eight
independent thiostrepton-resistant transformants were isolat-
ed, and the presence of pAE_ha7 in all mutants was verified
by retransformation of total DNA into E. coli and restriction
analyses of the isolated pAE_ha7 plasmid. As shown by HPLC,
the clo-hal transformants produced two new peaks with reten-
tion times at 8.8 min and 9.6 min (Figure 4). A third, minor
peak with a retention time at 8.2 min could be assigned by LC-
MS to the unsubstituted coumermycin A1 derivative coumer-
mycin LW1 (Figure 4).
Negative-ion ESI-CID fragmentation of the first new peak,


which appeared at an HPLC retention time of 8.8 min, dis-
played an ion at m/z 1114 ((�)-ESI) corresponding to the
ACHTUNGTRENNUNGmolecular mass of a coumermycin A1 derivative lacking two
methyl groups but containing instead one chlorine atom and
one hydrogen. Two ions with m/z 192 and m/z 226 were de-
tected, representing an 8-unsubstituted and an 8-chlorinated
aminocoumarin moiety, respectively (Figure 4). The presence of
two further ions with m/z 507 and m/z 473, representing the
8-unsubstituted and the 8-chlorinated aminocoumarin moiety
tethered to the substituted deoxy sugar, confirmed our as-
sumption that in this fraction one of the two aminocoumarin
moieties is substituted with a chlorine atom. It appears likely
that this peak represents a mixture of two compounds, carry-
ing the chlorine atom at either of the two aminocoumarin
ACHTUNGTRENNUNGmoieties of the antibiotic molecule. This fraction was termed
coumermycin MW1.
For the second peak, termed coumermycin MW2 and show-


ing a retention time of 9.6 min, LC-MS analysis revealed a mo-
lecular ion at 1148 ([M�H]�) ; this suggests the substitution of


both aminocoumarin moieties with chlorine atoms (Figure 4).
This was further confirmed by negative-ion ESI-CID fragmenta-
tion, in which the ion at m/z 226 (rel. int. 100; (�)-ESI) was
again observed, indicating the presence of chlorine in the ami-
nocoumarin moiety. In contrast, the ion of the 8-unsubstituted
aminocoumarin moiety at m/z 192 was now missing. The pres-
ence of chlorine in both aminocoumarin moieties was further
confirmed by an ion at m/z 586, representing two chlorinated
aminocoumarin moieties tethered to the central 3-methylpyr-
role-2,4-dicarboxylic acid.
The successful heterologous expression of coumermycin A1


in S. coelicolor M512 opened the route to a rapid modification
of the coumermycin A1 structure by genetic engineering of the
biosynthetic gene cluster. This possibility was demonstrated by
the generation of the coumermycin A1 derivatives coumermy-
cin LW1, MW1 and MW2. All of them were produced in levels
similar to the production level of coumermycin A1 in the heter-
ologous producer strain S. coelicolor M512. It is not clear at
which step of coumermycin MW1 and MW2 biosynthesis these
chlorine atoms are introduced. Walsh and colleagues provided
biochemical evidence that in novobiocin biosynthesis the
SAM-dependent C-methyltransferase NovO uses desmethyl-
ACHTUNGTRENNUNGnovobiocic acid—that is, the 3-amino-4,7-dihydroxycoumarin
moiety linked through an amide bond to 3-dimethylallyl-4-hy-
droxybenzoic acid—as substrate.[22] In coumermycin A1 biosyn-
thesis, the methyltransferase CouO works on the correspond-
ing mono- and bis-amides, which contain one or two amino-
coumarin moieties tethered to a central 3-methylpyrrole-2,4-di-
carboxylic acid moiety. In each case, methylation occurs at the
8-positions in the aminocoumarin moieties.[22] It appears plausi-
ble that in clorobiocin biosynthesis the halogenase Clo-hal
may utilise desmethyl-novobiocic acid as substrate for halo-
genation, but this reaction has not been demonstrated in
vitro. Our finding of the production of the mono- and dichlori-
nated coumermycins MW1 and MW2 indicates that Clo-hal can
also accept the mono- and bisamides of the 3-methyl-2,4-dicar-
boxylic acid moiety, showing an extraordinarily broad substrate
tolerance. Of course, it cannot at present be excluded that hal-
ogenation may occur at an earlier step of the biosynthetic
pathway.


Antibacterial activity of the novel coumermycin A1


ACHTUNGTRENNUNGderivatives


All three coumermycin A1 derivatives were isolated by HPLC
and tested for their antibacterial activities in an agar diffusion
assay against Bacillus subtilis. Coumermycin LW1, which lacks
the methyl groups at the 8-positions of both aminocoumarin
moieties, showed less activity than the reference coumermycin
A1 (Figure 5). Substitution of one aminocoumarin moiety by a
chlorine atom at position 8 (coumermycin MW1) restored anti-
bacterial activity to the same level as observed for coumermy-
cin A1. Somewhat unexpectedly, substitution of both amino-
coumarin moieties with chlorine atoms (coumermycin MW2)
again resulted in a decrease of activity to a level comparable
to that of the unsubstituted derivative coumermycin LW1.
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Figure 4. HPLC and LC-MS analyses of culture extracts from S. coelicolor ACHTUNGTRENNUNG(couMW18) harbouring the couO-defective coumermycin A1 cluster and the halogen-
ase gene clo-hal. A) HPLC diagram of S. coelicolor ACHTUNGTRENNUNG(couMW18)/pAE_ha7. The retention times of the new coumermycin derivatives coumermycin MW1 and cou-
mermycin MW2 are shown at the corresponding peaks. Observed MS fragmentation patterns of : B) coumermycin MW1 (retention time in HPLC at 8.8 min),
and C) coumermycin MW2 (retention time in HPLC at 9.6 min). The suggested fragmentation schemes for coumermycin MW1 (R1=H, R2=Cl) and coumermy-
cin MW2 are shown separately.
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As might be expected from previous studies,[6,17, 19] removal
of the 8-methyl group from the aminocoumarin moiety re-
duced the antibacterial activity, while subsequent introduction
of a chlorine atom at this position restored the activity. At first
glance, it may appear surprising that halogenation of one of
the two aminocoumarin moieties of the molecule was suffi-
cient for optimal activity and that halogenation of the second
aminocoumarin moiety did not further increase, but rather de-
creased, the activity. It must be kept in mind, however, that X-
ray crystallographic studies have shown that only one amino-
coumarin moiety and the attached deoxysugar with its sub-
stituents occupy the aminocoumarin antibiotic binding pocket
of the gyrase B subunit, which overlaps with the functionally
important ATP binding site. The substituent attached to the 3-
amino group of the aminocoumarin moiety, in contrast, enters
only into weak interactions with the target enzyme.[23]


Experimental Section


Bacterial strains, plasmids and culture conditions : Streptomyces
rishiriensis DSM40489 was provided by the “Deutsche Sammlung
von Mikroorganismen” (Braunschweig, Germany). Streptomyces coe-
licolor M512 (DredD, DactII-ORF4, SCP1� , SCP2�) was kindly provid-
ed by E. Takano (Groeningen, Netherlands) and Janet White (Nor-
wich, UK). Escherichia coli XL1 Blue MRF� (Stratagene, Heidelberg,
Germany) was used for cloning experiments and grown in liquid or
on solid Luria–Bertani medium at 37 8C. For analyses of secondary
metabolite production of S. coelicolor mutants, cells were precul-
tured in Trypticase Soy Broth (30 gL


�1) for 3 days at 30 8C and
210 rpm. A preculture (5 mL) was inoculated into production
medium (SK medium, 50 mL) containing Pharma media (20 gL


�1),
corn starch (20 gL


�1), lard oil (20 gL
�1), yeast extract (4 gL


�1),
K2HPO4·3H2O (2.5 gL


�1), CaCl2·2H2O (0.5 gL
�1) and CoCl2·6H20


(202 mgL
�1) and routinely cultivated in baffled flasks at 30 8C and


210 rpm for 7 days. E. coli ET12567 was used for isolation of non-
methylated plasmid and cosmid DNA prior to the transformation
into S. coelicolor M512 to bypass methyl-sensing restriction in
S. coelicolor.[24] The REDIRECT technology kit containing E. coli
ET12567, E. coli ET12567/pUZ8002, E. coli BW25113/pIJ790, E. coli
DH5a/pIJ773 and E. coli DH5a/pIJ778 was obtained from Plant
ACHTUNGTRENNUNGBioscience Limited (Norwich Research Park, Colney, Norwich, UK).
ACHTUNGTRENNUNGPlasmid pAE_ha7 has been described previously.[21] Kanamycin
(50 mgmL�1), chloramphenicol (25 mgmL�1), apramycin
(50 mgmL�1), carbenicillin (100 mgmL�1) and thiostrepton
(10 mgmL�1) were used for selection of recombinant strains.


Genetic procedures : Standard procedures for DNA isolation and
manipulations were performed as described previously.[25, 26] Isola-


tion of DNA fragments from agarose gel and purification of PCR
products were carried out with the NucleoSpin 2 in 1 Extract Kit
(Macherey–Nagel, DPren, Germany). Isolation of cosmids and plas-
mids was carried out with ion exchange columns (Nucleobond AX
kit, Macherey–Nagel, DPren, Germany) according to the manufac-
turer’s protocol. Genomic DNA was isolated from S. coelicolor
strains by the Kirby mix procedure.[26]


Construction and screening of a SuperCos1-based S. rishiriensis
cosmid library : Chromosomal DNA of S. rishiriensis DSM40489 was
partially digested with Sau3A, dephosphorylated and ligated with
BamHI/XbaI-digested SuperCos1 vector. The ligation products were
subsequently packaged with Gigapack III XL (Stratagene, Heidel-
berg, Germany) and transduced into E. coli SureR. PCR screening of
the cosmid library was performed with primers couE_fwd (5’-
ACTTCCGTCGGAAGCCGTCG-3’) and couE_rev (5’-ACCGTGAGGATC-
ACHTUNGTRENNUNGCTTCCGCC-3’), gyrB_fwd (5’-GACTGGTTCGACCGCAACCC-3’) and
gyrB_rev (5’-CCGTCGAGCACCATCAGGTG-3’), couH_fwd (5’-AGGGC-
ACHTUNGTRENNUNGGTGATTCCATCACGC-3’) and couH_rev (5’-GGACGGGTGCTCATCTC-
ACHTUNGTRENNUNGTCA-3’) to amplify a 1020, a 1009 and a 2014 bp fragment, respec-
tively.


Assembling of the entire coumermycin A1 gene cluster by l RED
recombination : The l RED recombination was described previous-
ly.[12, 13] An apramycin resistance cassette (aac(3)IV) was amplified by
PCR from plasmid pIJ773 with primers fwd49F3 (5’-CGTCTTCA-
ACHTUNGTRENNUNGAGAATTCGCGGCCGCAATTAACCCTCACTAAAGCTAGCTGTACHTUNGTRENNUNGAACHTUNGTRENNUNGG ACHTUNGTRENNUNGGACHTUNGTRENNUNGCACHTUNGTRENNUNGT ACHTUNGTRENNUNGGG-
AACHTUNGTRENNUNGG ACHTUNGTRENNUNGCACHTUNGTRENNUNGTACHTUNGTRENNUNGG ACHTUNGTRENNUNGCACHTUNGTRENNUNGTTC-3’) and rev49F3 (5’-GGCCGCCAGTCCAGTGGT ACHTUNGTRENNUNGAACHTUNGTRENNUNGC ACHTUNGTRENNUNGGACHTUNGTRENNUNGT-
ACHTUNGTRENNUNGGACHTUNGTRENNUNGC ACHTUNGTRENNUNGGACHTUNGTRENNUNGAACHTUNGTRENNUNGT ACHTUNGTRENNUNGCACHTUNGTRENNUNGTACHTUNGTRENNUNGT ACHTUNGTRENNUNGGACHTUNGTRENNUNGCACHTUNGTRENNUNGG ACHTUNGTRENNUNGGACHTUNGTRENNUNGTACHTUNGTRENNUNGC ACHTUNGTRENNUNGGACHTUNGTRENNUNGGACHTUNGTRENNUNGAACHTUNGTRENNUNGC ACHTUNGTRENNUNGACTAGTATTCCGGGGATCCGTCGACHTUNGTRENNUNGACC-3’).
Restriction sites for enzymes NheI and SpeI are shown in bold let-
ters, and underlined letters represent 40 nucleotide extensions to
the sequence 979 and 868 bp upstream of couY within couG. The
resulting 1381 bp PCR product was inserted into cosmid 49F3, re-
sulting in the apramycin/kanamycin resistant cosmid couMW12.


The spectinomycin/streptomycin resistance cassette (aadA) was
amplified from plasmid pIJ778 with primers fwdSpecStrep (5’-
CCGCCGCAACCGGCGCCGACCTTTTGTGGCGGGTCAAGAAGCTAGCT-
ACHTUNGTRENNUNGGTAGGCTGGAGCTGCTTC-3’) and revSpecStrep (5’-GTTCAAGTT ACHTUNGTRENNUNGC-
ACHTUNGTRENNUNGGCCGTGGGCAGTGGCAAGGTCATCAAGGGCACTAGTATTACHTUNGTRENNUNGC ACHTUNGTRENNUNGCACHTUNGTRENNUNGG ACHTUNGTRENNUNGGACHTUNGTRENNUNGGACHTUNGTRENNUNGGACHTUNGTRENNUNGAT-
C ACHTUNGTRENNUNGCG ACHTUNGTRENNUNGTACHTUNGTRENNUNGCACHTUNGTRENNUNGG ACHTUNGTRENNUNGACC-3’) and inserted into cosmid 51D9 1020 bp upstream
of couE. The underlined letters represent 40 nucleotide extensions
with sequence homology for insertion of the resistance cassette.
Restriction sites for enzymes NheI and SpeI are shown in bold. The
resulting spectinomycin/streptomycin resistant cosmid couMW13
was subsequently digested with the enzymes NheI and NsiI to give
a 5930 bp fragment, which was isolated from an agarose gel and
further used for transformation experiments. For recombination of
cosmid couMW12 and the 5930 bp restriction fragment, couMW12
was introduced into E. coli BW25113/pIJ790 by electroporation, and
resulting transformants were isolated by use of chloramphenicol
(25 mgmL�1), apramycin (50 mgmL�1) and kanamycin (50 mgmL�1)
for selection. Electroporation of BW25113/pIJ790/couMW12 with
the purified restriction fragment resulted in transformants that
were selected on LB solid media containing spectinomycin/strepto-
mycin (each 50 mgmL�1). Isolated cosmid DNAs from the originated
clones were tested by restriction analyses. The resulting cosmid
harbouring the entire coumermycin A1 gene cluster was termed
couMW14. After digestion of couMW14 with NheI and SpeI and re-
ligation of the compatible overhangs, the resulting cosmid lacking
the spectinomycin/streptomycin resistance cassette was termed
couMW15. Subsequent insertion of an integration cassette from
pIJ787 into the bla sequence of the SuperCos1 vector as described
previously[7] resulted in cosmid couMW16. CouMW16 was intro-
duced into S. coelicolor M512 by PEG-mediated protoplast transfor-


Figure 5. Antibacterial activities against Bacillus subtilis of coumermycin A1
(standard), coumermycin LW1, coumermycin MW1 and coumermycin MW2.
Equal quantities (0.75 nmol) of each compound were used for the agar diffu-
sion assay.


610 www.chembiochem.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 603 – 612


B. Gust et al.



www.chembiochem.org





mation according to Kieser et al. ,[26] , and transformants were se-
lected on R2YE plates containing kanamycin (50 mgmL�1).


Inactivation of couO : For the replacement of the methyltransfer-
ase gene couO on cosmid couMW16, an apramycin resistance cas-
sette (aac(3)IV) was generated by PCR with use of primers couO_
Xba_f (5’-GATCAGTTCACTGACGCAGCACCAGGGGGGATCGAGATG-
ACHTUNGTRENNUNGTCTAGAATTCCGGGGATCCGTCGACC-3’) and couO_Xba_r (5’-TCC-
ACHTUNGTRENNUNGGCCAGATCCTGAGCAGCGGGACCGAACGGCCGGTCATCTAGATGTAACHTUNGTRENNUNGG-
ACHTUNGTRENNUNGGACHTUNGTRENNUNGC ACHTUNGTRENNUNGTACHTUNGTRENNUNGGGAGCTGCTTC-3’). XbaI restriction sites introduced into the
primers are shown in bold letters and are used for later elimination
of the inserted cassette. Underlined letters represent 40 ACHTUNGTRENNUNGnucleotide
extensions with sequence identity to regions upstream and down-
stream of couO, including the putative start and stop codon. The
gene couO was replaced in E. coli BW25113/pIJ790/couMW16 by
use of the PCR targeting system,[12] and the correct genotype of
the resulting DcouO/apramycin resistant cosmid (couMW17) was
confirmed by restriction analyses, as well as by PCR with test pri-
mers couO_test_f (5’-GAGAACTCCC ACHTUNGTRENNUNGT ACHTUNGTRENNUNGAACHTUNGTRENNUNGC ACHTUNGTRENNUNGCACHTUNGTRENNUNGG ACHTUNGTRENNUNGCACHTUNGTRENNUNGGACHTUNGTRENNUNGAAC-3’) and couO_
test_r (5’-CCGATGACTACHTUNGTRENNUNGC ACHTUNGTRENNUNGC ACHTUNGTRENNUNGTACHTUNGTRENNUNGTACHTUNGTRENNUNGC ACHTUNGTRENNUNGGACHTUNGTRENNUNGAACHTUNGTRENNUNGCGTC-3’) amplifying a fragment of
1663 bp. To avoid possible polar effects of the apramycin resist-
ance cassette (aac(3)IV) cassette, XbaI digestion and religation led
to the DcouO/apramycin sensitive cosmid couMW18 containing
only a 6 bp “scar” within the coding sequence of couO. To verify
the correct genotype of the S. coelicolor mutants carrying
couMW18, PCR with genomic mutant DNA was performed with
the primers couO_test_f and couO_test_r. The expected PCR prod-
uct of 289 bp was obtained for all mutants, indicating the absence
of the apramycin resistance cassette (aac(3)IV).


