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Low-molecular-weight compounds are able to stabilize the
conformation of proteins that are defective in patients of
inherited diseases. Unspecifically acting chemical chaperones,
including osmolytes, can increase the fraction of the correctly
folded variant protein encoded by the mutated gene. More
recently, the concept of specifically acting chemical chaperones
has been applied to two sphingolipid storage diseases, Fabry’'s
disease! (Figure 1) and Gaucher’s disease? (Figure 2). Studies in
cultured cells and, in the case of Fabry’s disease also in the
animal model, revealed that administration of inhibitors led to a
significant increase in the activity of the variant enzymes and to a
substantial improvement of therapeutic parameters.

Molecular Chaperones

The function of proteins depends on their correct three-dimen-
sional structure. The loss of their native conformation by
denaturation leads to functional deficiency. Whereas many
proteins can autonomously fold into their native structure, that
is, in the absence of other cellular components,® the folding of
other proteins requires the assistance of additional factors, like
protein-disulfide-isomerases, peptidyl-prolyl-cis - trans-isomer-
ases, and molecular chaperones.*¢ A molecular chaperone is a
protein that transiently associates with folding intermediates,
prevents aggregation of intermediately exposed hydrophobic
protein surfaces, and facilitates the adoption of the native
structure. Many of these molecular chaperones act rather
unspecifically and promote the correct folding, assembly, and
targeting of a whole series of unrelated proteins. Recent work
has revealed that the isomerization of secondary amide bonds
might also contribute to chaperone function.”

Of particular importance for the folding of glycoproteins are
lectin chaperones in the endoplasmic reticulum (ER). They
ensure that only correctly folded proteins are transported along
the exocytic pathway to their destination, for example, the Golgi
apparatus, the cell surface, the extracellular space, or the
lysosomal compartment.® This quality control system involves
the membrane-bound chaperone calnexin and the soluble
chaperone calreticulin. Both proteins bind to a-glycosidically
linked terminal glucose residues on monoglucosylated N-
glycans on glycoproteins and, together with a protein-disul-
fide-isomerase, promote correct folding.” Hydrolytic cleavage of
the glucose residue from the glycan chain by glucosidasell
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terminates the association of glycoprotein substrate and the
lectin chaperone. If the glycoprotein has not adopted its correct
structure, a glucose residue is re-added to the N-glycan by a
glucosyltransferase that acts as a folding sensor. This process of
de-glucosidation and re-glucosidation is repeated until the
native conformation of the glycoprotein is acquired. Persistently
misfolded proteins are retranslocated into the cytosol, where
they are ubiquitinylated and degraded by the proteasome.l

In inherited diseases such as cystic fibrosis, mutations in the
gene of a protein can lead to folding-defective variants that do
not successfully pass the quality control system of the ER, so that
only an insufficient fraction of the variant gene product reaches
its destination.

Chemical Chaperones

A series of low-molecular-weight compounds like dimethylsulf-
oxide, methyl-f3-cyclodextrin, and the cellular osmolytes glycerol
and trimethylamine-N-oxide, as well as some ions, can compen-
sate for defects in protein folding and stabilize proteins in their
native conformation.""'3 For these substances, the term
‘chemical chaperone’ was coined.'"¥ For example, calcium ions
promote the correct folding of LDL-receptor-related protein
(LRP; LDL =low-density lipoprotein).l'™! Substances like glycine
betain, choline, proline, or trehalose are able to restore the
activity of the mutated protein chaperone DnaK in Escherichia
colild

The majority of these chemical chaperones requires relatively
high (millimolar) concentrations to be efficient. Like many
molecular chaperones, they show limited specificity and facili-
tate the folding of a range of different proteins. Among the
possible mechanisms discussed for their effects are the stabili-
zation of misfolded proteins, the prevention of aggregation, and
the activation of alternative chaperone systems.!"”)
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Chemical Chaperones

Specific Chemical Chaperones

In addition to the rather unspecifically acting chemical sub-
stances described above, other low-molecular-weight com-
pounds were found to specifically stabilize certain proteins by
binding to their native conformation. For example, 6-amino-
hexanoic acid serves as a specific chemical chaperone for
apolipoprotein A by occupying lysine binding sites on the
protein.'® Hapten ligands like p-nitrophenylphosphocholine
stabilize the native conformation of immunoglobulins." Me-
thotrexate, an inhibitor of dihydrofolate reductase, binds to the
three-dimensional structure of this enzyme and stabilizes its
conformation.?? Similarly, opioid derivates stabilize the delta
opioid receptor in the ER.2" Although these compounds exert
their effect by a mechanism different from the rather unspecifi-
cally acting chemical chaperones, in both cases the fraction of
correctly folded protein is increased.

Evidence is now accumulating that chemical chaperones hold
the promise to correct a range of inherited human diseases that
involve protein folding deficiencies. This will be described in
more detail for specifically acting chaperones applied to two
lysosomal storage disorders, Fabry’s and Gaucher’s diseases.