Analysis of secondary metabolite formation : S. coelicolor wild-
type and mutants were routinely cultured in Trypricase Soy Broth
(50 mL, 30 gL


�1) at 30 8C and 210 rpm for 3 days. The preculture
(5 mL) was inoculated into SK production medium (50 mL) and
grown for 7 days at 30 8C and 210 rpm in baffled flasks. Aliquots
(1 mL) of the cultures were adjusted to pH 5 by the addition of hy-
drochloric acid and extracted three times with an equal volume of
ethyl acetate, after prior treatment with an equal volume of petro-
leum ether to remove lipophilic substances. After evaporation of
the solvent, the residue was dissolved in ethanol and analysed on
an Agilent HPLC system with a photodiode array detector. The
analysis was performed with a Nucleosil 120–5 C18 column (2T
250 mm; Macherey–Nagel) with a linear gradient from 60% to
100% acetonitrile in aqueous phosphoric acid (0.1%) and detec-
tion at 345 nm. Coumermycin A1 (Sigma–Aldrich) was used as stan-
dard.


HPLC-MS coupling in the selected reaction monitoring mode :
The negative electrospray ionization ((�)-ESI) mass spectra were
obtained with a Thermo Finnigan TSQ Quantum triple quadrupole
mass spectrometer (electrospray voltage, 3.7 kV; heated capillary
temperature 320 8C; sheath and auxiliary gas, nitrogen) coupled
with a Surveyor HPLC system equipped with a Nucleosil 120–5 C18
(5 mm, 250T2 mm) column (Macherey–Nagel, DPren, Germany).
For all samples, a gradient system ranging from 98:2 H2O/CH3CN
(each of them containing 0.05% formic acid) to 70:30 over 35 min,
followed by isocratic elution with CH3CN (100%, +0.1% formic
acid) for 15 min, was used; the flow rate was 200 mLmin�1. The col-
lision-induced dissociation (CID) spectra of coumermycin A1 during
a HPLC run were recorded with a collision energy of 45 eV; colli-
sion gas, argon; collision pressure, 1.0T10�3 torr.[27] Fragments
ACHTUNGTRENNUNGobtained in negative ESI-CID mass spectrometry were as follows:
coumermycin A1 (m/z, rel. int.): 1108 (52), 1001 (19), 620 (53), 487
(60), 206 (100); coumermycin LW1 (m/z, rel. int.): 1080 (51), 973 (19)
606 (44), 473 (100), 192 (80); coumermycin MW1 (m/z, rel. int.):


1114 (16), 640 (19), 507 (88), 473 (16), 226 (100), 192 (10); coumer-
mycin MW2 (m/z, rel. int.): 1148 (47), 640 (40), 586 (4), 507 (59), 226
(100).


DNA sequencing and computer analysis : End-sequencing of cos-
mids 49F3 and 51D9 was performed by the dideoxynucleotide
chain termination method with primers T3 and T7. Amino acid
ACHTUNGTRENNUNGsequence homology searches were carried out in the GenBank
ACHTUNGTRENNUNGdatabase with the aid of the BLAST program.


Assay for antibacterial activity : The antibacterial activities of cou-
mermycin A1 and its derivatives coumermycin LW1, MW1 and MW2
was tested against Bacillus subtilis ATCC 14893 in an agar diffusion
test. The compounds were isolated from production cultures as de-
scribed above and were further purified by HPLC. After evapora-
tion of the solvent, the residues were dissolved in DMSO (100%)
and equal amounts of each compound (0.75 nmol) were further
applied to filter-paper discs (5 mm diameter) and subsequently
placed on Difco nutrient agar plates (Kieser et al.[26]) containing
ACHTUNGTRENNUNGapproximately 2T105 spores of B. subtilis per mL agar medium.
ACHTUNGTRENNUNGAfter cultivation overnight at 37 8C, the diameter of the growth-
ACHTUNGTRENNUNGinhibition zone was determined.
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Direct Evidence for ArO�S Bond Cleavage upon
Inactivation of Pseudomonas aeruginosa Arylsulfatase by
Aryl Sulfamates
Pavla Bojarov	,[a] Emma Denehy,[a] Ian Walker,[a] Karen Loft,[a] David P. De Souza,[b]


L. W. Lawrence Woo,[c] Barry V. L. Potter,[c] Malcolm J. McConville,[b] and Spencer J. Williams*[a]


Introduction


The enzymes that cleave sulfate esters, sulfatases (EC 3.6.1.-),
have important roles in human health and disease.[1–3] Estrone
sulfatase has been implicated in the progression of breast
cancer in postmenopausal women,[4,5] and other sulfatases par-
ticipate in mechanisms of bacterial pathogenesis[6,7] and the
evasion of plant defence mechanisms against insect pests.[8]


Therefore, the design of sulfatase inhibitors attracts considera-
ble attention, both for the study of the effects of sulfatase dys-
function and for therapeutic interventions. The most promising
inhibitors of sulfatases are esters of sulfamic acid, H2NSO2OH,
such as EMATE,[9] COUMATE,[10] and 667COUMATE[11]


(Scheme 1). 667COUMATE (also known as STX64, BN83495), an
inactivator of estrone sulfatase, has entered clinical trials for
the treatment of hormone-dependent breast cancer.[12] Despite


the potent inhibition of sulfatases caused by sulfamates, little
is known about the mechanism of inactivation. One of the rea-
sons is that most studies have been performed with human
placental arylsulfatase, a membrane-associated enzyme that is
difficult to acquire in the quantities and purity necessary for a
detailed mechanistic investigation.


Pseudomonas aeruginosa arylsulfatase A (PaAtsA) is a bacteri-
al sulfatase that catalyses the hydrolysis of a diverse range of
aryl sulfate esters.[13] Like all sulfatases, PaAtsA possesses a
post-translational modification, whereby an active-site cysteine
residue has been converted into formylglycine (FGly).[14] In eu-
karyotes, this conversion is mediated by formylglycine-generat-
ing enzyme (FGE).[15] In some prokaryotes, this modification is
formed by the oxidation of an active-site serine residue by the
iron–sulfur protein AtsB.[16] Remarkably, E. coli, although it does
not possess an active sulfatase, is capable of effecting the


Pseudomonas aeruginosa arylsulfatase catalyses the cleavage of
aryl sulfates and is an excellent model for human estrone sulfa-
tase, which is implicated in hormone-dependent breast cancer.
Aryl sulfamates are inactivators of sulfatases; however, little is
known about their mechanism. We studied the inactivation of
Pseudomonas aeruginosa arylsulfatase A by a range of aryl sul-
famates, including the clinical agent 667COUMATE (STX64) used
to inactivate estrone sulfatase. Inactivation was time dependent,
irreversible, and active-site directed, consistent with a covalent
modification at the active site. In terms of the kinetic parameters
of inactivation kinact and Ki, Ki values are in the micromolar to


nanomolar range, and the inactivation half-life is less than 30 s.
A Brønsted plot of kinact/Ki has a steep slope (blg=�1.1), which
implies that the transition state for the first irreversible chemical
step of inactivation involves a high degree of charge transfer and
cleavage of the ArO�S bond. Detection of the released phenol
and titration of the residual activity showed the stoichiometry of
inactivation to be in the range 3–6, with the greatest values
found for the most effective inactivators. Thus, multiple sulfamoy-
lation events appear to occur during the inactivation process.
These data provide valuable insight into the mechanism of sulfa-
tase inactivation by sulfamates.


Scheme 1. Examples of aryl sulfamate inactivators of sulfatases.
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post-translational modification of the active-site cysteine resi-
due of PaAtsA to FGly. PaAtsA is therefore an excellent model
for the study of human estrone sulfatase, as it can be acquired
in large amounts in homogeneous form by recombinant
ACHTUNGTRENNUNGexpression in E. coli. Furthermore, PaAtsA shares considerable
sequence similarity with all known sulfatases, and its three-
dimensional X-ray crystal structure shows the same fold and
active-site architecture as that of human estrone sulfa-
tase.[3,14,17] Very recently, sulfamates were shown to effect the
time-dependent inactivation of PaAtsA.[18] This finding has pro-
vided an opportunity to gain insight into the mechanism of
sulfatase inactivation by sulfamates through the study of this
readily acquired enzyme.


Three different mechanisms of catalysis by sulfatases have
been suggested that involve the active-site FGly residue
(Scheme 2). The first proposes that hydrolysis is initiated by
the addition of the sulfate ester substrate to the aldehyde of
FGly; the attack of the resulting intermediate at the sulfur
atom by water liberates the parent alcohol of the sulfate ester
and leaves the sulfate moiety bound to the enzyme; the elimi-
nation of hydrogen sulfate to regenerate FGly completes the
cycle (Scheme 2A).[19] The second mechanism proposes that
the FGly residue is first hydrated to form a geminal diol ; next,
one of the geminal hydroxy groups attacks the sulfur atom of
the sulfate ester to expel the parent alcohol and give a cova-
lently sulfated enzyme intermediate; finally, the elimination of
sulfate completes the catalytic cycle (Scheme 2B).[20] The third
alternative predicts a different fate for the enzyme sulfate in-
termediate formed in either of the two mechanisms proposed


above; elimination occurs by loss of the a proton on the FGly
residue to form an enol; this enol tautomerises to regenerate
the active-site aldehyde (Scheme 2C).[21] Although some have
argued for the involvement of the geminal hydrate of FGly as
an enzyme nucleophile on the basis of X-ray crystal structures
in which this species was observed,[20,22] no definitive evidence
has yet been presented to allow a clear-cut distinction be-
tween any of these mechanistic alternatives.


Aryl sulfamates exhibit potent, time-dependent inhibition of
sulfatases. Enzyme activity is not recovered even after the re-
moval of excess inactivator,[9,18, 23] and the presence of a sub-
strate protects against inactivation.[9,18] These data are consis-
tent with an inactivation mechanism that involves covalent
modification of the active site. However, despite intensive
study over many years, the identity of this modification has
ACHTUNGTRENNUNGremained elusive.[11,18]


The importance of sulfamates as inactivators of sulfatases,
and the uncertainty of their mechanism of action, prompted
us to investigate their inactivation of PaAtsA. We synthesised a
range of substituted aryl sulfamates and studied the kinetics of
PaAtsA inactivation. A linear free-energy plot revealed that the
efficiency of inactivation, expressed as the ratio kinact/Ki, is de-
pendent upon the pKa value of the parent phenol of the aryl
sulfamate and thus provided the first unequivocal evidence
that inactivation occurs through the cleavage of the ArO�S
bond. Further evidence for the cleavage of this bond during
the inactivation process was obtained by the direct detection
of the phenol released upon inactivation. Finally, we deter-
mined the stoichiometry of the inactivation of PaAtsA by sev-
eral sulfamates, including 667COUMATE. These studies present
fundamental details on the bond-breaking steps that occur
during the inactivation of sulfatases by sulfamates and give
new insight into the mechanism of inactivation.


Results


Expression and kinetic analysis of PaAtsA


PaAtsA[13] was expressed as a C-terminal pET30 His6-tagged
construct in E. coli BL21 ACHTUNGTRENNUNG(lDE3) and purified by affinity chroma-
tography on Ni-NTA resin and hydrophobic chromatography
on tert-butyl Sepharose. The substrate potassium 4-methoxy-
phenyl sulfate (1) was prepared as reported previously,[24] and
potassium 4-methylumbelliferyl sulfate (2) was prepared as
outlined in the Supporting Information. Kinetic parameters for
the hydrolysis of substrates 1 and 2 by PaAtsA under various
conditions are shown in Table 1. The low Ki values of many of
the aryl sulfamates investigated required the use of the
enzyme at a nanomolar concentration to ensure that the con-
centration of the inactivator did not change during inactivation
(i.e. , [I]@ [E]0).


[25] In such demanding cases, we preferred the
fluorometric assay with substrate 2. This assay was at least
100-fold more sensitive than the spectrophotometric assay
with substrate 1.


Scheme 2. Three possible mechanisms involving the active-site FGly residue
for the cleavage of sulfate esters catalysed by sulfatases.
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Determination of the concentration of PaAtsA and the
degree of post-translational modification


The concentration of purified PaAtsA was determined by GC/
MS to be 65�11 mm (see the Supporting Information). Coinci-
dentally, this value compares well with that derived from a
BCA protein assay (Pierce Biotechnology; 60�5 mm with a
BSA standard). An extinction coefficient of e280= (1.7�0.3)J
105


m
�1 cm�1 was calculated for the enzyme on the basis of the


experimentally determined enzyme concentration. Quantifica-
tion of the degree of post-translational modification is particu-
larly important, as this modification to FGly is vital for sulfatase
activity.[26,27] As the sequence for PaAtsA encodes only a single
cysteine residue, Cys51, the degree of post-translational modi-
fication to FGly may be assayed conveniently by using the
Ellman reagent (5,5’-dithiobis(2-nitrobenzoic acid)) under dena-
turing conditions (4m guanidine hydrochloride), to ensure ex-
posure of the cysteine residue to this reagent. This assay re-
vealed that 97% of the Cys residues of PaAtsA were modified
to FGly.


pH dependence of PaAtsA activity


The analysis of PaAtsA activity with substrate 1 revealed a bell-
shaped dependence of the kinetic parameters on the pH value
(Figure 1), with the maximum catalytic activity (kcat/Km) at
pH 7.9. This profile indicates that the catalytic activity is deter-
mined by the ionisation of two active-site residues, of pKa


value 7.1�0.2 for the acidic limb and 8.7�0.1 for the basic
limb. The pH profile of kcat increases to a maximum at high pH
values, and thus mirrors that of Km. As PaAtsA is unstable
below pH 5, the acidic limb of the profile could not be fully de-
fined. Similarly, as PaAtsA is unstable above pH 10, the maxima
for the parameters kcat and Km could not be accurately deter-
mined.


Aryl sulfamates are active-site-directed inactivators of
ACHTUNGTRENNUNGPaAtsA


Ten substituted aryl sulfamates, 3–12 (Figure 2), were synthes-
ised as described previously.[24] The results of elemental analy-
sis were satisfactory (�0.4%) for all new compounds and
those used for active-site-titration experiments (see the Sup-


porting Information). At pH 7, the spontaneous rate of hydroly-
sis of 4-nitrophenyl sulfamate (3 ; pKa value of 4-nitrophenol:
7.15) was too high (decay rate constant, kuncat=0.084 min�1)
for the accurate measurement of inactivation kinetics. In fact,
only sulfamates with pKa�8 for the parent phenol were suffi-
ciently stable (kuncat<0.005 min�1) at pH 7 for kinetic studies.
For our purposes, the activity and stability of PaAtsA were sat-
isfactory in the range pH 5–9, and the maximum assay sensitiv-
ity was observed at pH 9. Thus, all inactivation studies were
carried out at a pH value within this range. After incubation
with the inactivator at a selected pH value, the residual
enzyme activity was determined at pH 9.


Inactivation kinetics were assessed according to Equation (1),
in which E, I, and E–P are the enzyme, aryl sulfamate, and co-
valent adduct, respectively, Ki is the dissociation constant for
the enzyme–sulfamate complex, and kinact is the first-order rate
constant for the conversion of the noncovalent E·I complex
into the E–P complex:


Eþ I
K i�! � E � I kinact��! E-P ð1Þ


Table 1. Michaelis–Menten parameters for the PaAtsA-catalysed hydroly-
sis of selected substrates under various conditions.


Substrate[a] Assay kcat [s
�1] Km [mm] kcat/Km


medium[b]
ACHTUNGTRENNUNG[s�1mm


�1]


1 pH 9 72�2 310�30 0.23�0.03
1 pH 7 16.2�0.5 42�5 0.39�0.05
1 pH 7, 5% EtOH 8.0�0.2 41�4 0.19�0.02
2 pH 9 82�1 12.2�0.6 6.7�0.3


[a] 1 is potassium 4-methoxyphenyl sulfate, 2 is potassium 4-methylum-
belliferone sulfate. [b] Assays were performed at 37 8C in 25 mm bis-tris
propane/25 mm glycine/0.05% BSA buffer at the pH value indicated. The
enzyme concentration was determined by GC/MS analysis.


Figure 1. pH profile of PaAtsA catalytic activity. The pH profile was measured
with potassium 4-methoxyphenyl sulfate (1) as the substrate: *: kcat, &: Km,
*: kcat/Km.


Figure 2. Structures of aryl sulfamates 3–12 and the corresponding pKa


value of the parent phenol.
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Many of the sulfamates demonstrated limited water solubili-
ty and were therefore used as stock solutions in EtOH. The
final concentration of EtOH in the inactivation mixtures was
5%. The presence of 5% EtOH resulted in a reversible decrease
in enzyme activity by decreasing the value of kcat. However,
this effect was of little consequence, as the dilution of inactiva-
tion mixtures containing 5% EtOH into a buffer at pH 9 con-
taining the substrate, to measure residual activity, resulted in
the complete recovery of enzyme activity (data not shown).


The ability of sulfamates to cause active-site-directed, time-
dependent, and irreversible inactivation of PaAtsA was first
ACHTUNGTRENNUNGinvestigated with phenyl sulfamate (11; pKa value of phenol :
9.99). Compound 11 is stable at a range of pH values (at pH 5–
9, kuncat=2J10�4 min�1). At pH 7 and 9, inactivation by 11
(20 mm) was both time-dependent and irreversible, with no
ACHTUNGTRENNUNGrecovery of activity of the inactivated enzyme after removal of
excess free inactivator by dialysis. The inactivation of PaAtsA


by compound 11, and by all other inactivators studied, fol-
lowed first-order kinetics. Full kinetic analysis of the inactiva-
tion of PaAtsA by 11 revealed it to be an effective inhibitor
(Table 2; Ki=18�3 mm, kinact=0.057�0.004 s�1, kinact/Ki=


0.0031�0.0005 s�1mm
�1 at pH 9). By contrast, at pH 5, no time-


dependent inactivation by 11 was observed. When the enzyme
inactivated at pH 7 was purified to remove excess inactivator
and incubated at pH 5, no reactivation occurred. These results
demonstrate that kinact=0 at pH 5, and that the inactivated
complex, E–P, is not reactivated at pH 5–9.


To demonstrate that sulfamates cause active-site-directed
ACHTUNGTRENNUNGinactivation of PaAtsA, we sought a competitive inhibitor of
PaAtsA. Sodium tetraborate[28] was found to act as a purely
competitive inhibitor of PaAtsA at pH 9 (37 8C) with Kc=178�
14 mm (Figure 3A); interestingly, at pH 7, sodium tetraborate
causes mixed inhibition of PaAtsA. Sodium tetraborate protect-
ed PaAtsA against inactivation by 11 at pH 9 in a concentra-


Table 2. Inactivation parameters for the inhibition of PaAtsA by aryl sulfamates 4–12, COUMATE, 667COUMATE, and FLAVOMATE.


Inactivator[a] pKa
[b] kuncat [min�1][c] kinact [s


�1] Ki [mm] t1=2 [s] kinact/Ki [s
�1mm


�1]


4 7.97 0.0030 0.1�0.02 0.092�0.034 7.2 1.1�0.4
5 8.18 n.d.[e] 0.08�0.01 0.094�0.026 8.4 0.87�0.3
6 8.36 n.d.[e] 0.063�0.007 0.13�0.03 11 0.48�0.1
7 8.61 n.d.[e] 0.059�0.005 0.28�0.06 12 0.21�0.05
8 9.12 n.d.[e] 0.045�0.002 0.16�0.03 15 0.28�0.05
9 9.21 n.d.[e] 0.059�0.004 0.19�0.03 12 0.31�0.05
10 9.41 n.d.[e] 0.049�0.003 0.64�0.1 14 0.08�0.01
11 9.99 0.0002 0.034�0.001 7.9�0.9 22 0.0043�0.0005
11[d] 9.99 0.0002[d] 0.057�0.004 18�3 12 0.0031�0.0005
12 10.10 n.d.[e] 0.026�0.001 7.6�1.3 27 0.0034�0.0006


COUMATE 7.8[34] 0.0048 0.079�0.008 0.076�0.019 8.8 1.0�0.3
667COUMATE 9.1[10] n.d.[e] 0.18�0.04 0.24�0.08 3.9 0.74�0.3
FLAVOMATE 9.8[35] 0.0034 >0.1 <0.05 n.d.[e] >2


[a] Unless otherwise stated, inactivation experiments were performed at 37 8C in 25 mm bis-tris propane/25 mm glycine buffer at pH 7 with 0.05% BSA and
5% EtOH (enzyme concentration: 9 nm) and assayed fluorometrically with 2 (30 mm) as the substrate. [b] The pKa values of the parent phenols were taken
from ref. [36] . [c] The decay of the sulfamates was assayed under inactivation conditions. [d] Inactivation and decay were assayed at pH 9. [e] Not deter-
mined.


Figure 3. A, B) Sodium tetraborate protects PaAtsA against inactivation by phenyl sulfamate (11). A) Lineweaver–Burk plot of the hydrolysis of substrate 1 at
increasing concentrations of sodium tetraborate (pH 9, 37 8C). The intersection of the plots at the y axis at 1/kcat at all sodium tetraborate concentrations dem-
onstrates competitive inhibition. Concentration of sodium tetraborate: 0 (*), 50 (*), 140 (&), 230 (&), 320 (~), 410 mm (~). B) Semilogarithmic plot of the inac-
tivation of PaAtsA by 11 (20 mm) in the presence of sodium tetraborate (0–2 mm) at pH 9. Concentration of sodium tetraborate: 2 (*), 1.5 (~), 1 (&), 0.7 (*),
0.5 (~), 0 mm (&) ; control : ^. Inset: Plot of the inverse pseudo-first-order rate constant of inactivation (k�1) against the concentration of sodium tetraborate.
C) The substrate protects PaAtsA against inactivation by 11 at pH 7. Inactivation mixtures contained 11 (20 mm) and 1 (0 (*), 1 (&), or 80 mm (&)) ; control re-
ACHTUNGTRENNUNGaction in the absence of an inactivator : *.
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tion-dependent manner (Figure 3B). This result is consistent
with the competition of sodium tetraborate with the free inac-
tivator according to Equation (2), in which Ic is tetraborate, and
Kc is the dissociation constant for the complex of the enzyme
with this competitive inhibitor:


A plot of the inverse pseudo-first-order rate constant, k�1,
against the concentration of sodium tetraborate enabled the
determination of the inhibition constant for phenyl sulfamate
(11) at pH 9: Ki=10 mm. This value compares favourably with
that measured by full kinetic analysis (Table 2). As sodium tet-
raborate exhibits mixed inhibition at pH 7, the active-site-di-
rected nature of inactivation at pH 7 was demonstrated unam-
biguously by the protection by substrate 1 of PaAtsA against
inactivation with 11 (Figure 3C).


Brønsted dependence of PaAtsA inactivation


We studied the inactivation of PaAtsA by nine aryl sulfamates,
4–12 (pKa values of the parent phenols: 7.97–10.10), by using
substrate 2. For all inactivators studied, the inactivation
obeyed saturable kinetics,[25] which allowed the extraction of
kinact and Ki values (Table 2). All compounds studied were out-
standingly efficient inactivators with Ki values in the nano- to
micromolar range and an inactivation half-life, t1=2, of 7–30 s at
saturating concentrations. Inactivation occurred at such high
rates that the fastest inactivators, compounds 4 and 5, could
not be assayed at saturating concentrations. A Brønsted plot
(Figure 4) of logkinact/Ki against the pKa value of the parent
phenol showed a linear dependence and a slope of close to
unity (blg=�1.1�0.2).


Active-site titration of PaAtsA by sulfamates


We next investigated the stoichiometry of the inactivation of
PaAtsA by the simple aryl sulfamates 4, 9, and 11, the potent
estrone sulfatase inactivators COUMATE[10] and 667COUMATE,[11]


and the novel inactivator FLAVOMATE (flavonol-3-O-sulfamate;
Scheme 1). COUMATE and 667COUMATE were prepared ac-
cording to literature procedures.[10,11] FLAVOMATE was pre-
pared by the treatment of flavonol with sulfamoyl chloride in
N,N-dimethylacetamide/acetonitrile (see the Supporting Infor-
mation). Kinetic analysis revealed that COUMATE, 667COU-
ACHTUNGTRENNUNGMATE, and FLAVOMATE are outstandingly potent time-depen-
dent inactivators of PaAtsA, equal in activity to or better than
the best simple aryl sulfamates studied (Table 2). As a point of
interest, we observed a Ki value of 180�40 nm and a kinact


value of 0.24�0.08 s�1 for 667COUMATE with PaAtsA, whereas
the corresponding values for the inactivation of estrone sulfa-


tase are Ki=40 nm and kinact=0.00345 s�1.[11] FLAVOMATE was
the most potent inactivator studied; its high rate of inactiva-
tion prevented the accurate determination of inactivation
ACHTUNGTRENNUNGparameters.


The following titration method was used to determine resid-
ual activity (Figure 5A): A fixed amount of PaAtsA was incubat-
ed with the inactivator at various concentrations, and the in-
ACHTUNGTRENNUNGactivation reactions were allowed to proceed to completion.
After a period sufficient for at least 95% enzyme inactivation
(t0.95), the residual enzymatic activity was determined by fluor-
ometry with substrate 2. Additional samples were taken over a
period of 4J t0.95 or longer to ensure that complete inactivation
had occurred. This titration method does not allow monitoring
of the fate of the inactivator after binding to the enzyme; how-
ever, unlike the direct titration approach (see below), it impos-
es no demands in terms of the detection of the inactivator or
its decomposition products and uses small amounts of enzyme
(as little as 33 nm PaAtsA).


“Direct titration” was performed by assaying spectrophoto-
metrically the amount of phenol released upon extended inac-
tivation of the enzyme (>95% inactivation) by 4 and COU-
MATE (Figure 5B). Varying amounts of the enzyme were titrat-
ed, and the results averaged. This direct method might lead to
the overestimation of titration stoichiometry owing to unpro-
ductive turnover of the inactivator, that is, turnover that does
not result in inactivation, and so the result obtained should
always be compared to that of a titration of residual activity.
Interestingly, attempts at the direct titration of PaAtsA with
FLAVOMATE with spectrophotometric detection of released fla-
vonol gave a nonlinear relationship with increasing amounts of
the enzyme. This outcome might be a result of limited flavonol
solubility in the aqueous solvent at the relatively high concen-
trations used (100 mm), which might lead to aggregate forma-
tion and, consequently, to nonspecific enzyme inactivation.[29]


Figure 4. A Brønsted plot of inactivation efficiency (kinact/Ki) reveals significant
charge development at the transition state for inactivation. Dependence of
the logarithm of the second-order rate constant, kinact/Ki, for the inactivation
of PaAtsA by aryl sulfamates 4–12 on the leaving-group ability of the parent
phenol of the sulfamate (expressed as pKa) ; slope: blg=�1.1�0.2 (mean �
ßstandard deviation).
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Alternatively, PaAtsA could be titrated with FLAVOMATE by
taking advantage of the ability of the released flavonol to form
a highly fluorescent chelate with aluminium ACHTUNGTRENNUNG(III).[30] Thus, after a
period of time sufficient for at least 95% inactivation, the inac-
tivation mixtures containing a constant excess of FLAVOMATE
and increasing concentrations of the enzyme were added to
excess AlCl3 at pH 4.5. The amount of the fluorescent alumini-
um chelate of released flavonol (lex=400 nm, lem=450 nm)
was determined by comparison with a calibration curve. This
method allowed the reliable titration of the enzyme at concen-
trations as low as 181 nm and was highly sensitive even at low
concentrations of FLAVOMATE (10 mm). The results of all titra-
tion experiments are summarised in Table 3.


Discussion


Aryl sulfamates undergo spontaneous hydrolysis in aqueous
solution by an ElcB mechanism: deprotonation of the nitrogen
atom is followed by elimination of the conjugate base to
afford HNSO2, which reacts to form various addition prod-
ucts.[31] The spontaneous rate of hydrolysis increases with in-
creasing pH and is inversely proportional to the pKa value of
the parent phenol.[31] Thus, for the maximum stability of aryl
sulfamates, inactivation assays should be performed at low pH
values. However, PaAtsA is essentially inactive at pH<5, and at
pH 5 aryl sulfamates do not cause time-dependent inactivation
of PaAtsA. The lack of inactivation at pH 5 results from the
ACHTUNGTRENNUNGabsence of an irreversible step (i.e. , kinact=0). Others[18,23] ob-
served no reactivation of the closely related estrone sulfatase
when inactivated by sulfamates, and Purohit et al. observed
that estrone sulfatase could only be inhibited by EMATE at
pH>7.[9] Thus, inactivation assays with PaAtsA were carried
out at pH 7, as a compromise between maintaining the ability
of sulfamates to inactivate PaAtsA in a time-dependent
manner and ensuring sufficient stability of the enzyme to de-
termine kinetic parameters. Under these conditions, only aryl
sulfamates with a parent phenol of pKa�7.9 were stable
enough to be studied. Surprisingly, others who have attempt-
ed to examine the inactivation of sulfatases by aryl sulfamates
have ignored this fundamental physical limitation. Thus, the
Brønsted plot of inactivation potency versus the pKa value of
the parent phenol reported by Patel and co-workers for es-
trone sulfatase is fatally flawed.[32] Wong and co-workers inter-
preted the formation of “a deep yellow solution” during the in-
activation of PaAtsA by 4-nitrophenyl sulfamate as evidence
for the release of 4-nitrophenol upon inactivation; however,
our observation of an uncatalysed hydrolysis rate of 0.08 min�1


for this inactivator casts serious doubts on their conclusion.[18]


Table 2 shows inactivation parameters (kinact and Ki) for aryl
sulfamates 4–12 with varying pKa values of the parent phenol.
Even the poorest inactivators 11 and 12 had low micromolar Ki


values, whereas the most potent inactivators exhibited low
nanomolar inhibition constants. The efficiency of inactivation
can be gauged by examination of the second-order rate con-


Figure 5. The titration of PaAtsA with aryl sulfamates reveals variable inacti-
vation stoichiometry. A) Residual-activity titration with FLAVOMATE (*), 4
(~), COUMATE (^), 9 (&), 667COUMATE (~), and 11 (^). Inactivation mixtures
containing the enzyme and increasing concentrations of the sulfamate were
incubated (37 8C, pH 7) until inactivation was complete. Residual hydrolytic
activity (vres) was assayed at pH 9 by fluorometry with substrate 2. The inter-
section of the plot of vres/v0 against the inactivator/enzyme ratio ([I]/[E]) with
the x axis (vres=0) reveals the stoichiometry of inactivation. B) Direct titration
of PaAtsA with COUMATE. Reaction mixtures containing excess inactivator
(100 mm) and increasing concentrations of the enzyme were incubated
(37 8C, pH 7) until inactivation was complete. The amount of released 4-
methylumbelliferone (MU) was assayed spectrophotometrically. The slope of
a plot of released 4-methylumbelliferone [MU] against enzyme concentration
[E] allows the calculation of the stoichiometry of inactivation ([I]/[E]=4.8,
r2=0.998). Inset: Time dependence of the release of 4-methylumbelliferone
in inactivation mixtures containing the enzyme at concentrations of 9.8 (&),
6.5 (~), 3.3 (^), 1.6 (&), and 0.81 mm (*).


Table 3. Stoichiometry of the inactivation of PaAtsA by the sulfamates 4,
9, 11, COUMATE, 667COUMATE, and FLAVOMATE.[a]


Inactivator kinact/Ki [I]/[E]
ACHTUNGTRENNUNG[s�1mm


�1][b] (residual ACHTUNGTRENNUNG(direct)[d]


activity)[c]


11 0.0043�0.0005 3.0 n.d.[e]


9 0.31�0.05 2.8 n.d.[e]


667COUMATE 0.74�0.3 2.9 n.d.[e]


COUMATE 1.0�0.3 4.2 4.8
4 1.1�0.4 5.7 5.8


FLAVOMATE >2 5.7 6.0


[a] The ratio [I]/[E] was calculated by using the enzyme concentration de-
termined by GC/MS. [b] The kinact/Ki ratio was determined under titration
conditions as described in Table 2. [c] Result of residual-activity titration.
[d] Result of direct spectrophotometric or fluorometric titration. [e] Not
determined.
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stant kinact/Ki. Accordingly, the best inactivator from
the aryl sulfamate series, 4-cyanophenyl sulfamate
(4), is 310 times as efficient as the poorest inactivator
studied, 4-methoxyphenyl sulfamate (12). Differences
in the efficiency of PaAtsA inactivation by aryl sulfa-
mates are best revealed through the presentation of
the results as a linear free-energy Brønsted plot of
the pKa value of the parent phenol versus logkinact/Ki


(Figure 4). Despite the relatively narrow range of pKa


values (7.97–10.10) of the parent phenols of the
compounds studied, this plot shows clearly a strong
relationship between the potency of the inactivator
and the pKa value of the parent phenol (blg=�1.1�
0.2). The steep slope of this plot and its linear char-
acter imply a high degree of charge development in
the transition state. This result suggests strongly that
the cleavage of the ArO�S bond of the sulfamate is
the first irreversible step in the inactivation reaction
and, to our knowledge, provides the first direct evi-
dence that the inactivation of sulfatases by aryl sulfa-
mates occurs through this specific chemical step.
This conclusion is consistent with the unpublished
data reported by Nussbaumer and Billich, who
claimed that estrone sulfatase inactivation by EMATE
labelled with [3H] on the steroid moiety did not
result in radiolabelling of the enzyme.[5]


The scission of the ArO�S bond of an aryl sulfa-
mate during inactivation implies that the stoichiome-
try of the inactivation process can be measured by
quantifying the release of the parent phenol upon
reaction with PaAtsA (Figure 5B). The results for 4,
COUMATE, and FLAVOMATE are shown in Table 3. A
complementary approach, termed “residual-activity titration”,
was used to study the same three sulfamates, as well as three
other sulfamates derived from poorly chromo-/fluorogenic
phenols: 9, 11, and 667COUMATE. The residual enzyme activity
was measured by the titration of enzyme activity with a sub-
stoichiometric amount of the inactivator (Figure 5A). Compari-
son of the stoichiometry determined from these two titration
methods revealed comparable titration results (Table 3). The
stoichiometry varied for the different aryl sulfamates, with the
ratio [I]/[E] in the range 3–6. Interestingly, more-potent inacti-
vators (with higher kinact/Ki values) gave higher titration results.
The observation that more-reactive sulfamates react with a
higher inactivation stoichiometry indicates that the stoichiome-
try-determining step of the inactivation process involves the
loss of the phenol leaving group.


Potter and co-workers[10] and Hanson et al.[18] proposed sev-
eral possible mechanistic alternatives for the inactivation of
sulfatases by sulfamates. Our observation of the strong de-
pendence of inactivation efficiency upon the pKa value of the
parent phenol and detection of released phenol upon inactiva-
tion provide strong evidence in favour of a mechanism involv-
ing scission of the ArO�S bond during the inactivation process.
The following alternatives are plausible (Scheme 3): A) The ad-
dition of an aryl sulfamate (or its conjugate base) to the alde-
hyde form of PaAtsA to afford an N-alkyl sulfamate ester hemi-


aminal, followed by the loss of the corresponding phenol de-
rivative, can lead to either an N-alkyl sulfamic acid hemiaminal
or an iminosulfamic acid; B) SN2 substitution at the sulfur atom
of the aryl sulfamate by the hydrated form of FGly can lead to
the expulsion of the parent phenol and formation of an
enzyme a-hydroxysulfamate; C) E1cB elimination of the sulfa-
mate or its conjugate base can lead to the formation of HNSO2


(possibly with the assistance of a divalent cation in the active
site) and its subsequent addition to an active-site nucleophile;
finally, D) SN2 substitution at the sulfur atom of the aryl sulfa-
mate by an active-site nucleophile can lead to a direct transfer
of the sulfamoyl group to the nucleophile. Additionally, general
base-assisted reactions of the enzyme a-hydroxysulfamate that
results from mechanism B might occur: 1) elimination of sulfa-
mic acid to regenerate the aldehyde form of FGly, and subse-
quent reaction of sulfamic acid with an active-site residue, or
2) elimination of HNSO2, which then reacts according to mech-
anism C. However, the inactivation of PaAtsA by sulfamic acid
formed in (1) is ruled out, because sulfamic acid does not
cause detectable inactivation of PaAtsA (data not shown).