Fabry’s Disease

The first patients of Fabry’s disease were described in 1898 by
two dermatologists independently, the Briton Anderson and the
German Fabry. Fabry’s disease is a rare, X-chromosomal-linked
metabolic disorder, which results from a defect of a lysosomal
glycosidase, a-galactosidase A. This deficiency leads to the
accumulation of enzyme substrates with terminally a-glycosidi-
cally bound galactose residues. In particular, the deposition of
globotriaosylceramide (Scheme 1) within vascular epithelial cells
accounts for the symptoms of the disease. The enzyme is a
homodimer of 50 kDa subunits; its complementary DNA (cDNA)
and gene have been cloned and numerous mutations (> 160)
have been characterized.’*?

Fabry's disease is characterized by lipid depositions within the
skin leading to painful lesions and pain in the extremities.
Through secondary effects like myocardial infarction, stroke, or
renal failure, the average life expectancy of the patients is
reduced to about 42 years. A variant form of the disease, which
shows a milder progression and a primary impairment of the
heart muscle, has been attributed to enhanced residual activity
of the defective enzyme of more than 5% of normal values. In
patients with normal progression of the disease, the residual
enzyme activity is often barely detectable. As for most lysosomal
storage disorders, the activity of the defective enzyme is not
completely lost, but reduced to small but finite values. Accord-
ing to the so called threshold theory®! which has been
confirmed for the course of several of these diseases, the
severity and progression of the disease correlate with the
residual degrading capacity in the lysosomes of the patients’
cells.”” The application of chemical chaperones has now allowed
the residual activity of mutant a-galactosidase A to be increased
to a significant extent.

p-Galactose as a Specific Chemical Chaperone

Various mutations in the gene of a-galactosidase A lead to
variant forms of the protein that are functionally active but
unstable and that normally do not pass the quality control
system in the ER. Experiments with COS-1 cells and lymphoblasts
expressing o-galactosidase A with such mutations show a
significant increase in enzyme activity when the cells are
cultured in the presence of p-galactose.”> 2! Upon binding of
p-galactose, the conformation of the mutant enzyme is stabi-
lized. While the variant enzyme is especially labile in conditions
of neutral pH, it remains stable over a longer period of time after
reaching the acidic surrounding within the lysosomal compart-
ment.

This observation prompted a clinical trial with a male patient
of 55years of age who suffered from the cardiac variant of
Fabry’s disease and showed the a-galactosidase A mutation
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Scheme 1. Enzymatic reaction catalyzed by a-galactosidase A, which is deficient in patients with Fabry’s disease. In the presence of the sphingolipid-activator protein
SAP-B (saposin-B), the enzyme cleaves glycolipids like globotriaosylceramide. 1-Deoxygalactonojirimycin (1) is a competitive inhibitor of the enzyme but also acts as a

chemical chaperone in the ER.

ChemBioChem 2003, 4, 260 - 264

261





BIO

G328R. An infusion of p-galactose (1 gkg~' body weight) for four
hours per day over three days increased the residual activity of
the enzyme, for example, in the lymphocytes of the patient from
7 to 10% of normal values. This modest increase in enzyme
activity was sufficient to significantly ameliorate the patient’s
condition. After two years of treatment with three daily
infusions, the conditions of the patient were improved to such
an extent that the heart transplantation initially required was not
necessary any more.”!

1-Deoxygalactonojirimycin

Since p-galactose binds only weakly to a-galactosidase A and, in
addition, is metabolically unstable, experiments with 1-deoxy-
galactonojirimycin 1 (Scheme 1), a potent competitive inhibitor
of a-galactosidase A, were performed."” In protonated form,
nojirimycin and its derivatives like 1 mimic the charge distribu-
tion of the transition state of a glycosidase reaction.”® Upon
binding of the competitive inhibitor, the conformation of mutant
a-galactosidase A was expected to be stabilized. Indeed, it was
found that the addition of 1 at a concentration of 20 um to the
culture medium of lymphoblasts expressing various defective
forms of o-galactosidase A (R301Q, Q279E) enhanced the
enzyme activity about 8-fold, up to 45% of normal values. The
elevation of enzyme activity persisted five days after removal of
the inhibitor. Similar results were obtained in COS cells and in
fibroblasts of transgenic mice overexpressing the a-galactosida-
se A mutation R301Q. The oral administration of 1 to these mice
(30 mg kg~ body weight) also led to a significant increase in
enzyme activity in some organs, for example, 18-fold in the heart
muscle. Data concerning the life span of the treated animals
were not included in the publication; however, it was reported
that daily doses of 3 mg of 1 per kg of body weight were well
tolerated by the animals over a period of 140 days. In a further
study, a series of imino sugar derivatives were evaluated for their
ability to enhance a-galactosidase A activity in lymphoblasts
expressing mutant enzyme forms.?” The stabilizing effect of
these compounds was found to correlate with their respective
inhibitory potential. The finding that the enzyme activity was
elevated in the presence of the inhibitor was only observed at
low inhibitor concentrations of up to 20 um; higher doses
reduced the enzyme activity.