Although it is well known that aryl sulfamates react prefer-
entially through an E1cB mechanism, such as B1 or C, unsub-
stituted sulfamates can react through a bimolecular SN2-type
mechanism, such as that shown in D, albeit at low rates.[31]


N,N-Dialkyl sulfamates, which react exclusively through an SN2


Scheme 3. Proposed mechanisms for the inactivation of PaAtsA by aryl sulfamates.
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mechanism, are not inactivators of estrone sulfatase.[33] Al-
though this observation could be interpreted to rule out a bi-
molecular SN2 reaction in the active site, it is possible that N,N-
dialkyl-substituted sulfamates cannot react with an active-site
residue owing to steric factors. Comparison of the slope of the
Brønsted plot obtained in this study for the inactivation of
PaAtsA (blg=�1.1) with that measured for the uncatalysed hy-
drolysis of aryl sulfamates at pH 7 (blg=�1.2) provides circum-
stantial evidence in favour of a direct elimination mechanism
that involves the formation of HNSO2 (mechanism C).[31] The
similarity of the two slopes implies similar degrees of charge
transfer and similar transition states for the two processes. Un-
fortunately, however, to the best of our knowledge, the corre-
sponding Brønsted relationship for SN2 substitution has not
been reported. Further support for mechanism C is the obser-
vation that the hydrogen atom on the N atom of sulfamates is
relatively acidic (for example, the pKa value of 4-nitrophenyl
sulfamate is 7.29).[31] It is likely that at pH 7 all sulfamates stud-
ied are present as their conjugate base (ArOSO2NH�) to a sig-
nificant extent, whereas at pH 5 only the protonated form is
present. The inability of sulfamates to inactivate PaAtsA at
pH 5 implies that the conjugate base of the sulfamate is the
reactive species required for inactivation, as suggested previ-
ously for steroid sulfatase.[11] Alternatively, an acidic active-site
residue that is fully protonated at pH 5 might be required for
inactivation. The dependence of inactivation on the pH value
suggests that mechanism D, which involves nonspecific sulfa-
moylation of PaAtsA by direct SN2 reaction at the sulfur atom
without the involvement of a general base, is unlikely.


Any mechanistic proposal for the inactivation of sulfatases
by aryl sulfamates must be consistent with the variable inacti-
vation stoichiometry observed in this study. As proposed previ-
ously,[11] multiple sulfamoylation could occur through specific
labelling of a set of reactive residues (possibly by a direct SN2
mechanism as in D, or through the random sulfamoylation of
active-site residues, for example, by the intermediate HNSO2).
Disappointingly, our attempts to observe adducts on inactivat-
ed PaAtsA by ESIMS were unsuccessful : although PaAtsA ionis-
es efficiently in the mass spectrometer and provides an excel-
lent ion current, no adducts were observed. The strongly acidic
conditions used for ESI (formic or trifluoroacetic acid) might
result in the cleavage of any adduct.


The simplest explanation for the variable reaction stoichiom-
etry observed is the existence of two reaction processes that
occur in parallel. One process (e.g. , A or B2) leads to inactiva-
tion of the enzyme and is the process detected when inactiva-
tion kinetics are measured. A second process, which might be
independent of the first, results in either multiple cycles of in-
activator turnover (e.g. , B1) or the direct sulfamoylation of as-
sorted enzyme residues (e.g. , C or D). The variable inactivation
stoichiometry, which increases for more reactive sulfamates,
suggests that more reactive inactivators are either turned over
more times or sulfamoylate more enzyme residues. The first-
order nature of enzyme inactivation suggests that mechanism
A occurs. Similarly, the pH dependence of inactivation, which
does not occur at pH
5, suggests that mechanism C is re-
sponsible for the nonunity stoichiometry of inactivation. It is


quite possible that additional sulfamoylation of an already in-
activated enzyme occurs. Such reactions are in effect kinetically
invisible, as they are obscured from detection during the mea-
surement of inactivation kinetics ; however, they are still mea-
sured in the titration experiments. Notably, the inactivation of
estrone sulfatase by EMATE,[9] COUMATE,[10] and 667COU-
ACHTUNGTRENNUNGMATE[11] occurs with biphasic kinetics, whereby a slower inacti-
vation process occurs after partial inactivation. Thus, multiple
sulfamoylation reactions are probably occuring with this close-
ly related enzyme. Nucleophiles of PaAtsA that might undergo
sulfamoylation include the gem-diol of FGly51 and other con-
served nucleophiles in the active site, such as Lys113, His115,
His211, and Lys375 (Scheme 4).[14] These residues are equivalent
to those suggested for the inactivation of steroid sulfatase by
sulfamates.[11]


Conclusions


Although aryl sulfamates were described as effective sulfatase
inactivators more than a decade ago, and despite the fact that
667COUMATE is in clinical trials as an estrone sulfatase inacti-
vator, their mechanism of action remains obscure. We have
studied the bond-breaking steps that occur during inactivation
and the stoichiometry of inactivation of a model sulfatase,
PaAtsA. On the basis of studies with a range of aryl sulfamates
of varying reactivity, we present the first conclusive evidence
that the inactivation of sulfatases by aryl sulfamates occurs
through cleavage of the ArO�S bond. In support of this con-
clusion, we observed directly the loss of the phenolic moiety
during the inactivation process by photo- and fluorometric
techniques. Titration studies revealed a nonunity stoichiometry
of inactivation, and the results imply that multiple sulfamoyla-
tion reactions occur during inactivation. Our results support
the sulfamoylation of the enzymic FGly residue in a reaction
that proceeds through an ElcB mechanism and involves an
HNSO2 intermediate. However, other nonspecific enzyme-label-
ling processes are likely to occur in parallel with specific active-
site labelling. The identification of the ultimate dead-end prod-
uct of inactivation by sulfamates, which might have implica-
tions for the potential immunogenicity of sulfamate inactiva-
tors when used clinically, has proven to be an extremely chal-
lenging task. Structural elucidation of the inactivated form of a
sulfatase and detailed kinetic investigations of inactivation stoi-
chiometry by using active-site mutants of PaAtsA are required


Scheme 4. Structures of possible sulfamoylated active-site residues derived
from the sulfamoylation of lysine, histidine, and FGly.
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to provide further evidence for the identity of the enzyme resi-
due(s) that undergo sulfamoylation.


Experimental Section


General : Spectrophotometric measurements were performed with
a Cary-50 Bio UV/Vis spectrophotometer (Varian) equipped with a
circulating water bath and 18-cell accessory, in disposable Dynalon
UV-grade disposable methacrylate cuvettes with a path length of
1 cm (Sigma–Aldrich). Fluorometric measurements were performed
with a Cary Eclipse fluorometer (Varian) in disposable polystyrene
cells with a path length of 1 cm (Starna). Buffer A is 25 mm bis-tris
propane/25 mm glycine/0.05% bovine serum albumin (BSA); buf-
fer B is 50 mm citric acid/potassium citrate/0.05% BSA; and buf-
fer C is 100 mm potassium phosphate.


Kinetic analysis of PaAtsA : Assays were conducted at 37 8C in buf-
fer A. Kinetic measurements with potassium 4-methoxyphenyl sul-
fate (1) were performed at pH 7 with or without 5% EtOH, or at
pH 9. Reactions were performed in triplicate and were initiated by
the addition of the enzyme solution with a syringe to a preincubat-
ed buffer containing 1 (at seven concentrations, 0.3–12JKm) to a
final enzyme concentration of 41 nm for assays at pH 9 and 81 nm


for assays at pH 7. The hydrolysis rate was monitored continuously
with a UV/Vis spectrophotometer (De296=1640m


�1 cm�1). Kinetic
measurements with potassium 4-methylumbelliferone sulfate (2)
were performed at pH 9. Reactions were initiated by the addition
with a syringe of the enzyme solution to a final concentration of
0.41 nm to preincubated buffer containing 2 (at 12 concentrations,
0.02–8JKm), and the hydrolysis rate was monitored continuously
with a fluorescence spectrophotometer (2 : lex=359 nm, lem=
451 nm; slit width: 2.5 and 5 nm). Linear rates were analysed by
nonlinear regression analysis by using GraFit 4.05 (Erithacus Soft-
ware Ltd. , Surrey, UK) to obtain kcat and Km values. Comparative
ACHTUNGTRENNUNGactivity assays at pH 3, 5, 7, and 9 were performed by adding the
enzyme (41 nm) to substrate 1 (3 mm) in buffer A at pH 7 or 9 or
buffer B at pH 5 and monitoring the linear hydrolysis rate as
above. In stability assays, the enzyme was preincubated for 0–
60 min in the respective buffer and assayed in buffer A at pH 9 as
described above.


Determination of the Ki value of sodium tetraborate : The Ki


value of sodium tetraborate was determined from the initial rate of
hydrolysis of 1 in buffer A at pH 9 and 37 8C in the presence of
sodium tetraborate. Substrate concentrations spanned from Km/3
to 3JKm, and inhibitor concentrations spanned from Ki/3 to 2.5JKi.
Reactions were initiated by the addition of PaAtsA, and the initial
rate was monitored at 296 nm. The data obtained were subjected
to nonlinear regression analysis by using GraFit. Ki(sodium tetra-
ACHTUNGTRENNUNGborate)=178�14 mm.


PaAtsA inactivation assays : Each inactivation mixture contained
the enzyme (9 nm) in buffer A at pH 7 (285 mL). Inactivation reac-
tions were initiated by the addition of an aliquot (15 mL) of a stock
solution of one of the aryl sulfamates 4–12, COUMATE,
667COUMATE, or FLAVOMATE in EtOH to the preincubated solution
of the enzyme. The resulting mixture was incubated at 37 8C in a
water bath, and samples (20 mL) were taken every 15–30 s until no
enzyme activity was detectable. The samples were then diluted
into preincubated buffer A containing substrate 2 (1.98 mL, 30 mm)
at pH 9 and 37 8C, and residual enzyme activity was monitored by
fluorometry (2 : lex=359 nm, lem=451 nm; slit width: 5 nm). In the
control assay, the solution of the sulfamate was replaced with
EtOH. Inactivation was stopped by 100-fold dilution into a buffer


containing the substrate 2. The concentration of the sulfamate in
the inactivation mixture ranged from 0.1–5JKi for compounds 7–
12 and 0.3–1.6JKi for compounds 4–6, COUMATE, and 667COU-
ACHTUNGTRENNUNGMATE, with reactions at 7–10 of these concentrations performed in
duplicate. The inactivation of PaAtsA by FLAVOMATE was too rapid
for the acquisition of reliable data; therefore, only an estimate is
presented. Pseudo-first-order rate constants (k) for each inactivator
concentration were determined from the slope of the semilogarith-
mic plot of residual rate, vres, of the hydrolysis of substrate 2
against preincubation time, t, according to Equation (3):


ln ðvres=v0Þ ¼ �k � t ð3Þ


The kinact and Ki values were obtained by nonlinear regression data
analysis by GraFit according to Equation (4), in which [I] is the con-
centration of the inactivator:


k ¼ kinact � ½I�
K i þ ½I�


ð4Þ


The time dependence of inactivation at various pH values at 37 8C
was tested at a single concentration of the inactivator phenyl sulfa-
mate (11): An inactivation mixture containing the enzyme (1.8 mm)
and 11 (20 mm) was incubated in buffer A at pH 7 or 9, or buffer B
at pH 5, with 5% EtOH, and aliquots were taken every 30 s until no
enzyme activity was detectable. The aliquots were assayed by 50-
fold dilution in buffer A at pH 9 containing substrate 1 (3 mm) and
preincubated at 37 8C, and the hydrolysis rate was monitored
ACHTUNGTRENNUNGcontinuously by using a UV/Vis spectrophotometer (De296=
1640m


�1 cm�1). Semilogarithmic plots were constructed to obtain
the respective pseudo-first-order rate constants (k) according to
Equation (3).


To assess the protection from sulfamate inactivation of PaAtsA by
the competitive inhibitor sodium tetraborate, an inactivation mix-
ture containing the enzyme (1.8 mm), sodium tetraborate (at six
concentrations, 0–2 mm), and 11 (20 mm) was incubated in buffer A
at pH 9 with 5% EtOH at 37 8C. Samples were taken at regular time
intervals and assayed at 296 nm as described above. Residual hy-
drolysis rates were corrected for the presence of tetraborate in the
assay according to Equation (5), in which vcorr is the corrected resid-
ual rate, vapp is the observed residual rate, [Ic] is the assay concen-
tration of sodium tetraborate, Kc is 178 mm, and [S] is the concen-
tration of substrate 1 (3 mm):


vcorr ¼ vapp �
�
1þ Km � ½Ic�=Kc


Km þ ½S�


�
ð5Þ


Pseudo-first-order rate constants (k) were determined according to
Equation (3). A plot of inverse pseudo-first-order rate constant (k�1)
against tetraborate concentration [Ic] allowed the calculation of the
Ki value of the inactivator according to Equation (6), in which [Ic]0 is
the tetraborate concentration corresponding to the intersection of
the plot with the x axis (k�1=0), and [I] is the inactivator concen-
tration (20 mm):


K i ¼ �
Kc � ½I�
½Ic�0 þ Kc


ð6Þ


To study the irreversibility of PaAtsA inactivation by phenyl sulfa-
mate (11), the enzyme (6.5 mm) was incubated with 11 (1 mm) in
buffer A at pH 7 or 9 without BSA (total volume 1.5 mL) at 37 8C.
After 20 min, an activity check (3 mm substrate 1 in buffer A at
pH 9) confirmed full enzyme inactivation. The sample was dialysed
against buffer A (6J8 mL) by using an Amicon YM-10 centrifugal
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ultrafiltration device (Millipore) at 3000 rpm and 4 8C to a final
volume of 200–500 mL. Subsequent activity measurement con-
firmed no recovery of activity. A control sample, without 11, was
treated in the same way with no loss of activity observed. Reactiva-
tion of inactivated PaAtsA was tested as follows: A sample of
PaAtsA (6.5 mm, 1.5 mL), inactivated at pH 7 as described above,
was loaded with a syringe (5 mLmin�1) onto a Hi-Trap Desalting
column (5 mL, GE Healthcare) equilibrated with buffer B (pH 5)
without BSA. The enzyme was eluted at 4 8C in one fraction (1 mL)
after a void volume (1.5 mL). The enzyme was incubated at pH 5
for 1 h at 37 8C. During this period, aliquots were assayed for activi-
ty (3 mm substrate 1 in buffer A at pH 9). No recovery of activity
was observed. The control sample maintained activity during
ACHTUNGTRENNUNGpurification but lost substantial activity after 1 h at 37 8C in a buffer
at pH 5.


Active-site titration by residual-activity assay : Inactivation mix-
tures containing the enzyme (163 nm) and 4, 9, COUMATE,
667COUMATE, or FLAVOMATE (at ten concentrations (0–5 mm), at
seven of which nonzero residual activity was observed) were incu-
bated in buffer A at pH 7 with 5% EtOH at 37 8C. Samples were
taken after 1, 3, 5, 7, 9, and 11 min of incubation, diluted 100-fold
into buffer A (pH 9) containing substrate 2 (30 mm), and assayed by
fluorometry (lex=359 nm, lem=451 nm; slit width: 2.5 nm). For
samples taken after 3–11 min, a time period of � t0.95 to �4J t0.95
had elapsed. The time required for at least 95% inactivation of the
enzyme (t0.95) for 9, the slowest inactivator in the series, was 153 s
at 94 nm, the lowest concentration used. The residual hydrolysis
rate (vres/v0) was plotted against the ratio of the concentrations of
the inactivator and the enzyme [I]/[E] , and the intersection of the
plot with the x axis (vres=0) revealed the inactivation stoichiome-
try.


A higher enzyme concentration (325 nm) and longer incubation
times (1.5–6.5 h) were used for the assays of inactivator 11 (13 con-
centrations, 0–5 mm) as a result of its low kinact/Ki value (t0.95=
187 min at 63 nm, the lowest concentration used).


Active-site titration by measurement of the amount of released
phenol : Reaction mixtures containing sulfamate 4 or COUMATE
(100 mm) and PaAtsA (at five concentrations, 0.81–9.8 mm) were
ACHTUNGTRENNUNGincubated in buffer B at pH 7 with 5% EtOH at 37 8C, and the
amount of released chromophore was monitored by UV/Vis spec-
trophotometry for 5 min (at pH 7; De270=4100m


�1 cm�1 and
De340=9100m


�1 cm�1 for 4 and COUMATE, respectively) to ensure
that the absorbance remained constant after 1 min (� t0.95). An
ACHTUNGTRENNUNGinactivator blank (enzyme substituted by a buffer) and a protein
blank (sulfamate substituted by EtOH) were treated analogously
and used to correct the experimental value. The concentration of
the phenol released in each inactivation mixture was plotted
against the enzyme concentration. The slope of the line of best fit
afforded the inactivation stoichiometry.


For FLAVOMATE, the quantity of released flavonol was determined
by detection of the fluorescent aluminium chelate formed by the
addition of aluminium ACHTUNGTRENNUNG(III) to flavonol.[30] Inactivation mixtures
(300 mL) containing FLAVOMATE (10 mm) and the enzyme (0.18–
0.81 mm) were incubated in buffer A at pH 7 with 5% EtOH at
37 8C. After 1 min (� t0.95), the inactivation mixture was added to a
mixture of AlCl3 in water (0.01m) and buffer B at pH 5 (2:3, final pH
value: 4.5). The chelate was allowed to develop (4 min) and was
quantified by fluorometry (lex=400 nm, lem=450 nm; slit width:
10 nm) by comparison with a calibration curve. The value found
for the sample was corrected against the fluorescence of a reaction
blank (with the enzyme substituted by a buffer). The concentration


of the chelate formed in each inactivation mixture was plotted
against the enzyme concentration, with the slope of the plot indi-
cating the inactivation stoichiometry.
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Introduction


Anthracycline antibiotics such as doxorubicin, daunorubicin,
aclarubicin, epirubicin, pirarubicin, valrubicin, idarubicin, and
amrubicin are nowadays in clinical use for the treatment of a
wide variety of cancers such as acute myeloid leukemia, lym-
phomas, and a diversity of solid tumors including breast, small
cell lung, cervical, head, and neck cancer.[1] They represent 5%
of a total of 155 anticancer agents that have earned clinical
ACHTUNGTRENNUNGapproval during the last forty years,[1, 2] the first three anthracy-
clines being natural products and the others being derived
from natural products by semisynthetic modifications. In addi-
tion, around 400 anthracyclines from different sources such as
screening and biosynthetic studies have been reported,[3] while
2000 additional analogues have been developed by structural
modification of natural compounds or by total and semisyn-
thesis.[1,4, 5, 6] However, several limitations exist, usually related
to the clinical use of anthracyclines, in particular drug resist-
ance and cardiac toxicity, which has prompted intensive re-
search to develop new derivatives through biosynthetic stud-
ies or chemical synthesis.[1,5, 6]


The cytotoxic activities of anthracyclines are mainly a result
of DNA intercalation and interaction with the topoisomer-
ACHTUNGTRENNUNGase II–DNA complex, which results in the induction of DNA
breakage, finally leading to apoptosis and cell death.[7] The
sugar moieties of anthracyclines are critical for the anticancer
activity, as is also the case for the biological activities of many
other drugs,[8,9] since the aglycones themselves are usually
ACHTUNGTRENNUNGinactive.[6] As regards the sugar moieties, studies directed to-
wards investigation of the roles of the aminosugars in some


anthracyclines have shown that the amino group in position C-
3’ is not essential for cytotoxic activity and can be replaced by
a hydroxy group, which results in reduced DNA-binding activi-
ty but is not an essential determinant for drug activity.[10] In
ACHTUNGTRENNUNGaddition, the presence and orientation of a hydroxy group at
position C-4’ has been shown to be an important determinant
for anthracycline activity. Consequently, Zhu and collaborators
have proposed 2,6-dideoxyhexoses as a better choice for gen-
erating biologically active anthracycline derivatives through
the synthesis of several daunorubicin analogues containing
ACHTUNGTRENNUNGuncommon sugars.[6]


In recent years, with the isolation of a number of biosynthet-
ic gene clusters and thanks to the advantages of the develop-
ment and improvement of DNA recombinant technology and
of the flexibility of enzymes involved in secondary metabolism,
a new process to obtain new bioactive compounds—combina-
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Expression of the steffimycin gene cluster in Steptomyces albus
in combination with plasmids directing the biosynthesis of differ-
ent neutral and branched-chain deoxyhexoses led to the identifi-
cation of twelve new glycosylated derivatives of steffimycin with
different degrees of decoration in the tetracyclic core. These ex-
periments demonstrate the flexibility of l-rhamnosyltransferase
StfG for recognition of a variety of d- and l-deoxyhexoses, har-
boring different degrees of deoxygenation as 2-deoxyhexoses,
2,6-deoxyhexoses, and 2,3,6-deoxyhexoses, and their attachment
to 8-demethoxy-10-deoxysteffimycinone. In addition, the flexibility
of 3’-O-methyltransferase OleY, from Streptomyces, for the meth-
ylation of deoxyhexoses attached to the steffimycin aglycone is
shown by expression of oleY in Streptomyces steffisburgensis,


leading to the isolation of 3’-O-methylsteffimycin. Analysis of the
biological activities of these compounds against three human
tumor cell lines—breast adenocarcinoma, non-small cell lung
cancer, and colon adenocarcinoma—revealed two of them, 3’-O-
methylsteffimycin and d-digitoxosyl-8-demethoxy-10-deoxysteffi-
mycinone, to possess improved antitumor activities, showing GI50
values below 1.0 mm, while steffimycin’s GI50 values fluctuate
ACHTUNGTRENNUNGbetween 2.61 to 6.79 mm depending upon the cell line used. The
antitumor activity data provide some insights into the structure–
activity relationships of the new steffimycin derivatives, in rela-
tion to the configuration of hydroxy groups at positions C-3’ and
C-4’ of the sugar moiety and positions C-8 and C-10 of the tetra-
cyclic core.
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torial biosynthesis[11–13]—is attracting great attention. In partic-
ular, great interest has been drawn to combinatorial biosynthe-
sis with the use of genes involved in the biosynthesis of deoxy-
hexoses present in natural products produced by microorgan-
isms.[8,14–16]


Steffimycin is a member of the anthracycline family. It had
previously been reported to show a low inhibitory effect on
the growth of mouse leukemia L1210[17] and P388 cells[18] but
to be able to induce a high apoptotic response in HCT116
colon carcinoma cells expressing p53 by inducing DNA
damage.[19]


Recently we have reported the isolation and characterization
of the biosynthetic gene cluster for the anthracycline steffimy-
cin from Streptomyces steffisburgensis.[20] Here we describe the
generation of twelve steffimycin derivatives by heterologous
expression in Streptomyces albus of the steffimycin gene cluster
and different combinations of genes directing the biosynthesis
of several deoxysugars. We demonstrate the flexibility of l-
rhamnose glycosyltransferase StfG and, in addition, we show
the ability of 3’-O-methyltransferase OleY from the oleandomy-
cin cluster to methylate deoxyhexoses attached to anthracycli-
nones. Analysis of the biological activities of those compounds
against three human tumor cell lines is also reported.


Results and Discussion


Production of steffimycinone and its derivatives in S. albus


In a recent work we reported the expression of the steffimycin
gene cluster (plasmid pEM4STFa) in the heterologous host
S. albus.[20] The analysis of products accumulated by the corre-
sponding recombinant strain (STFa) led to the identification of
8-demethoxy-10-deoxysteffimycinone, with an HPLC retention
time of 21.25 min and m/z 371 [M+H]+ (compound 1,
Scheme 1A, Figure 1A). In that experiment, no glycosylated
compounds were detected, in agreement with the absence of
genes involved in the biosynthesis of l-rhamnose, the 6-deoxy-
sugar present in steffimycin, in the steffimycin gene cluster.[20]


Compound 1 lacks the steffimycinone sugar moiety, as well as
the methoxy group at the 8-position and the keto group at
the 10-position.
Because of the absence of genes directing the biosynthesis


of l-rhamnose in pEM4STFa and in S. albus, and also in order
to verify that the steffimycin gene cluster contains all the
genes required for the biosynthesis of this anthracycline, plas-
mid pRHAM was introduced into S. albus STFa, generating
strain STFaRHAM. pRHAM has previously been shown to con-
tain all genes necessary for the biosynthesis of l-rhamnose
and, when introduced into a streptomycete host, to endow
the host with the capability to synthesize l-rhamnose.[21] Cul-
tures of strain STFaRHAM analyzed by HPLC showed the pro-


Scheme 1. A) Final steps in steffimycin biosynthesis, and B) structure of e-rhodomycinone.
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duction of different glycosylated metabolites with HPLC reten-
tion times and masses ([M+H]+) of 18.7 min and 517 m/z
(compound 2), 20.1 min and 545 m/z (compound 4), 20.3 min
and 531 m/z (compound 3), and 20.7 min and 575 m/z (com-
pound 5) (Figure 1B). Molecular ions corresponding to frag-
ments of those compounds lacking the sugar moiety were de-
tected for each case, corresponding to 371, 385, 371, and 415
m/z ([M+H]+), respectively. All these mass analyses are consis-
tent with compounds 2, 3, 4, and 5, corresponding to 2’-de-
methyl-8-demethoxy-10-deoxysteffimycin, 8-demethoxy-10-de-
oxysteffimycin, 8-demethoxysteffimycin, and steffimycin, re-
spectively (Scheme 1A). These experiments demonstrated that
pEM4STFa contains all the genes required for the tailoring
modification steps and decoration of the sugar moiety that
occurs after l-rhamnose attachment. In addition, production of
steffimycin and intermediates by S. albus STFaRHAM showed
similar titers to those obtained in S. steffisburgensis wild type
(data not shown).
Taking advantage on the production of steffimycin in


S. albus containing plasmids pEM4STFa and pRHAM, we ad-
dressed the possibility of generating novel derivatives of steffi-
mycin by coexpression of plasmid pEM4STFa together with
plasmids directing the biosyntheses of different 2,6-deoxysu-


gars such as aminodeoxysugars, neutral deoxysugars, including
2,3,6-deoxysugars, and branched chain deoxysugars.


Plasmids directing the biosynthesis of aminodeoxysugars


Plasmids pWHM1910 and pWHM1919 contain genes involved
in the biosynthesis of l-daunosamine in S. peucetius and a
gene coding for the DnmS glycosyltransferase responsible for
the attachment of l-daunosamine to e-rhodomycinone during
the biosynthesis of daunorubicin and doxorubicin.[22] The dif-
ference between pWMH1910 and pWHM1919 lies in the ab-
sence in the latter of dnrH, a gene coding for a glycosyltrans-
ferase that might govern the addition of a second l-daunos-
amine to the C-4’ hydroxy group of daunorubicin.[23] Plasmid
pETAS contains genes involved in the biosynthesis of l-ristos-
amine in S. longisporoflavus during the biosynthesis of stauro-
sporine.[24]


HPLC-MS analysis of S. albus containing these plasmids
(strains STFa1910, STFa1919, and STFaETAS) showed no evi-
dence of production of any glycosylated compound. This neg-
ative result might be the result of the inability of StfG to recog-
nize l-aminosugars, although as described below, StfG possess-
es a certain degree of substrate flexibility, being able to attach


Figure 1. HPLC analyses of cultures of S. albus strains: A) STFa, B) STFaRHAM, C) STFaMP1B, D) STFaMP3B, E) STFaLN2, F) STFaLNBIV, G) STFaFL844,
H) STFaFL942, and I) S. steffisburgensis strain STFLR14.
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neutral or branched chain deoxysugars to the aglycone 8-de-
methoxy-10-deoxysteffimycinone. This inability contrasts with
previous reports of glycosyltransferases that normally transfer
aminosugars and have been demonstrated also to transfer
neutral deoxysugars. This is the case with glycosyltransferase
StaG, involved in the attachment of the aminosugar l-ristosa-
mine to the indolocarbazole staurosporine aglycone.[24] In
strains STFa1910 and STFa1919 another glycosyltransferase,
DnmS, is also present[22] (Table 1). The fact that no glycosylated
compounds were produced points to a lack of recognition of
8-demethoxy-10-deoxysteffimycinone by DnmS. Structural dif-
ferences between 8-demethoxy-10-deoxysteffimycinone and e-
rhodomycinone, the natural substrate of DnmS, could be the
reason for the absence of sugar transfer. e-Rhodomycinone
possesses a carboxymethyl group in position C-10, required for
the fourth ring cyclization reaction, a Claisen reaction, during
the biosynthesis of e-rhodomycinone.[25] The 10-carboxymethyl
group is finally removed by esterase DnrP after the introduc-
tion of l-daunosamine by DnmS during daunorubicin biosyn-
thesis.[26] In steffimycin biosynthesis no carboxymethyl group
in position C-10 is present at any time, due to the operation of


a different mechanism for the fourth ring cyclization.[20] It
seems plausible that the C-10 carboxymethyl group of e-rho-
domycinone might be involved not only in the activation of
fourth ring cyclization but also in the recognition of the agly-
cone by glycosyltransferase DnmS.


Plasmids directing the biosynthesis of neutral deoxysugars


For the generation of steffimycin derivatives containing d-
deoxysugars, plasmids pMP1*BII and pMP3*BII were used
(Table 1). Plasmid pMP1*BII directs the biosynthesis of the
2,6-dideoxyhexose d-boivinose.[27] From cultures of strain
STFaMP1B (harboring pMP1*BII), three new compounds with
HPLC retention times and masses ([M+H]+) of 20.26 min and
501 m/z (compound 6), 20.58 min and 515 m/z (compound 7),
and 23.7 min and 515 m/z (compound 8) were isolated (Fig-
ure 1C). In two of them, compounds 6 and 8, fragmentation
ions with masses of 371 m/z, corresponding to 8-demethoxy-
10-deoxysteffimycinone derivatives, were observed. In the
third, compound 7, a fragmentation ion of 385 m/z corre-
sponding to 8-demethoxy-deoxysteffimycinone was observed.


Table 1. Plasmids used in this work and 6-deoxyhexoses synthesized.


Plasmid S. albus strain Genes 6-Deoxyhexose


pEM4STFa[20] STFa steffimycin gene cluster –


pRHAM[21] STFaRHAM oleL, oleS, oleE, oleU


pWHM1910[22] STFa1910 dnrI, dnmJ, dnmV, dnmU, dnmZ, dnrH, dnmT, dnmW, dnmQ, dnmS


pWHM1919[22] STFa1919 dnrI, dnmJ, dnmV, dnmU, dnmZ, dnmT, dnmW, dnmQ, dnmS l-daunosamine


pETAS[24] STFaETAS staMA, staJ, staK, staI, staE, staMB


pLN2[28] STFaLN2 oleV, oleW, oleU, oleY, oleL, oleS, oleE


pLNBIV[29] STFaLNBIV oleV, oleW, eryBIV, oleY, oleL, oleS, oleE


pFL844[30] STFaFL844 oleV, oleW, eryBIV, oleY, oleL, oleS, oleE, urdQ


pMP1*BII[27] STFaMP1B mtmE, mtmD, oleV, eryBII, oleU, oleY


pMP3*BII[27] STFaMP3B mtmE, mtmD, oleV, eryBII, urdR, oleY


pFL942[31] STFaFL942 mtmE, mtmD, oleV, eryBII, eryBIV, eryBIII, eryBVII


pFL947[31] STFaFL947 mtmE, mtmD, oleV, oleW, eryBIV, mtmC, eryBVII


pLR14-b4[33] LR14 oleY –
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According to the observed masses those compounds might
correspond to d-boivinosyl-8-demethoxy-10-deoxysteffimycin
(compound 6), d-boivinosyl-8-demethoxysteffimycin (com-
pound 7), and 3’-O-methyl-d-boivinosyl-8-demethoxy-10-de-
ACHTUNGTRENNUNGoxysteffimycin (compound 8 ; Scheme 2).
Plasmid pMP3*BII directs the biosynthesis of 2,6-deoxysugar


d-digitoxose.[27] Two new compounds—9 and 10, with HPLC
retention times of 19.73 and 20.66 min, respectively (Fig-
ure 1D)—were detected in cultures of strain STFaMP3B (har-
boring pMP3*BII). Masses of 501 and 371 m/z ([M+H]+) corre-
sponding to the parent and fragmentation ions were observed
for both of them. Plasmid pMP3*BII directs the biosynthesis of
the intermediate NDP-2,6-dideoxy-d-glycero-4-hexulose, which
is converted into d-digitoxose by 4-ketoreductase UrdR. In
ACHTUNGTRENNUNGaddition, as a result of C-3 to C-4 tautomerism leading to NDP-
4-keto-2,6-dideoxy-d-glucose and UrdR activity, derivatives
containing d-olivose can be also obtained, although in lower
amounts.[27] In view of this previous information and of the rel-
ative amounts of compounds 9 and 10 produced, they might
correspond to d-olivosyl-8-demethoxy-10-deoxysteffimycin and


d-digitoxosyl-8-demethoxy-10-deoxysteffimycin, respectively
(Scheme 2).
Three plasmids—pLN2, pLNBIV, and pFL844—directing the


biosynthesis of different neutral l-deoxysugars were also used
to generate steffimycin analogues. When plasmid pLN2, which
directs the biosynthesis of the 2,6-deoxyhexose l-olivose,[28]


was expressed in S. albus STFa (strain STFaLN2), production of
two new compounds—11 and 12, with retention times and
masses ([M+H]+) of 20.45 min and 501 m/z and 23.08 min and
515 m/z, respectively—was detected by HPLC-MS (Figure 1E).
Since, in each case, a fragmentation ion with a mass of 371
m/z was observed, these compounds might correspond to
l-olivosyl-8-demethoxy-10-deoxysteffimycin (compound 11)
and l-oleandrosyl-8-demethoxy-10-deoxysteffimycin (com-
pound 12), the latter resulting from the action of the OleY
methyltransferase (Scheme 2).
Production of steffimycin derivatives containing the 2,6-de-


oxyhexose l-digitoxose was achieved with plasmid pLNBIV.[29]


From cultures of strain STFaLNBIV, three new compounds with
HPLC-MS retention times and masses corresponding to the
parent and fragmentation ions ([M+H]+) of 21.5 min and 515/
385 m/z (compound 13), 21.6 min and 501/371 m/z (com-
pound 14), and 23.02 min and 515/371 m/z (compound 15)
were isolated (Figure 1F). These data are consistent with com-
pounds 13, 14, and 15 being l-digitoxosyl-8-demethoxysteffi-
mycin, l-digitoxosyl-8-demethoxy-10-deoxysteffimycin, and 3’-
O-methyl-l-digitoxosyl-8-demethoxy-10-deoxysteffimycin, re-
spectively (Scheme 2).
Plasmid pFL844[30] was used to obtain steffimycin derivatives


containing the 2,3,6-deoxyhexose l-amicetose. Cultures of
strain STFaFL844 showed the presence of a new peak corre-
sponding to compound 16 (Figure 1G), with an HPLC retention
time of 23.54 min and masses of 485 m/z ([M+H]+) for the
parent ion and 371 m/z ([M+H]+) for the fragmentation ion,
that might correspond to l-amicetosyl-8-demethoxy-10-deoxy-
steffimycin (Scheme 2). In addition, three other peaks with the
same retention times and masses as compounds 13, 14, and
15 were also observed (Figure 1F and G). Plasmid pFL844 di-
rects the biosynthesis of l-amicetose and it has been also
shown to produce, although to a lesser extent, l-digitoxose
through the agency of 4-ketoreductase EryBIV acting before
the 3-dehydratase UrdQ removes the C-3 hydroxy group.[30] In
order to allow in vitro antitumor tests, compounds 13, 14, and
16 were purified from cultures of strain STFaFL844. Compound
15 was not recovered in sufficient amount to be tested.