Inhibitors as Stabilizers

It has been demonstrated previously that binding of an
analogous gluco-configurated nojirimycin derivative to a gluco-
sidase is strongly pH dependent, with an 80-fold higher affinity
at pH 6.5 than at pH 4.5.5% This might explain the two opposing
effects of nojirimycin compounds as both inhibitors and
stabilizers of glycosidases: In the neutral pH conditions of the
ER, the inhibitors bind strongly to the enzyme. This stabilizes the
native conformation and allows even mutant, less stable variants
of a protein to pass the quality control system of the ER and
reach the correct destination in the cell. In the case of a-
galactosidase A, the protein is transported to the lysosome. In
this acidic environment, the inhibitor is released and the protein
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remains stable. Only at higher inhibitor concentrations would
the onset of enzyme inhibition be observed. Thus, in the case of
mutant enzymes that retain catalytic activity but are predisposed
to misfolding and premature degradation, enzyme inhibitors can
stabilize the native protein conformation. This might enable
correct transport and maturation of the protein, without
necessarily being accompanied by reduction of enzyme activity.
In contrast, enzyme activity of the variant protein might be
enhanced, as in the case of a-galactosidase A."

Gaucher’s Disease

Gaucher’s disease, initially described in 1882, is the most
prevalent of the lysosomal storage disorders.*" The deficiency
of the enzyme glucosylceramide-f-glucosidase leads to the
accumulation of its nondegradable substrate glucosylceramide.
In the most common form of the disease, type |, the reticuloen-
dothelial system of the patients is predominantly affected. The
morphology of macrophages, which have especially large
amounts of glucosylceramide to degrade, is characteristically
changed due to the lipid storage. The occurrence of these so-
called Gaucher cells in the liver, lymph nodes, and spleen causes
an enlargement of these organs, and infiltration of the bone
marrow results in painful skeletal lesions and in a reduction of
hematopoietic cells. In the less frequent forms of the disease,
types Il and Ill, degeneration of the central nervous system is also
observed. Whereas Gaucher’s disease is rare in relation to the
entire population with an incidence of 1 in 40000- 100000
births, it has a significantly higher frequency among the
Ashkenazi Jewish population with an incidence of 1 in 800.
With the exception of Fabry's disease,®? type | Gaucher’s disease
is currently the only inherited sphingolipid storage disorder for
which a causal treatment is possible.B3 In both cases, the
defective enzyme of the patients is replaced by intravenous
infusions of the recombinant protein. This therapy normalizes
the blood parameters and reverses the hepatosplenomegaly.
However, this treatment shows the typical shortcomings of
enzyme replacement therapies: The enzyme has to be admin-
istered by an implanted catheter or through weekly infusions
lasting for several hours. Since the exogenously supplied protein
cannot pass the blood - brain barrier, it is not effective for the
treatment of neurological damage. Furthermore, the yearly costs
of this therapy amount to $ 100000 - 750000 per patient.

It has recently been reported that the addition of N-
(n-nonyl)deoxynojirimycin (2, Scheme 2) to cultured cells stabil-
izes glucosylceramide-B-glucosidase, the enzyme that is defi-
cient in Gaucher’s disease patients. Activity of the variant
enzyme is enhanced to such an extent that a significant
improvement of therapeutic values could be achieved.? This
represents an additional example for the concept of specifically
acting chemical chaperones, which now promises to broaden
the therapeutic spectrum for inherited diseases.

Chemical Chaperones and Gaucher’s Disease

As hypothesized for several other inherited disorders, many
gene mutations underlying Gaucher’s disease apparently result
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Scheme 2. Enzymatic reaction of 3-glucosylceramide-f3-glucosidase, which is deficient in patients with Gaucher’s
disease. In the presence of the sphingolipid-activator protein SAP-C, the enzyme cleaves glucose from
glucosylceramide in the lysosome. N-(n-Nonyl)deoxynojirimycin (2) acts as chemical chaperone in the ER.

in enzyme variants that remain functionally active but are prone
to misfolding and instability and presumably do not pass the
quality control system in the ER. It was assumed that the most
common mutation causing Gaucher’s disease (N370S) falls into
this category. A series of potential chemical chaperones has been
evaluated for their effect on cell lines that are homozygous for
this mutation and show only drastically reduced glucosylcer-
amide-B-glucosidase activity. Among the heterocycles tested
were several deoxynojirimycin analogues, which had already
proven their applicability as chemical chaperones in the study on
Fabry's disease. This work revealed that the addition of N-(n-
nonyl)deoxynojirimycin (2) at subinhibitory concentrations of
10 um increases the activity of mutant glucosylceramide-f3-
glucosidase by up to 2-fold. This increase persisted for six days
after withdrawal of the drug. In analogy to the effect of 1 on the
variant a-galactosidase A underlying Fabry’s disease, the authors
propose that 2 stabilizes the correct folding of defective
glucosylceramide-f3-glucosidase and thereby ensures its proper
transport to the lysosome. Clinical data suggest that the
concomitant increase in enzyme activity in patients’ cells is
sufficient to accomplish therapeutic effects and to treat the
metabolic disorder.

Iminosugars and Alternative Therapeutic
Approaches

Current therapeutic strategies for lysosomal storage diseases
aim to restore the defective degrading capacity in the lysosome
through organ transplantation, gene therapy, stem cells, or
enzyme replacement therapy.?¥ A further approach is to reduce
the biosynthesis of the accumulating nondegradable substrate
with low-molecular-weight inhibitors like N-butyldeoxynojirimy-
cin in the so-called ‘substrate deprivation’ strategy.?¥ The studies
summarized in this Minireview underline the importance of
iminosugar derivatives, which so far are employed as inhibitors
of glycosidases® and of ceramide-B-glucosyltransferase,5 as
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potential specifically acting chemical
chaperones for the treatment of these
and similar metabolic disorders. As a
further example, the use of deoxyga-
lactonojirimycin derivatives for the
OH possible treatment of GM1-gangliosi-
dosis, a f-galactosidase deficiency, has

HN__(CHy)16CHs to be mentioned.?”!
¥

Ceramide Future Perspectives

Numerous inherited diseases are
caused by genetic defects in molecular
chaperones,®3%  for which partial
functional compensation is conceiva-
ble through the development of low-
molecular-weight compounds that can
act as chemical chaperones.””

Furthermore, as summarized here
for two lysosomal storage disorders,
many mutations underlying metabolic disorders lead to variant
enzymes that remain functionally active, but are predisposed to
misfolding or instability. Evidence is now accumulating that
these mutations, which normally lead to premature protein
degradation in the ER, are amenable to chemical chaperoning.
This can either be achieved by specific ligands or inhibitors, as
reported for Gaucher’s and Fabry’s diseases, or by nonspecifically
acting chemical chaperones. For example, the deficiency in
alpha-1-antitrypsin Z in transgenic animals expressing only a
mutated, misfolded variant could be corrected by the admin-
istration of 4-phenylbutyric acid and other chemical chaper-
ones." Clinical studies suggest that the administration of
4-phenylbutyrate is also a viable therapeutic approach in the
treatment of cystic fibrosis.*? The natural osmolyte trimethyl-
amine N-oxide was found to correct assembly defects of the
mitochondrial branched-chain alpha-ketoacid-decarboxylase,
which is deficient in maple syrup disease.”*

Many of these substances acting as chemical chaperones can
be orally administrated, they might cross the blood-brain barrier,
and they are far less expensive to produce than recombinant
enzymes. Potential specifically acting chemical chaperones are
new targets for drug design and chemical synthesis. The
reported studies demonstrate the potential of this concept for
the treatment of genetic metabolic disorders.

[11 J. Fan, S. Ishii, N. Asano, Y. Suzuki, Nature Med. 1999, 5, 112-115.

[2] A.R. Sawkar, W.C. Cheng, E. Beutler, C. H. Wong, W. E. Balch, J. W. Kelly,
Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 15428 -15433.

[3]1 C.B. Anfinsen, Science 1973, 181, 223 -230.

[4] S. Walter, J. Buchner, Angew. Chem. 2002, 114, 1142 -1158; Angew. Chem.
Int. Ed. 2002, 47, 1098 - 1113.

[5]1 R.J. Ellis, F. U. Hartl, Curr. Opin. Struct. Biol. 1999, 9, 102-110.

[6] X.Zhang, F. Beuron, P.S Freemont, Curr. Opin. Struct. Biol. 2002, 12, 231 -
238.

[7]1 C. Schiene-Fischer, J. Habazettl, F. X. Schmid, G. Fischer, Nat. Struct. Biol.
2002, 9, 419-424.

[8] L. Ellgaard, A. Helenius, Curr. Opin. Cell Biol. 2001, 13, 431 -437.

[9] S.-J. Kang, P. Cresswell, J. Biol. Chem. 2002, 277, 44838 — 44 844.

[10] R. Cacan, A. Verbert, Glycobiology 2000, 10, 645 - 648.

263





[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]

[20]
[21]

[22]

[23]
[24]

[25]

[26]

[27]

BIO

J. Tatzelt, S. B. Prusiner, W. J. Welch, EMBO J. 1996, 15, 6363 -6373.

S. Sato, C. L. Ward, M. E. Krouse, J. J. Wine, R. R. Kopito, J. Biol. Chem. 1996,
271, 635-638.

C. R. Brown, L. Q. Hong-Brown, W. J. Welch, J. Clin. Invest. 1998, 99, 1432 -
1444.

W. J. Welch, C. R. Brown, Cell Stress Chaperones 1996, 1, 109 -115.

L. M. Obermoeller, Z. Chen, A. L. Schwartz, G. Bu, J. Biol. Chem. 1998, 273,
22374-22381.

T. Caldas, N. Demont-Caulet, A. Ghazi, G. G. Richarme, Microbiology 1999,
145, 2543 - 2548.

S. Diamant, N. Eliahu, D. Rosenthal, P. Goloubinoff, J. Biol. Chem. 2001, 276,
39586-39591.

J. Wang, A.L. White, J. Biol. Chem. 1999, 274, 12883 - 128809.

G. D. Wiens, T. O’'Hare, M. B. Rittenberg, J. Biol. Chem. 2001, 276, 40933 -
40939.

M. Eilers, G. Schatz, Nature 1986, 322, 228 - 232.

U.E. Petaja-Repo, M. Hogue, S. Bhalla, A. Laperriere, J. P. Morello, M.
Bouvier, EMBO J. 2002, 21, 1628 - 1637.