Plasmids directing the biosynthesis of branched-chain
ACHTUNGTRENNUNGdeoxysugars


Two plasmids harboring genes coding for the activities re-
quired for the biosynthesis of the branched-chain 2,6-deoxy-
hexoses l-mycarose (pFL942) and 4-deacetyl-l-chromose B
(pFL947)[31] were also used. Only one of the S. albus strains
generated, STFaFL942, showed the accumulation of a new gly-
cosylated compound: compound 17, with an HPLC retention
time of 23.23 min and a mass of 515 m/z ([M+H]+ ; Figure 1H).
Since the fragmentation ion showed a mass of 371 m/z


Scheme 2. Proposed structures for the new glycosylated steffimycins.
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([M+H]+), compound 17 might correspond to l-mycarosyl-8-
demethoxy-10-deoxysteffimycin (Scheme 2). In addition, traces
of l-digitoxosyl-8-demethoxy-10-deoxysteffimycin (compound
14) were also detected. Both l-mycarose and l-digitoxose
share the common intermediate NDP-2,6-dideoxy-d-glycero-4-
hexulose, which upon C-3 methylation by EryBIII followed by
C-4 ketoreduction leads to l-mycarose and in the absence of
methylation affords l-digitoxose.[31] In the case of strain
STFaFL947 no production of glycosylated metabolites was de-
tected, probably due to the different configurations of methyl
and hydroxy groups at position C-3 between l-mycarose and
4-deacetyl-l-chromose B (Table 2).
In all experiments described above, production of new gly-


cosylated compounds fluctuated with respect to that observed
in control strain STFaRHAM, between 35% for strain STFaFL844
and 7% for strain STFaLN2. However, flexibility of glycosyl-
transferase StfG is clearly demonstrated by the identification of
twelve new glycosylated derivatives of 8-demethoxy-10-deoxy-
steffimycinone, harboring both d- and l-deoxyhexoses, with
different degrees of deoxygenation at positions C-6’ (l-rham-
nose), C-2’ and C-6’ (l-digitoxose, d-digitoxose, l-olivose, and
d-boivinose), and C-2’, C-3’, and C-6’ (l-amicetose), and even
with C-methylation at C-3’ (l-mycarose; Scheme 2). The flexibil-
ity of some anthracycline glycosyltransferases has been shown
previously for AraGT, involved in the biosynthesis of aranciamy-
cin and capable of recognizing 2,3,6-l-deoxyhexoses (l-rhodi-
nose), 2,3,6-d-deoxyhexoses (d-amicetose), and branched chain
2,6-l-deoxyhexoses (l-axenose), in addition to its natural sub-
strate l-rhamnose.[15,32] Another issue is why all the glycosylat-
ed compounds contain either 8-demethoxysteffimycinone or
8-demethoxy-10-deoxysteffimycinone as aglycone. In steffimy-
cin biosynthesis, it is believed that StfPI and StfE introduce the
keto group at C-10 after StfMII has methylated the C-2’ hy-
droxy group in l-rhamnose[20] (Scheme 1). It might be possible
that for the correct activity of StfPI and StfE the presence of a
methoxy group at C-2’ is required. None of the new d- or l-
deoxysugar derivatives identified in this work has a hydroxy
group available in C-2’ for methylation by StfMII. According to
this, only two compounds (7 and 13), produced at low levels,
harboring a keto group at C-10, have been identified


(Scheme 2). The final step in steffimycin biosynthesis is per-
formed by enzymes StfOII and StfMIII, which are believed to
ACHTUNGTRENNUNGintroduce the methoxy group at C-8[20] (Scheme 1A). No deriv-
atives of steffimycin containing decoration at C-8 have been
identified, probably due to the absence of the keto group at
C-10 in most of them, and also probably because of the low
production of compounds containing the C-10 keto group:
compounds 7 and 13.


Expression of oleY in S. albus and S. steffisburgensis


As mentioned above, experiments with strains STFaMP1B,
STFaLN2, and STFaFL844 showed the presence of compounds
8, 12, and 15 (Scheme 2), each of them containing a methyl
group in the sugar moiety. In plasmids pMP1*BII, pLN2, and
pFL844 only one gene—oleY—coding for an O-methyltransfer-
ase is present (Table 1). OleY has been reported to methylate
the hydroxy group present at the C-3’ position of l-olivose in
the 14-membered macrolide l-olivosyl-erythronolide B, leading
to l-oleandrosyl-erythronolide B.[33] This methyltransferase has
been shown to be able to methylate several sugar residues
ACHTUNGTRENNUNGattached to macrolactone rings.[33] However, no methylation at
the C-3’ hydroxy group has been observed when l-olivose or
other deoxysugars are attached to 8-demethyl-tetracenomy-
cin C, an aglycone found in several derivatives of elloramy-
cin.[27,28] In elloramycin and its derivatives the sugar attachment
is established at its aromatic 8-position[27,28] rather than at a
secondary alcohol such as C-7 in steffimycin and other anthra-
cyclines.
To verify that OleY is in fact capable of 3’-O-methylation in


anthracycline compounds, a biotransformation experiment of
steffimycin, which possesses a free hydroxy group at C-3’, was
performed with strain LR14, harboring plasmid pLR14-b4 for
oleY expression.[33] Analysis by HPLC showed the biotransfor-
mation of 40% steffimycin into a new compound, 18
(Scheme 3), with a retention time of 22.19 min and a mass of
589 m/z ([M+H]+). A fragmentation ion with a mass of 415
([M+H]+) was detected. The masses observed fitted with a
steffimycin derivative with an additional methyl group in the
sugar moiety that might correspond to 3’-O-methylsteffimycin.


Table 2. In vitro grown inhibition of three human tumor cell lines by steffimycin and novel derivatives.


Compound Tumor cell line, GI50 [mm]
MDA-MB-231 NSCLC A549 HT29


5 steffimycin 4.87 2.61 6.79
6 d-boivinosyl-8-demethoxy-10-deoxysteffimycin 1.86 >10 >10
7 d-boivinosyl-8-demethoxysteffimycin 0.99 8.75 2.53
8 3’-O-methyl-d-boivinosyl-8-demethoxy-10-deoxysteffimycin >10 14.8 >10
9 d-olivosyl-8-demethoxy-10-deoxysteffimycin 15.2 11 >10
10 d-digitoxosyl-8-demethoxy-10-deoxysteffimycin 0.34 0.59 0.28
11 l-olivosyl-8-demethoxy-10-deoxysteffimycin >10 13 >10
12 l-oleandrosyl-8-demethoxy-10-deoxysteffimycin 17.3 14.8 >10
13 l-digitoxosyl-8-demethoxysteffimycin 4.80 5.39 8.19
14 l-digitoxosyl-8-demethoxy-10-deoxysteffimycin 2.72 15.7 9.14
16 l-amicetosyl-8-demethoxy-10-deoxysteffimycin >10 >10 >10
17 l-mycarosyl-8-demethoxy-10-deoxysteffimycin 17.5 9.33 >10
18 3’-O-methylsteffimycin 0.98 1.16 0.81
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In addition, oleY was expressed in S. steffisburgensis. Cultures
of strain STFLR14 showed the production of steffimycin (com-
pound 5) and 3’-O-methylsteffimycin (compound 18) but no
other steffimycin glycosylated intermediates harboring the C-3’
O-methyl group (Figure 1 I) were detected. These results con-
firm the capability of OleY to methylate steffimycin, suggesting
that it methylates the final product more efficiently than it
does other glycosylated intermediates.


Analysis of biological activity


The antitumor activities of the twelve new steffimycin deriva-
tives obtained were tested against three human tumor cell
lines—breast adenocarcinoma, non-small cell lung cancer, and
colon adenocarcinoma—with steffimycin as reference com-
pound (Table 2). Steffimycin showed moderate antitumor activ-
ity, with GI50 values between 2.61 and 6.79 mm depending
upon the cell line (Table 2). The twelve new compounds tested
can be divided into three different groups according to their
level of antitumor activity with respect to steffimycin. The first
group would include compounds with lower antitumor activity
than steffimycin, their GI50 values being above 10 mm (com-
pounds 6, 8, 9, 11, 12, 16, and 17). The second group would
comprise compounds with GI50 values similar to those shown
by steffimycin (compounds 7, 13, and 14). The third group
would include compounds 10 and 18, showing antitumor
ACHTUNGTRENNUNGactivities between two and 24 times higher than steffimycin
for each cell line (Table 2).
From the results described above and the predicted struc-


tures of the compounds it is clear that methylation of the hy-
droxy group at position C-3’ of 2’-O-methyl-l-rhamnose greatly
increases the activity of steffimycin, as shown by compound
18 (3’-O-methylsteffimycin). In addition, the presence of d-digi-
toxose represents the best improvement in antitumoral activi-
ty, as is shown by compound 10 (d-digitoxosyl-8-demethoxy-
10-deoxysteffimycin). In this compound, additional changes
such as the absence of keto and methoxy groups at positions
C-8 and C-10 might correspond to improvements in activity,
since highly active anthracyclines such as daunorubicin, doxo-
ACHTUNGTRENNUNGrubicin, or epirubicin lack both 8-methoxy and 10-keto groups
or any other decoration at their 8- and 10-positions. However,
on comparison of the GI50 values of compound 6 (d-boivino-
syl-8-demethoxy-10-deoxysteffimycin) versus 7 (d-boivinosyl-8-
demethoxysteffimycin) and those of 13 (l-digitoxosyl-8-de-


ACHTUNGTRENNUNGmethoxysteffimycin) versus 14 (l-digitoxosyl-8-de-
ACHTUNGTRENNUNGmethoxy-10-deoxysteffimycin), the presence of the
keto group at C-10 seems to correspond to a small
improvement in activity against tumor cell lines
NSCLC A549 and HT29 (Table 2).
Other remarkable inferences, such as the impor-


tance of hydroxy group configuration at positions C-
3’ and C-4’ of the sugar moiety, can be drawn from
the antitumor activity data shown in this work. Com-
pounds 9 (d-olivosyl-8-demethoxy-10-deoxysteffimy-
cin) and 10 (d-digitoxosyl-8-demethoxy-10-deoxystef-
fimycin) have the same predicted structure save for
the equatorial or axial configurations of their C-3’ hy-


droxy groups, which translated into better antitumoral activity
for compound 10 with the axial configuration (Table 2,
Scheme 2). In addition, compounds 6 (d-boivinosyl-8-demeth-
ACHTUNGTRENNUNGoxy-10-deoxysteffimycin) and 10 (d-digitoxosyl-8-demethoxy-
10-deoxysteffimycin), with the same predicted configuration at
C-3’ hydroxy group but opposite ones at C-4’ (equatorial in
compound 10), and with no other difference between them
show great differences in antitumor activity against all cell
lines tested (Table 2, Scheme 2). The importance of these
groups for improvement of anticancer activity in daunorubicin
analogues has previously been shown by Zhu and collabora-
tors.[6] In addition, the relevance of changes in the sugar
moiety profile for anticancer activity in aranciamycin has re-
cently been shown.[15]


The best antitumor activities have been gained with com-
pounds harboring a neutral d-2,6-deoxyhexose—d-digitoxose
in compound 10—while the equivalent compound carrying a
l-2,6-dexoxyhexose, l-digitoxose in compound 14, presents an
activity not different from that shown by steffimycin (Table 2,
Scheme 2). However, in other cases, such as with compounds
9 and 11, containing d-olivose and l-olivose, respectively, no
such improvement in antitumor activity is correlated with the
presence of the d-2,6-deoxysugar (Table 2, Scheme 2). Finally,
no improvements in antitumor activity were observed in com-
pounds containing either a neutral l-2,3,6-deoxyhexose, such
as l-amicetose in compound 16, or a branched chain l-2,3-
deoxyhexose such as l-mycarose in compound 17 (Table 2,
Scheme 2).


Structural elucidation


On the basis of the biological activity data and the availability
of different compounds for comparison, the structures of com-
pounds 10, 13, 16, 17, and 18 were elucidated by NMR and
high-resolution MS (see physicochemical data below). These
studies confirmed compound 10 as b-d-digitoxosyl-8-de ACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGoxy-10-deoxysteffimycin. Characteristic for this compound
were the missing 10-oxygen, which is replaced by two protons
(a CH2 signal is visible at d=44.4 in the 13C NMR spectrum),
the missing 8-OMe group, the b-glycosidically bound sugar
(large coupling constant of 1’-H), the 3’-H signal (only small e,a
or e,e couplings), and the 4’-H with one large and one small
coupling.


Scheme 3. Methylation of steffimycin by the 3’-O-methyltransferase OleY.
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Compound 13 was identified as a-l-digitoxosyl-8-demethoxy-
steffimycin. Characteristic for this compound were the missing
8-OCH3 group and the sugar signals (the small coupling con-
stant of 1’-H indicating an a-glycosidically bound sugar), the
equatorial 3’-H with only small couplings besides the H,OH
coupling of 6.5 Hz, and the 4’-H signal (one large a,a coupling
of 9.5 Hz, a H,OH coupling of 7 Hz, and a 3 Hz e,a coupling
with 3’-H).
Compound 16 was identified as a-l-amicetosyl-8-demeth-


ACHTUNGTRENNUNGoxy-10-deoxysteffimycin. Its aglycon showed the same missing
10-CO group and 8-OCH3 signal as found for compound 10,
and the sugar moiety shows characteristic signals for an a-gly-
cosidically linked 2,3,6-trideoxysugar with equatorial 4’-OH
group. Typical for this type of sugar are the complex overlap-
ping multiplets of the 2’- and 3’-CH2 group, which are visible
as CH2 signals in the 13C NMR at typical chemical shifts (dC=


27.9 and 30.0 ppm), as well as the axial 4’H, which showed two
large a,a couplings and two smaller couplings, one of them a
H,OH coupling.
Compound 17 was identified as a-l-mycarosyl-8-demethoxy-


10-deoxysteffimycin. While the aglycon moiety shows the
same characteristics as its counterparts in compounds 10 and
16, the sugar moiety was identified as an a-glycosidically 3-
branched 2-deoxy-l-sugar. Typical for this was the small e,a
coupling of 1’-H, the interrupted spin system, the additional 3’-
CH3 group, and the 4’-H signal as a doublet with only one
large (9.7 Hz) a,a coupling.
Compound 18 was easily identified as 3’-O-methylsteffimycin


because of its additional 3’-OCH3 signal (at dH=3.54 ppm) as
the only difference relative to the 1H NMR spectrum of steffi-
mycin.


Experimental Section


Strains, culture conditions, and plasmids : Streptomyces steffisbur-
gensis NRRL3193, steffimycin producer,[34] and Streptomyces albus
J1074[35] were routinely grown on tryptone soya broth (TSB). Stan-
dard procedures were used for protoplasts formation and transfor-
mation.[36] After regeneration, clones were grown on agar plates
containing A medium (MA) for sporulation.[37]


Plasmid pEM4STFa (Table 1) carrying the steffimycin gene cluster[20]


was used to transform S. albus J1074 protoplasts, leading to strain
STFa routinely selected with apramycin (25 mgmL�1). Plasmids di-
recting the biosynthesis of deoxysugars were used to transform
S. albus STFa protoplasts, leading to the strains listed in Table 1
routinely selected with apramycin (25 mgmL�1) and thioestrepton
(50 mgmL�1). Plasmid pLR14-b4[33] (Table 1) was introduced into
S. steffisburgensis and S. albus by protoplast transformation, and
transformants were selected with thiostrepton (50 mgmL�1), lead-
ing to strains STFLR14 and LR14, respectively.


Biotransformation experiments : Liquid cultures of S. albus LR14
were grown as a seed culture in TSB (30 mL in 250 mL Erlenmeyer
flasks). After 2 days incubation in a rotary incubator (30 8C;
250 rpm), the cultures (2.5%, v/v) were used to inoculate R5A
liquid medium (25 mL). After two additional days of incubation
with shaking, steffimycin dissolved in methanol (100 mgmL�1) was
added to the cultures. After one additional day of incubation the
cultures were harvested for analysis.


Analysis of anthracycline production : Anthracycline production
was assessed by growing S. albus or S. steffisburgensis strains on
solid and liquid R5A medium[37] and analyzed by HPLC and HPLC-
MS as described before[20] to verify the production of novel steffi-
mycin derivatives.


Isolation of the new steffimycin glycosylated derivatives : Com-
pounds produced by S. albus STFaFL844 were purified from 3 L cul-
tures by the procedure described previously.[20] Compounds pro-
duced by S. albus strains STFaFL942, STFaMP1B, STFaMP3B, and
STFaLN2 and by S. steffisburgensis STFLR14 were purified from solid
R5A medium agar plates. Liquid cultures of each strain were
grown as seed cultures in TSB as described above and were used
to inoculate the agar plates. After 5 days at 30 8C, agar media were
extracted with ethyl acetate and concentrated by evaporation with
a rotavapor. The extracts were dissolved in methanol (4–5 mL) and
then chromatographed as described previously.[20]


Physicochemical properties : NMR data were acquired on a Varian
Inova 400 NMR spectrometer; assignments and multiplicities were
based on 2D-experiments (H,H-COSY, HSQC and CIGAR-HMBC) and
comparison with literature data. Signals not listed below were not
observed.


b-d-Digitoxosyl-8-demethoxy-10-deoxysteffimycin (10): 1H NMR
(400 MHz, [D6]acetone): d=1.26 (d, J=6.9 Hz, 3H; 6’-H3), 1.36 (s,
3H; 9-CH3), 1.56 (dd, J1=12.5 Hz, J2=5.4 Hz, 1H; 8-HA), 2.00 (dd,
J1=12.5 Hz, J2=4.0 Hz, 1H; 8-HB), 2.17 (ddd, J1=13.0 Hz, J2=
3.0 Hz, J3=3.0 Hz, 1H; 2’-HA), 2.70 (ddd, J1=13.0 Hz, J2=3.0 Hz,
J3=3.0 Hz, 1H; 2’-HB), 2.86 (d, J=16.6 Hz, 1H; 10-HA), 3.04 (d, J=
16.6 Hz, 1H; 10-HB), 3.08 (dd, J1=9.6 Hz, J2=3.8 Hz, 1H; 4’-H), 3.14
ddd (J1=3.8 Hz, J2=3.0 Hz, J3=3.0 Hz, 1H; 3’-H), 3.78 (dq, J1=
9.6 Hz, J2=6.9 Hz, 1H; 5’-H), 3.99 (s, 3H; 2-OCH3), 5.11 (dd, J1=
5.4 Hz, J2=4.0 Hz, 1H; 7-H), 5.27 (dd, J1=9.3 Hz, J2=3.0 Hz, 1H; 1’-
H), 6.79 (d, J=2.5 Hz, 1H; 3-H), 7.27 (d, J=2.5 Hz, 1H; 1-H), 7.48 (s,
1H; 11-H), 12.23 (br s, exchangeable by D2O, 1H; 6-OH), 12.69 ppm
(br s, exchangeable by D2O, 1H; 4-OH); 13C NMR (100.6 MHz,
[D6]acetone): d=18.2 (C-6’), 28.2 (9-CH3), 38.5 (C-2’), 44.3 (C-8), 44.8
(C-10), 56.1 (2-OCH3), 68.2 (C-9), 68.4 (C-5’), 69.5 (C-7), 72.1 (C-3’),
73.3 (C-4’), 100.3 (C-1’), 106.4 (C-3), 108.1 (C-1), 113.5 (C-11), 116.2
(C-4a), 120.4 (C-5a), 129.1 (C-6a), 133.2 (C-12a), 138.1 (C-11a),
147.5 (C-10a), 162.2 (C-6), 165.6 (C-4), 166.9 (C-2), 187.2 (C-12),
196.1 ppm (C-5); HR-FAB (m/z 500.1672; calcd. for C26H28O10 :
500.1682).