R. J. Desnick, Y. A. loannou, C. M. Eng in The Metabolic and Molecular Bases
of Inherited Disease, 8th ed. (Eds.: C. Scriver, A.L. Beaudet, D. Valle, W.S.
Sly, B. Childs, K. W. Kinzler, B. Vogelstein), McGraw Hill, New York, 2001,
pp.3733-3774.

E. Conzelmann, K. Sandhoff, Dev. Neurosci. 1983/84, 6, 58-71.

P. Leinekugel, S. Michel, E. Conzelmann, K. Sandhoff, Hum. Genet. 1992,
88,513 -523.

S. Ishii, R. Kase, H. Sakuraba, Y. Suzuki, Biochem. Biophys. Res. Commun.
1993, 797, 1585-1589.

T. Okumiya, S. Ishii, T. Takenaka, R. Kase, S. Kamei, H. Sakuraba, Y. Suzuki,
Biochem. Biophys. Res. Commun. 1995, 214, 1219-1224.

A. Frustaci, C. Chimenti, R. Ricci, L. Natale, M. A. Russo, M. Pieroni, C. M.
Eng, R.J. Desnick, N. Engl. J. Med. 2001, 345, 25 -32.

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]
[36]

37]

[38]
[39]

[40]

[41]

[42]

[43]

T. Kolter and M. Wendeler

V. H. Lillelund, H. H. Jensen, X. Liang, M. Bols, Chem. Rev. 2002, 102, 515 -
553.

N. Asano, S. Ishii, H. Kizu, K. Ikeda1, K. Yasuda, A. Kato, O.R. Martin, J.-Q.
Fan, Eur. J. Biochem. 2000, 267, 4179-4186.

M. P. Dale, H. E. Ensley, K. Kern, K. A. Sastry, L. D. Byers, Biochemistry 1985,
24, 3530-3539.

E. Beutler, G.A. Grabowski in The Metabolic and Molecular Bases of
Inherited Disease, 8th ed. (Eds.: C. Scriver, A. L. Beaudet, D. Valle, W.S. Sly,
B. Childs, K.W. Kinzler, B. Vogelstein), McGraw Hill, New York, 2001,
pp. 3635 —3668.

C.M. Eng, N. Guffon, W.R. Wilcox, D.P. Germain, P. Lee, S. Waldek, L.
Caplan, G.E. Linthorst, R.J. Desnick, N. Engl. J. Med. 2001, 345, 9-16.
E. Beutler, Science 1992, 256, 794 -799.

T. Kolter, K. Sandhoff, Angew. Chem. 1999, 111, 1633 - 1670; Angew. Chem.
Int. Ed. 1999, 38, 1532 -1568.

T.D. Butters, P. A. Dwek, F. M. Platt, Chem. Rev. 2000, 100, 4683 - 4696.
Iminosugars as Glycosidase Inhibitors: Nojirimycin and Beyond (Ed.: A.E.
Stutz), Wiley-VCH, New York, 1999.

L. Tominaga, Y.Ogawa, M. Taniguchi, K. Ohno, J. Matsuda, A. Oshima, Y.
Suzuki, E. Nanba, Brain Dev. 2001, 23, 284 -287.

A. M. Slavotinek, L. G. Biesecker, Trends Genet. 2001, 17, 528 - 535.

N. Gregersen, P. Bross, S. Andresen, C. B. Pedersen, T. J. Corydon, L. Bolund,
J. Inherited Metab. Dis. 2001, 24, 189-212.

J. P. Morello, U. E. Petaja-Repo, D. G. Bichet, M. Bouvier, Trends Pharmacol.
Sci. 2000, 21, 466 — 469.

J.A.J. Burrows, L.K. Willis, D. H. Perlmutter, Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 1796 -1801.

P.L. Zeitlin, M. Diener-West, R. C. Rubenstein, M. P. Boyle, C.K. K. Lee, L.
Brass-Ernst, Mol. Ther. 2002, 6, 119-126.

J.L. Song, D.T. Chuang, J. Biol. Chem. 2001, 276, 40241 - 40 246.

Received: December 17, 2002 [M543]

264

ChemBioChem 2003, 4, 260 - 264
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1. Introduction

The importance of solid-state biochemistry was revealed more
than twenty years ago by the pioneering work of Lowenstam
etal.,” and it can now be considered as a field on its own.”?

Among biogenic minerals, silica appears rather singular.
Whereas widespread carbonate and phosphate salts are crystal-
line iono-covalent solids whose precipitation is dictated by
solubility equilibria, silica is an amorphous metal oxide formed
by more complex inorganic polymerization processes. Biogenic
silica has mainly been studied with regard to the diversity of the
species that achieve this biomineralization process, and at the
level of diversity in the morphology of silica structures.®! It is only
recently that chemists turned their attention to the formation
process. One of the triggers was the possibility of designing
mesoporous silica materials with a highly ordered network of
pores, similar to the siliceous structure found in unicellular
diatom algae.” Since then, chemists and biologists have learned
how to take advantage of each other’s knowledge, not only to
get new insight into the biochemical processes involved in the
natural systems, but also to design materials inspired by
nature.5-7

As the frontier between these two fields is vanishing, the
question arises whether the art of silica chemistry alone is, or will
be, enough to understand and mimic the biosilicification
reactions that occur in living organisms.

2. Some Aspects of the Aqueous Chemistry of
Silica
2.1. Silica polymerization in aqueous solutions

The occurrence of the neutral monosilicic acid Si(OH), is limited
to dilute aqueous solutions ([Si] < 100 ppm) at room temper-
ature and in neutral or moderately basic media (2 <pH<9-
10).81 At higher pH values, the formation of silicate anions
SiO(OH); and SiO,(OH)%~ occurs.”! The increase of silicic acid
concentration leads to the formation of dimeric species.'® This
first condensation reaction involves a nucleophilic substitution
(SN,) of a Si—OH oxygen atom on another silicon atom, which

ChemBioChem 2003, 4, 251-259 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leads to the formation of a Si—O—Si siloxane bond, concomitant
with the departure of a water molecule:

Si(OH), + HO—Si(OH); —(OH),5i—O—Si(OH); + H,0 )

This process could, in principle, take place between two
neutral species, but the reaction is very slow as it implies the
formation of unfavourable pentacoordinated silicon species.
However, the presence of a nucleophilic oxygen atom in the
charged species Si—O-, speed up the reaction. Trimer, tetramer
and oligomer formation proceeds in a similar manner (Figure 1).
Within these oligomers, the substitution of a Si—OH group for a
Si—O—Si siloxane linkage increases the charge of the silicon
atoms, which become more electrophilic and constitute prefer-
ential sites for further monomer addition. Condensed rather than
chained oligomers are formed, which gives rise to the formation
of a sol of colloidal particles (2—3 nm). Between pH 2 and pH 7,
silicon species are weakly ionized and the primary particles are
formed slowly. Above pH 7, they can bear a large negative charge
and the process is very fast.

What these nuclei become, in the absence of salts or other
additives, is dictated by the same pH/charge parameters that
govern their formation. At pH values below 7 particles
aggregate because only weak electrostatic repulsions exist.
Brownian movement renders interparticle collision possible and,
if the contact time is long enough, siloxane linkage between
surface silanol groups occurs following Reaction (1). Steric and
electrostatic considerations mean that further particle additions
take place at the end of the elongating chains, which results in
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Figure 1. Polymerization behavior of silica. In aqueous solution monosilicic acid
condenses to form dimeric, trimeric, and tetrameric (likely cyclic) structures, which
then evolve to form particles with sizes in the nanometre range.

fibrillar assemblies. As fibrils grow, additions can also occur on
the side of the chains and a three-dimensional open network is
formed with large water-filled cavities (gel; Figure 2). In contrast,

Fibrillar o * e, Qstw_ald
ripening

agregation

Gel = i | Sol
formation ﬁ (10-100 nm)

Figure 2. Sol-gel formation processes. At pH < 7, the initial particles undergo
fibrillar aggregation, which leads to gel formation. At pH > 7, the Ostwald
ripening process leads to the growth of larger particles, which can form a stable
sol.

at pH values above 7, electrostatic interactions between charged
particles limit the aggregation process. Therefore, primary
particles increase in size and decrease in number. This is a result
of the Ostwald ripening process. The solubility of particles
decreases with increasing size. Small particles dissolve and are
redeposited onto the larger ones until the difference in solubility
between the smallest and the largest particles becomes
negligible. A monodispersed sol is obtained whose stability
increases with the pH value (Figure 2).
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2.2. Controlling the polymerization process

2.2.1. Kinetics

2.2.1.1. Reaction conditions

As mentioned above, the most obvious parameter controlling
the polymerization kinetics is the pH value. The minimum rate is
obtained at pH 2. This rate increases by two orders of magnitude
between pH 3 and 5, and by two more orders between pH 6 and
9. Above pH 2, silicic acid polymerization is a second-order
reaction; consequently, the reaction rate rapidly increases with
silicic acid concentration. For example, at pH 7 a 0.5 mol L' silicic
acid solution forms a gel in about five minutes at room
temperature, whereas a 0.1 molL~" silicic acid solution under
the same conditions shows no gelation after several hours. An
increase in temperature also promotes the polymerization
process. !