a-l-Digitoxosyl-8-demethoxysteffimycin (13): 1H NMR (400 MHz,
[D6]acetone): d=1.26 (d, J=6.2 Hz, 3H; 6’-H3), 1.40 (s, 3H; 9-CH3),
1.92 (dd, J1=12.3 Hz, J2=6.4 Hz, 1H; 8-HA), 2.08 (dd, J1=12.3 Hz,
J2=4.7 Hz, 1H; 8-HB), 2.20 (ddd, J1=13.0 Hz, J2=3.5 Hz, J3=3.5 Hz,
1H; 2’-HA), 2.29 (ddd, J1=13.0 Hz, J2=3.0 Hz, J3=1.0 Hz, 1H; 2’-HB),
3.09 (ddd, J1=9.5 Hz, J2=7.0 Hz, J3=3.0 Hz, 1H; 4’-H), 3.14 ddd
(J1=6.5 Hz, J2=3.5 Hz, J3=3.0 Hz, 1H; 3’-H), 3.35 (d, J=6.5 Hz, ex-
changeable with D2O, 1H; 3’-OH), 3.27 (d, J=7 Hz, exchangeable
with D2O, 1H; 4’-OH), 3.83 (dq, J1=9.5 Hz, J2=6.5 Hz, 1H; 5’-H),
3.99 (s, 3H; 2-OCH3), 5.01 (dd, J1=6.4 Hz, J2=4.7 Hz, 1H; 7-H), 5.27
(d, J=3.5 Hz, 1H; 1’-H), 6.79 (d, J=2.6 Hz, 1H; 3-H), 7.26 (d, J=
2.6 Hz, 1H; 1-H), 7.49 (s, 1H; 11-H), 12.23 (br s, exchangeable by
D2O, 1H; 6-OH), 12.80 ppm (br s, exchangeable by D2O, 1H; 4-OH);
13C NMR (100.6 MHz, [D6]acetone): d=22.6 (C-6’), 28.2 (9-CH3), 40.9
(C-2’), 48.9 (C-8), 61.2 (2-OCH3), 70.1 (C-7), 72.5 (C-9), 73.4 (C-5’),
76.2 (C-3’), 78.3 (C-4’), 98.4 (C-1’), 105.6 (C-3), 108.1 (C-1), 113.3 (C-
11), 122.7 (C-5a), 146.2 (C-10a), 161.2 (C-6), 163.7 (C-4), 167.0 (C-2),
187.8 (C-12), 196.2 (C-5) 199.2 ppm (C-10). HR-FAB (m/z 514.1464;
calcd. for C26H26O11: 514.1475).
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a-l-Amicetosyl-8-demethoxy-10-deoxysteffimycin (16): 1H NMR
(400 MHz, [D6]acetone): d=1.19 (d, J=6.2 Hz, 3H; 6’-H3), 1.43 (s,
3H; 9-CH3), 1.60 (dddd, J1=11.0 Hz, J2=4.2 Hz, J3=4.2 Hz, J4=
4.2 Hz, 1H; 3’-Heq), 1.68 (m, 1H; 2’-HA), 1.72 (m, 1H; 3’-Hax), 1.79 (m,
1H; 2’-HB), 2.18 (dd, J1=12.1 Hz, J2=5.7 Hz, 1H; 8-HA), 2.26 (dd,
J1=12.1 Hz, J2=3.2 Hz, 1H; 8-HB), 2.88 (d, J=17.3 Hz, 1H; 10-HA),
3.07 (d, J=17.3 Hz, 1H; 10-HB), 3.15 (dddd, J1=11.0 Hz, J2=11.0 Hz,
J3=4.2 Hz, J4=4.2 Hz, 1H; 4’-H), 3.75 (dq, J1=11.0 Hz, J2=6.2 Hz,
1H; 5’-H), 3.98 (s, 3H; 2-OCH3), 4.95 (d, J=4.2 Hz, 1H; 4’-OH), 5.03
(dd, J1=5.7 Hz, J2=3.2 Hz, 1H; 7-H), 5.19 (brd, J1=2.7 Hz, 1H; 1’-
H), 6.78 (d, J=2.5 Hz, 1H; 3-H), 7.25 (d, J=2.5 Hz, 1H; 1-H), 7.47 (s,
1H; 11-H), 12.22 (br s, exchangeable by D2O, 1H; 6-OH), 12.73 ppm
(br s, exchangeable by D2O, 1H; 4-OH); 13C NMR (100.6 MHz,
[D6]acetone): d=17.8 (C-6’), 27.9 (C-3’), 28.4 (9-CH3), 30.0 (C-2’),
43.8 (C-8), 44.9 (C-10), 56.8 (2-OCH3), 68.8 (C-9), 70.4 (C-5’), 69.4 (C-
7), 72.4 (C-4’), 99.4 (C-1’), 106.4 (C-3), 108.1 (C-1), 113.6 (C-11), 116.1
(C-4a), 120.4 (C-5a), 131.2 (C-6a), 132.5 (C-12a), 138.2 (C-11a),
147.1 (C-10a), 162.9 (C-6), 165.6 (C-4), 167.1 (C-2), 187.1 (C-12),
193.8 ppm (C-5); HR-FAB (m/z 484.1735; calcd. for C26H28O9:
484.1733).


a-l-Mycarosyl-8-demethoxy-10-deoxysteffimycin (17): 1H NMR
(400 MHz, [D6]acetone): d=1.20 (s, 3H; 3’-CH3), 1.28 (d, J=6.8 Hz,
3H; 6’-H3), 1.45 (s, 3H; 9-CH3), 1.95 (dd, J1=12.1 Hz, J2=5.3 Hz, 1H;
8-HA), 2.13 (dd, J1=12.1 Hz, J2=6.7 Hz, 1H; 8-HB), 2.15 (dd, J1=
15.0 Hz, J2=3.9 Hz, 1H; 2’-Hax), 2.26 (dd, J1=15.0 Hz, J2=1.1 Hz,
1H; 2’-Heq), 2.82 (d, J=17.1 Hz, 1H; 10-HA), 3.09 (d, J1=9.7 Hz, 1H;
4’-H), 3.31 (d, J=17.1 Hz, 1H; 10-HB), 3.81 (dq, J1=9.7 Hz, J2=
6.8 Hz, 1H; 5’-H), 4.01 (s, 3H; 2-OCH3), 5.01 (dd, J1=6.7 Hz, J2=
5.3 Hz, 1H; 7-H), 5.39 (d, J=3.9 Hz, 1H; 1’-H), 6.79 (d, J=2.5 Hz,
1H; 3-H), 7.25 (d, J=2.5 Hz, 1H; 1-H), 7.48 (s, 1H; 11-H), 12.21 (br s,
exchangeable by D2O, 1H; 6-OH), 12.77 ppm (br s, exchangeable
by D2O, 1H; 4-OH);


13C NMR (100.6 MHz, [D6]acetone): d=17.8 (C-
6’), 27.3 (3’-CH3), 28.5 (9-CH3), 35.1 (C-2’), 43.1 (C-8), 44.9 (C-10),
56.4 (2-OCH3), 68.4 (C-9), 68.9 (C-7), 72.5 (C-3’), 76.6 (C-5’), 78.6 (C-
4’), 100.8 (C-1’), 106.4 (C-3), 108.2 (C-1), 110.3 (C-4a), 113.7 (C-11),
120.6 (C-5a), 132.2 (C-6a), 132.3 (C-12a), 135.5 (C-11a), 146.9 (C-
10a), 162.2 (C-6), 165.5 (C-4), 166.5 (C-2), 181.1 (C-12), 191.2 ppm
(C-5); HR-FAB (m/z 514.1848; calcd. for C27H30O10: 514.1839).


3’-O-Methylsteffimycin (18): 1H NMR (400 MHz, [D6]acetone): d=
1.37 (d, J=6.2 Hz, 3H; 6’-H3), 1.51 (s, 3H; 9-CH3), 3.26 (dd, J1=
3.2 Hz, J2=1.5 Hz, 1H; 2’-H), 3.32 (dd, J1=9.7 Hz, J2=9.2 Hz, 1H;
4’-H), 3.40 (s, 3H; 8-OCH3), 3.50 (s, 3H; 2’-OCH3), 3.54 (s, 3H; 3’-
OCH3), 3.65 (dd, J1=9.7 Hz, J2=3.2 Hz, 1H; 3’-H), 3.78 (dq, J1=
9.7 Hz, J2=6.2 Hz, 1H; 5’-H), 4.05 (s, 3H; 2-OCH3), 4.61 (d, J=
2.3 Hz, 8-H), 5.23 (d, J1=2.3 Hz, 1H; 7-H), 5.61 (d, J=1.5 Hz, 1H; 1’-
H), 6.88 (d, J=2.8 Hz, 1H; 3-H), 7.35 (d, J=2.8 Hz, 1H; 1-H), 8.2 (s,
1H; 11-H), 12.20 (br s, exchangeable by D2O, 1H; 6-OH), 12.78 ppm
(br s, exchangeable by D2O, 1H; 4-OH); HR-FAB (m/z 588.1863;
calcd. for C29H32O13: 588.1843).


Antitumor tests : The antitumor activities of the purified com-
pounds were tested against human tumor cell lines of breast
ACHTUNGTRENNUNGadenocarcinoma (MDA-MB-231), non-small-cell lung cancer (NSCLC
A549), and colon adenocarcinoma (HT29). Quantitative measure-
ment of cell growth and viability was carried out by a colorimetric
type of assay, with use of the sulforhodamine reaction.[38]
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Introduction


The ability to precisely control the size, shape, and surface
functionality of organic/inorganic materials has been continu-
ously required for contemporary developments in the fields of
catalysts, batteries, electronic devices, drug delivery systems,
and so forth. Recently, nanometer-sized particles with con-
trolled shapes have aroused burgeoning interest because of
the beneficial properties that are derived from their high sur-
face area and small dimensions.[1,2] Over the last decade in par-
ticular, numerous studies on the synthesis and physical proper-
ties of carbon nanotubes (CNTs) have been carried out and, in
turn, have opened new avenues for advanced device applica-
tions. One notable example is the CNT-based biological sens-
ing system.[3] CNTs were functionalized with biomolecules via
covalent or noncovalent couplings and then used to detect
complementary bioconjugated molecules.[4, 5] For the covalent
couplings, functional groups including hydroxyl, carbonyl and
carboxyl groups were introduced onto the surface of CNTs
through acid or plasma treatment. In the case of noncovalent
couplings, CNTs were wrapped with various functional materi-
als such as amphiphilic molecules, polymers, and biomaterials
through van der Waals force or p–p stacking. However, these
functionalization approaches have to inevitably go through
complicated reaction steps, and the physical properties of
CNTs might be degraded during the process.[6] Furthermore, it
is difficult to control the surface functionality in both qualita-
tive and quantitative aspects, and the functional groups that
are generated are often unstable under certain environmental


conditions. All other nanomaterials with inert surfaces also
suffer from the same issues. Hence, there is still an urgency to
develop an efficient route to the surface functionalization of
nanomaterials.
Compared with other metals and inorganic semiconductors,


conducting polymers have offered new opportunities for po-
tential applications by virtue of their inherent characteristics
(e.g. , facile synthesis, tunable conductivity, structural diversity/
flexibility, and cost effectiveness).[7] In particular, 1D-conducting
polymer nanomaterials have emerged as excellent candidates
for fabricating state-of-the art sensor devices.[8, 9] The 1D geom-
etry of the nanomaterials provides remarkable advantages
over their film-type counterparts, such as unique anisotropic
electronic properties and simple integration with two-terminal
microcircuits.[10,11] More specifically, when used as the conduc-


We first present a simple yet versatile strategy for the functionali-
zation of polymer nanotubes in a controlled fashion. Carboxylic-
acid-functionalized polypyrrole (CPPy) nanotubes were fabricated
by using cylindrical micelle templates in a water-in-oil emulsion
system, and the functional carboxyl groups were effectively incor-
porated into the polymer backbone during the polymerization by
using pyrrole-3-carboxylic acid (P3CA) as a co-monomer without
a sophisticated functionalization process. It was noteworthy that
the chemical functionality of CPPy nanotubes was readily con-
trolled in both qualitative and quantitative aspects. On the basis
of the controlled functionality of CPPy nanotubes, a field-effect
transistor (FET) sensor platform was constructed to detect specific
biological entities by using a buffer solution as a liquid-ion gate.
The CPPy nanotubes were covalently immobilized onto the mi-
croelectrode substrate to make a good electrical contact with the


metal electrodes, and thrombin aptamers were bonded to the
nanotube surface via covalent linkages as the molecular recogni-
tion element. The selective recognition ability of thrombin aptam-
ers combined with the charge transport property of CPPy nano-
tubes enabled the direct and label-free electrical detection of
thrombin proteins. Upon exposure to thrombin, the CPPy nano-
tube FET sensors showed a decrease in current flow, which was
probably attributed to the dipole–dipole or dipole–charge inter-
action between thrombin proteins and the aptamer-conjugated
polymer chains. Importantly, the sensor response was tuned by
adjusting the chemical functionality of CPPy nanotubes. The effi-
cacy of CPPy nanotube FET sensors was also demonstrated in
human blood serum; this suggests that they may be used for
practical diagnosis applications after further optimization.
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Hyperstructured Organic Materials Research Center
School of Chemical and Biological Engineering, Seoul National University
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tive channel of field-effect tran-
sistor (FET) sensors, 1D-conduct-
ing polymer nanomaterials avoid
the loss in signal intensity by
ACHTUNGTRENNUNGlateral current shunting, and can
present improved sensitivity
through depletion or accumula-
tion of charge carriers in the
bulk of the nanoscale materials,
not only in the surface region.[12]


However, for their practical ap-
plication to various sensor devi-
ces, above all, a reliable ap-
proach to large-scale production
and precise manipulation of 1D-
conducting polymer nanomateri-
als has to be exploited. In the
past,[13, 14] we have explored the
fabrication of several kinds of 1D
nanomaterials by using surfactant templates. It was notewor-
thy that the soft template approach was straightforward and
adaptable to large-scale production.
While there has been plenty of information on the demon-


stration of FET sensors by using CNTs and 1D inorganic semi-
conductor nanomaterials,[3,11] relatively little research has been
done on the application of 1D-conducting polymer nanomate-
rials to FET sensors, especially biosensors.[12] Herein, we de-
scribe a new method for constructing a liquid, ion-gated FET
sensor platform that is based on the controlled chemical func-
tionality of conducting polymer nanotubes. Moreover, we also
examined its performance for selectively recognizing specific
biological species. As a model case, the aptamer–protein inter-
action was chosen to demonstrate the applicability of the
sensor device.


Results and Discussion


First of all, carboxylic-acid-functionalized polypyrrole (CPPy)
nanotubes were successfully fabricated by copolymerizing pyr-
role-3-carboyxlic acid (P3CA) with pyrrole in a reverse (water-
in-oil) microemulsion system. The P3CA functional units were
incorporated into the pyrrole repeating units through a–a’ co-
valent linkages without any degradation in their major physical
properties. Importantly, the carboxylic acid groups that were
introduced can be used as multifunctional sites 1) to covalently
bond specific biomolecules to the nanotube surfaces and 2) to
immobilize the nanotube bodies onto a substrate. In addition,
the chemical functionality of the nanotubes was quantitatively
tuned by adjusting the feeding amount of P3CA. Figure 1
shows field emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM) images of CPPy
nanotubes with different chemical functionalities. The CPPy
nanotubes were fabricated with the P3CA-to-pyrrole molar
ratios of 1:15 (CPNT-1) and 1:30 (CPNT-2). The reverse cylindri-
cal micelles that were generated under the same condition
served as templates for each P3CA/pyrrole copolymerization.
Accordingly, the resulting nanotubes exhibited similar dimen-


sions regardless of their chemical functionality : 30–40 nm in
wall-thickness, and 200–250 nm in diameter.
CPPy nanotubes were characterized by X-ray photoelectron


spectroscopy (XPS) analysis to inspect their chemical function-
ality. Figure 2 displays the XPS C1s spectra of CPPy nanotubes


with different chemical functionalities. The XPS C1s main peak
was deconvoluted into individual components for gaining
qualitative information, and the assignment of C1s compo-
nents is summarized in Table 1. The C1s component that origi-


Figure 1. FE-SEM and TEM (inset) images of CPPy nanotubes with different chemical functionalities : A) CPNT-1,
B) CPNT-2.


Figure 2. XPS C1s spectra of CPPy nanotubes with different chemical func-
tionalities (the arrow indicates the C1s component that originates from car-
boxylic acid groups).