2.2.1.2. Additives

Metal cations are known to speed up the condensation process,
especially above pH 7' They interact with negatively-charged
silicate species and screen the surface charge of the particles,
which favors their aggregation (coagulation). Therefore, solu-
tions that lead to stable sols in the absence of salt can form a gel
at low concentrations of NaCl.

Cationic polyelectrolytes can also promote silica formation.!'?
The obvious mode of action involves polymer adsorption onto
the particle surface, which reduces interparticle electrostatic
repulsion and then induces coagulation. If more polymers are
adsorbed on the surface, the apparent charge on the particles
can become positive and the sol is redispersed. Long-chain
polymers may also bridge particles together, which leads to
flocculation and precipitation of silica (Figure 3a). Recently,
activation of the silicic acid polymerization process itself, rather
than particle aggregation, has been observed with polyamines
such as polyallylamine, polylysine, and polyarginine.l'> ™ A
model was proposed for the aggregation that involves the
adsorption of monomers or small oligomers onto amino groups
along the polymer chains. The inorganic species are brought
closer together and their condensation is favored (see Fig-
ure 3b). Oligomers formed in this way may serve as nuclei for gel
formation. A similar process has been shown to be dependent
on pH value and polymer chain length.™!

Although electrostatic interactions appear to be the major
activation pathway, nucleophilic substitution catalyzed by the
nitrogen atom of the amino group could also occur. Studies
suggested that hydrogen bonding between the silicate
species and the polymer backbone could also be involved
in activation of silica polymerization. Such activation was
reported for polyamides, polysaccharides, and polyethylene
oxides.l5 171

2.2.1.3. Organosilicons and silicon complexes

Instead of trying to speed up reaction rate, it might be
interesting to slow down the polymerization process for better
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Figure 3. The influence of proteins on silica formation. a) positively charged
proteins bridge silica particles and control their aggregation; b) interaction of
silicates with the ammonium groups of a protein chain favors condensation of
the silicates; c) self-assembled micelles of amphiphilic cationic proteins act as
templates for the formation of mesostructured silica.

control of the final solid. Therefore, the reactivity of the oxygen
atoms that make Si—O bonds must be lowered by linkage to an
organic group. The most popular source of organosilicon
precursors are silicon alkoxides Si(OR),, where R is an alkyl
chain."® These molecules are less reactive than silicic acid since
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the condensation reaction between two Si—OR silanol ester
groups is very slow. The Si—OR bonds must first be hydrolyzed to
form Si—OH groups before condensation can occur. Most of
these alkoxisilane precursors are not miscible with water,
therefore the hydrolysis step can be very slow. Acidic or basic
catalysis are usually used to rationally control this process. The
reaction rate also depends on the nature of the R group. Overall,
the use of silicon alkoxides allows better control of the reaction
kinetics and chemical modifications of the silica surface than is
otherwise possible. The products obtained can be of great
interest for materials chemistry.'® However, to the best of our
knowledge, silicon alkoxides have never been unambiguously
identified in natural systems.

Silicates were shown to form water-stable complexes with
some polyols®?” and the transport of soluble silicon in plants has
been suggested to involve silicon catecholates.™ The reactivity
of such (M*),[Si(C¢H,0,);] complexes has been studied.?'-?3! The
silica polymerization occurs by condensation of silicic acid
released by the complex breakdown, and the nature of the
counterion (M*) has a significant influence on the reaction
kinetics.?"

2.2.2. Silica morphology

2.2.2.1. Particle size

Above pH 7 and in the absence of an additive, the growth of the
silica particles stops when all particles are too large to be
redissolved and to take part in the Ostwald ripening process.
This is related to the silica solubility and to the reaction
temperature. Particles in the 5-10nm size range can be
obtained at room temperature, whereas particles with diameters
up to 150 nm are formed at 350 °C. The addition of salts at low
concentration decreases particle solubility and size. It is also
possible to increase particle size by supplementing the sol with
additional silica monomers that polymerize on the particle
surface.®

Primary particles can aggregate, one with another, to form
larger particles. This aggregation is very likely to be involved in
the Stober process, a well-known route to calibrated silica
particles. The Stdber process is currently used on an industrial
scale and involves the polymerization of silicon alkoxides in the
presence of ammonia.? The aggregation process can also be
controlled by polymers. Cellulose was shown to induce the
formation of 4-nm silica particles from catecholate complexes,
whereas 2-14-nm diameters were obtained in the absence of
this polymer.?? Silica spheres of micrometric size have been
obtained by using hydrolyzed alkoxide solutions and synthetic
co-polypeptides.”! Recently, it was shown that polymerization
of sodium silicate in the presence of bovine serum albumin leads
to a mineral -organic gel. The size of the silica particles (50—
100 nm) is controlled by the protein aggregation.?®! However,
despite an increasing number of examples, no conclusive
explanation has yet been proposed for the control of particle
size by polymers.