Table 1. Assignment of XPS C1s components for CPPy nanotubes


No.[a] Binding energy[b] [eV] Assignment


C1 288.7 O�C=O
C2 287.6 C=N+


C3 286.5 C�N+ , C=N
C4–C6 285.6, 284.9, 284.0 Ca,


[c] Cb
[c]


[a] Each component (C) was numbered in the order from high binding
energy to low binding energy. [b] Averaged values for both CPNT-1 and
CPNT-2. [c] Carbons that exist in two types of pyrrole rings.
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nates from the carboxylic acid groups was clearly observed
around 288.7 eV (indicated by the arrow). The contribution of
the carboxylic acid component was larger in the spectrum of
CPNT-1 (atomic ratio AC1/AC_total=0.054) than in the spectrum
of CPNT-2 (AC1/AC_total=0.032). This result suggests that the
controlled amounts of P3CA were successfully incorporated
into the polymer chains.
To provide more insight into the chemical functionality,


CPPy nanotubes were conjugated with a fluorescent dye that
bears a carboxyl moiety, that is, pyreneacetic acid. Figure 3 il-
lustrates the reaction procedure for covalent immobilization of
fluorescent dye molecules on the nanotube surface. The first
step involves the coupling reaction of CPPy nanotubes with
ethylenediamine as a diamino linker; this leads to the amino
functionalization of the nanotubes. Covalently linked amine
terminal groups act as anchoring sites for carboxyl com-
pounds. In the second step, pyreneacetic acid molecules are
covalently bonded to the nanotube surface by a condensation
reaction between the carboxyl groups and the surface amino
groups. The fluorescence dye molecules were tracked in the
samples by using CLSM. As shown in Figure 4, the nanotubes
exhibited cyan emission (bright region) with uniform distribu-
tion over their surfaces. Judging from these results, the carbox-
yl groups were thoroughly introduced into the poly-
mer chains, and the availability of the carboxyl
groups as multifunctional sites was also confirmed.
The CPPy nanotubes with controlled chemical


functionalities can be used as signal transducers for
recognizing chemical and biological species. Metal
and inorganic semiconductor nanomaterials, includ-
ing CNTs are commonly integrated with an electrode
substrate by photolithography or e-beam lithogra-
phy. However, conducting polymer nanomaterials
could be inadequate for the lithographic process be-
cause of possible chemical, thermal, and kinetic dam-
ages. In addition, conducting polymers have inher-
ently low adhesion to the electrode substrate.[15] For
these reasons, most conducting polymer nanomateri-
als have been employed for the detection of analytes


in the gas phase exclusively, and not in the liquid phase. To
overcome this limitation, CPPy nanotubes were chemically
tethered onto a surface-modified substrate. The overall reac-
tion steps are represented in Figure 5. Above all, the surface of
the microelectrode substrate was modified with primary amino
groups by using (3-aminopropyl)trimethoxysilane (APS), and
then the nanotubes were immobilized onto the substrate
through coupling reactions between the carboxyl groups of
CPPy and the amino groups of APS. Subsequently, amine-ter-
minated thrombin aptamers as bioreceptors were selectively
bound to the nanotubes through identical coupling reactions
without binding to microelectrodes and substrate. For the co-
valent binding of thrombin aptamers to the carboxyl groups,
the 3’-end of the thrombin aptamer (a 15-mer single-stranded
DNA aptamer: 5’-GGTTGGTGTGGTTGG-3’) was modified with a
primary aliphatic amino linker. In comparison with the attach-
ment of functional biomaterials by physical adsorption, this co-
valent functionalization offers outstanding stability against en-
vironmental perturbation.
Figure 6 displays the FE-SEM image of the nanotubes that


are deposited on the interdigitated microelectrodes. The nano-
tubes formed networks on the electrodes, and provide a suffi-
cient population of the nanotubes for desirable sensor perfor-


Figure 3. Schematic illustration of reaction steps for the covalent immobilization of fluorescent dye molecules on the surface of CPPy nanotubes.


Figure 4. CLSM images of pyreneacetic-acid-conjugated CPPy nanotubes (lexc=458 nm):
A) CPNT-1, B) CPNT-2.
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mance. The interdigitated microelectrode configuration allows
effective electrical contact between the nanotubes and the
electrodes. Therefore, compared with single nanotube devices,
the sensor devices that are based on the nanotube networks
give more opportunities for specific analytes to come into con-
tact with the nanotubes. From this point of view, the nanotube
networks can evoke amplified signals in sensor response, es-
ACHTUNGTRENNUNGpecially at extremely low concentrations.[16, 17] In addition, the
sensor devices are expected to demonstrate higher reliability
in response because the device characteristics such as conduc-
tivity and sensitivity are averaged over a large number of the
nanotubes.[16,17] Importantly, under our experimental condi-
tions, the CPPy nanotubes that were immobilized onto the
substrate were retained without detachment after reaction or
washing steps.
To characterize the electrical properties of CPPy nanotubes


in liquid phase, a FET configuration was constructed by using
an electrolyte as a liquid-ion gate (Figure 7).[18,19] Two Au inter-


digitated microelectrode bands with 40 fingers (width: 10 mm;
length: 4000 mm; interfinger gap: 10 mm) served as source and
drain electrodes, respectively. A reference electrode (Ag/AgCl
3m NaCl) and a counter electrode (Pt wire) were provided in
the electrolyte solution for gate control. The gate potential (EG)
was applied between the reference electrode and the nano-
tubes.
Figure 8 displays the dependence of source–drain current


(ISD) versus source–drain voltage (VSD) for varying EG. Both
CPNT-1 and CPNT-2 showed characteristic p-type accumulation
mode in the EG range of 0 to �100 mV. Moreover, the ISD that
is flowing through the nanotube network channel was modu-
lated by varying EG. Figure 9 shows the dependence of ISD and
transconductance (gm) on EG measured at VSD=�50 mV. Be-
cause polypyrrole is a p-type semiconductor in the doped
state, the negative EG can give rise to an increase in the oxida-


Figure 5. Schematic illustration of reaction steps for the fabrication of sensor
platforms based on CPPy nanotubes: A) aminosilane-treated substrate, B) im-
mobilization of the nanotubes onto a substrate, C) binding of biomolecules
to the nanotubes.


Figure 6. A typical FE-SEM image of CPPy nanotubes that are deposited on
the interdigitated microelectrode substrate.


Figure 7. A schematic representation of a CPPy nanotube sensor platform
with a FET configuration: the source (S), drain (D), and liquid-ion gate (G) are
labelled.
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tion level of polymer chains. Some potential variations that
originate from CPPy–analyte interactions can affect the ISD in a
similar manner to the effect of applying EG. Consequently, the
dependence of ISD on EG confirms that CPPy nanotube FETs can
be effectively employed as the electrochemical sensor for de-
tecting analytes in solution. The liquid-ion gating is capable of
achieving increased transconductance due to the intimate con-
tact between the nanotubes and the gate compared with con-
ventional back gating.[18,19] The maximum transconductance
(gm, max) values of CPNT-1 and CPNT-2 were 2.5K10�4 and 3.4K
10�4 S, respectively, and these values are approximately 102


times higher than those (ca. 10�6–10�7 S) of the previously
ACHTUNGTRENNUNGreported polypyrrole FETs.[20,21]


Aptamers, that is, DNA/RNA oligonucleotide probes that can
substitute for antibodies and even overcome the drawbacks of
antibodies,[22,23] have great potential for biological applications
due to their ability to bind target molecules with high affinity
and specificity.[24–31] For specific label-free detection of target
proteins (human a-thrombin), as described above, the surface
of the CPPy nanotubes was covalently functionalized with
thrombin aptamers, and was treated with a blocking agent
(skim milk) to prevent nonspecific adsorption of undesired spe-
cies. The sensing test was performed to investigate the de-
pendence of sensor response on the chemical functionality at
the VSD (CPNT-1: �15 mV; CPNT-2: �10 mV), where both CPNT-1
and CPNT-2 had similar ISD–EGD characteristics (see Figure 10,


gm, max: ca. 1.2K10
�4 S). Figure 11 exhibits typical real-time ISD


changes (normalized current change, [DI/I0]SD) of FET-type sen-
sors based on aptamer-conjugated CPPy (A-CPPy) nanotubes.
The common serum protein, BSA, was employed as a nontar-
get protein to verify the specificity of A-CPPy nanotubes. Upon
addition of BSA, no significant change in ISD was observed: al-
though the signal in the sensor response slightly fluctuated di-
rectly after adding the protein solution, it levelled off quickly.
When thrombin was added, however, the ISD decreased gradu-
ally and reached the saturated value. Namely, it can be consid-
ered that the sensor response is highly specific to the binding
of thrombin protein to A-CPPy nanotubes.[32–35] The decrease in
ISD might account for the intermolecular interaction that is in-


Figure 8. ISD–VSD characteristics of CPPy nanotube FETs for varying EG from 0
to �100 mV in �10 mV steps: A) CPNT-1, B) CPNT-2.


Figure 9. A) ISD–EG and B) EG–gm characteristics of CPPy nanotube FETs for
VSD=�50 mV.


Figure 10. ISD–EG characteristics for VSD=�15 mV (CPNT-1) and �10 mV
(CPNT-2).


Figure 11. Real-time responses of CPPy nanotube FET sensors measured at
VSD=�15 mV (CPNT-1) and �10 mV (CPNT-2): ISD changes upon consecutive
additions of 90 nm target (thrombin, T) and nontarget (BSA, B) proteins (the
arrow indicates the addition of protein solutions). A control experiment was
performed by using CPNT-1 with no thrombin aptamers attached.
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duced by the formation of thrombin aptamer–thrombin com-
plex. The P3CA-functionalized unit in the polymer backbone
has a large dipole moment (m=2.06 D[36]) and the thrombin
aptamer has an overall negative charge. Thus, the thrombin
that is tethered to A-CPPy nanotubes can lead to dipole–
dipole or dipole–charge interactions between thrombin pro-
teins and the aptamer-conjugated polymer chains.[37,38] In par-
ticular, the negative charge of the thrombin aptamers can be
screened by thrombin proteins when the protein–aptamer
complex is formed. Accordingly, this intermolecular interaction
could reduce the hopping rate of charge carriers either by in-
creasing the Coulomb interaction between positively charged
polymer chains and counterions, or by provoking a conforma-
tional change of the polymer chains from a linear conforma-
tion into a coil conformation.[37,38] To further confirm that the
change in electrical signal was attributed to the specific bind-
ing of aptamer to thrombin, a control experiment was carried
out by using a FET-type sensor that was based on CPNT-1,
with no thrombin aptamers attached. In this case, no measura-
ble change in ISD was detected. As a result, it is evident that A-
CPPy nanotubes have the capability to specifically detect the
presence of thrombin in solution.
Figure 12 shows the sensitivity changes of A-CPPy nano-


tubes towards analytes as a function of thrombin concentra-
tion. The sensitivity was determined from the absolute value of


[DI/I0]SD saturation point, which was measured after the addi-
tion of thrombin. The calibration curves presented nonlinear
behavior at low concentrations (<100 nm), but linear behavior
was observed over a wide range at high concentrations (ca.
100–500 nm). Importantly, the sensitivity of CPNT-1 was higher
than that of CPNT-2 over a wide range of concentration. Con-
sidering that CPNT-1 has a higher density of chemical function-
ality (degree of carboxylic acid group and aptamer introduced)
than CPNT-2, the better sensitivity was achieved with CPNT-1
as a result of the enhanced aptamer–protein interaction. The
detection-limit concentration of thrombin was approximately
50 nm, which is reasonably comparable to the performance of
FET sensors that are based on single-walled CNTs.[39] Several
aptamer-based sensor systems that are based on electronic or
optical detection have shown detection limits that range from


a few nanomolar level to subnanomolar level.[32–35] In general,
the response of FET-type sensors is dependent on the conduc-
tivity of polymers, interelectrode gap, electrolyte, transconduc-
tance, and so forth. Therefore, it is believed that the detection
limit might be improved with precise control over the sensor
parameters.
In addition, the capability of the sensors to detect specific


analytes was examined in a clinically relevant sample, that is,
human blood serum. The blood serum has high ionic strength
when used without dilution and desalting, this has a strongly
negative influence on the sensor response.[40,41] Nevertheless,
under our experimental conditions, the sensors exhibited
ACHTUNGTRENNUNGappreciable signals for the undiluted and undesalted human
blood serum that contained 166 nm thrombin, as shown in
Figure 13. This result suggests the possibility that the CPPy
nanotube FET sensors can be used for practical diagnosis appli-
cations after further optimization.


Conclusions


CPPy nanotubes with controlled chemical functionalities were
covalently immobilized onto the microelectrode substrate for
high-quality electrical contact between polymer transducers
and metal electrodes. Consecutively, thrombin aptamers were
readily tethered onto the nanotubes by covalent linkages with-
out sophisticated surface treatment. Thus, this fabrication ap-
proach might present an efficient route for the construction of
sensor platforms that are based on nanoscale polymer trans-
ducers that are conjugated with molecular recognition ele-
ments. The FET-type sensors that are based on A-CPPy nano-
tubes were successfully constructed by using liquid-ion gating.
The recognition ability of thrombin aptamers, combined with
the inherent charge transport property of CPPy nanotubes
yielded a direct and label-free electrical readout. Importantly,
the sensor response was tunable by adjusting the chemical
functionality of the nanotubes; this provides a novel direction
for sensitivity control. CPPy nanotubes could be also chemical-
ly coupled with fluorescent dyes. Namely, the carboxyl group
of the nanotubes allows covalent conjugation with the func-
tional group of various molecules. Accordingly, it is expected


Figure 12. Calibration curves of CPPy nanotube FET sensors that were mea-
sured at VSD=�15 mV (CPNT-1) and �10 mV (CPNT-2): sensitivity changes as
a function of thrombin concentration.


Figure 13. Responses of CPPy nanotube FET sensors measured at VSD=


�15 mV (CPNT-1) and �10 mV (CPNT-2) in human blood serum: real-time ISD
changes upon addition of 166 nm thrombin (the arrow indicates the addi-
tion of thrombin, T).
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that CPPy nanotubes can be applied to smart transducers[42,43]


as well as molecular probes or DNA/protein carriers.[44–46]


Experimental Section


Pyrrole (Aldrich, 98%) and P3CA (Acros Organics, 95%) were used
as received. Sodium bis(2-ethylhexyl) sulfosuccinate (AOT; Aldrich,
98%) was employed as a surfactant, and hexane (Aldrich, 99%)
was used as an apolar solvent.


CPPy were prepared by copolymerizing pyrrole/P3CA monomers
with careful modification of the previous methods. The copolymer-
ization of pyrrole and P3CA proceeded at two different molar
ratios to control the chemical functionality. First, AOT (7.9 mmol)
was dissolved in hexane (20 mL), and 7m aq. FeCl3 solution
(0.5 mL) was added into the AOT/hexane solution. Subsequently,
P3CA was dissolved in pyrrole; the feeding amounts of pyrrole/
P3CA were 6 mmol/0.4 mmol and 6 mmol/0.2 mmol for CPNT-1
and CPNT-2 samples, respectively. The pyrrole/P3CA monomers
were added stepwise into the AOT/hexane solution, and then the
chemical oxidation polymerization proceeded for 2 h at 15 8C. The
resulting product was thoroughly washed with excess EtOH to
remove the surfactant and other residual reagents. The final prod-
uct was obtained after drying in a vacuum oven at room tempera-
ture. FE-SEM images were taken with a JEOL JSM-6700 F micro-
scope: the samples were coated with a thin layer of gold to elimi-
nate charging effect. TEM images were obtained with a JEOL EM-
2000 EXII microscope: the samples were dispersed in an ethanol
solution, and were deposited on a carbon mesh foil that was sup-
ported on a copper grid. XPS analysis was conducted by using a
Thermo VG Scientific Sigma Probe spectrometer with monochro-
matic AlKa X-ray radiation source.


An efficient condensing agent, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMT-MM), was synthesized ac-
cording to the procedure described by Kunishima et al.[47] Briefly, 2-
chloro-4,6-dimethoxy-1,3,5-triazine was treated with N-methylmor-
pholine/THF (1:1, m/m) for 30 min. The resulting white precipitates
were washed with THF, and then completely dried. The final prod-
uct was stored in a freezer at under �20 8C. Importantly, DMT-MM
was capable of providing excellent yields in the aqueous as well as
alcoholic phases for the condensation reaction between carboxylic
acid and amine groups.


In order to covalently attach the fluorescent dye to the nanotubes,
0.1 wt% CPPy nanotube EtOH solution (20 mL) was mixed with
10 wt% DMT-MM EtOH solution (20 mL) and ethylenediamine
(40 mL) in EtOH (500 mL) for 12 h at 1800 rpm. After washing with
distilled water, the nanotubes were mixed with 10 wt% DMT-MM
ethanol solution (20 mL) and 5 wt% pyreneacetic acid EtOH solu-
tion (40 mL) for 2 h at 1800 rpm. Fluorescence images were ob-
tained with a Carl Zeiss LSM510 confocal laser scanning micro-
scope (CLSM) at the excitation wavelength of 458 nm.


A microarray that consisted of a pair of Au interdigitated micro-
electrodes with 40 fingers was patterned on a glass substrate by a
photolithographic process. The microelectrode substrate was treat-
ed with 5 wt% aq. APS solution for 6 h and then exposed to the
mixture of 0.1 wt% CPPy nanotube EtOH solution (10 mL) and
10 wt% DMT-MM EtOH solution (10 mL) for 12 h. The resulting
CPPy nanotube-immobilized substrate was rinsed with distilled
water. Consecutively, the coupling reaction to attach aptamers on
the nanotube surface was carried out by using the mixture of
10 wt% aq. DMT-MM solution (10 mL), and 1 mm amine-terminated
thrombin aptamer (2 mL) for 12 h. Afterwards, the substrate was


rinsed with distilled water and dried with a stream of nitrogen gas.
All electrical measurements were conducted in a buffer solution
(20 mm Tri-acetate, 140 mm NaCl, 5 mm KCl, 1 mm CaCl2, 1 mm


MgCl2; pH 7.4) with a Keithley 2400 SourceMeter and a Wonatech
WBCS 3000 potentiostat. A solution chamber was designed and
used for all solution-based measurements. Human a-thrombin and
thrombin aptamer were purchased from Sigma–Aldrich and Bio-
ACHTUNGTRENNUNGneer Co. (Daejeon, Korea), respectively. Thrombin aptamer was
modified at 3’ terminus with a primary aliphatic amino linker, NH2-
ACHTUNGTRENNUNG(CH2)5CONHCHACHTUNGTRENNUNG(CH2OH) ACHTUNGTRENNUNG[CH2OPOACHTUNGTRENNUNG(OCH3)CH3] (length: ca. 1.2 nm).
Skim milk was employed as a blocking agent to resist the nonspe-
cific binding. The sensor substrate was treated with 0.1 wt% skim
milk solution. Control experiments were performed to test the spe-
cificity of the sensor response by using bovine serum albumin
(BSA) and pristine CPPy nanotubes: several research groups have
been demonstrated the specificity of thrombin aptamers by con-
trol experiments by using a non-target protein (IgE)[33] and non-
binding sequence aptamers.[34, 35] Human blood serum was pur-
chased from Sigma–Aldrich Co. and was used without any dilution
or desalting.
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