Finally, it is possible to design silica spheres by performing
polymerization within nanoreactors (vesicles, emulsion droplets,
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etc.).” 28 Nevertheless, control of monodispersion in confined
media is difficult and these approaches are still in their infancy.

2.2.2.2. Structuring silica

Silica formed from molecular precursors at room temperature is
amorphous, therefore it can accommodate a large variety of
morphologies. This subject has been extensively studied and
reviewed in the past few years.> ) Two main strategies can be
distinguished. The first one involves templating agents with a
well-defined shape that are used as moulds for silica deposition.
The second strategy involves the use of self-organized systems
that assemble simultaneously in the silica polymerization
process and thus create a final morphology according to the
template - silica interactions. The morphological control of these
self-assembly processes takes place on the nano to micro scale,
whereas the molding approaches allow organization in the
micro to macro range. It is of course possible to combine these
strategies to design hierarchically ordered silica.>

Beck et al. were the first to study the formation of an ordered
array of silica pores size-controlled by cationic surfactants.!
Several methodologies have now been examined and a large
range of organizational systems (hexagonal, cubic, etc.), pore
size (10-100 A), and shape (films, fibers, spheres, etc.) are now
available.?" 32 The mechanism of formation of mesoporous
materials is still controversial but it is generally accepted that
silica polymerization creates anionic silicate oligomers. These
oligomers are supposed to interact with the positively-charged
polar heads of the surfactants and these constructs then
assemble in an organized network of large micelles.®® Mineral
polymerization around these micellar networks proceeds until
silica is formed. Withdrawing the surfactants leaves empty
cavities, that is, pores in the silica matrix (Figure 3c and 4).

Figure 4. Synthetic mesoporous silica.

Shape control at the nanoscale level is possible through the
use of synthetic organogelators®¥ or proteins such as colla-
gen,® which form linear or helical fibers. A larger diversity of
structures can be obtained by polymerizing silica at the surface
or within preformed templates.*® Impregnation of wood has
been performed and leads, after calcination of the organic
template, to a finely detailed replica of the initial structure.” The
replication speed and accuracy increase with increasing inter-
actions of the surface groups of the mould with the polymerizing
silicate species.®

254

P.J. Lopez and T. Coradin

It is also possible to induce the organization of preformed
silica particles. In solution, particles aggregate following a fractal
growth process.>” However, when deposited on a substrate,
their packing can be controlled by the surface structure. Self-
assembled monolayers have been widely used to tailor particle
organization.”?

Although two-dimensional packing of particles can be
controlled, the building of three-dimensionally organized net-
works of over a few atomic layers appears more difficult. It might
be possible to get some 3D control by diffusion-limited addition
of further particles on a prepatterned network. Alternatively, the
aggregation process could proceed within a 3D preformed
organic matrix, similarly to other mineral formation.

3. Silica Deposition in Natural Systems

It has been shown that bacteria, algae, protozoa, and higher
plants use silica, and that silica participates in metazoa develop-
ment. Since silica sustains different roles in the various cell types,
the biochemistry of the underlying silica formation processes is
likely to be different. Herein, we will focus on the silica
biochemistry of some living organisms and, where they exist,
on proposed biopatterning models.

3.1. Bacteria cell surface

A number of silicates have been observed on the surface of
bacterial envelopes in different environments. These silicates
deposit as thin (=100 nm) amorphous and often granular crusts
that coat the cell wall.*!

A possible process for the formation of silica in this context
involves the direct interaction of soluble anionic silicates with
the positively charged groups on the peptidoglycane of the
bacterial envelopes, such as the amine side groups on the
peptide chain. Hydrogen bonding between silanol groups and
the polysaccharide hydroxy groups of the peptidoglycane may
also be involved. Finally, if the superficial bacterial layers are
predominantly negatively charged, external cations (Al, Fe) can
interact with the cell wall and provide nucleation sites for the
mineralization. A combination of these processes seems to be
involved in the formation of silica at the surface of the Gram-
positive bacteria Bacillus subtilis“? and could be relevant for the
silicification of the Gram-negative Thiobacillus in acid mine
tailings."?!

This coating is often associated with extreme environments,
which suggests it may serve as a protecting shell for the bacteria.
In this context, silica glasses obtained by the sol-gel method-
ology were shown to be suitable media for the encapsulation of
Escherichia coli.!* 4!

3.2. Sponge spicules

Marine sponges are multicellular organisms that are skilful in
generating species-specific amorphous silica structures, from
microscopic to macroscopic sizes. Of particular interest is the
formation of spicules. These structures consist of glassy rods
with diameters ranging from a few microns to several milli-
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metres, and lengths reaching up to 3 m, which allows anchoring
of the sponge on the seafloor. Spicules are made of concentric
layers of hydrated silica (opal) surrounding an axial organic
filament (Figure 5). Spicules exhibit high breaking stress and low
elastic modulus, which leads to flexibilities of material for which
there is no actual equivalent amongst synthetic silica-based
materials.”¢!

9y 9 4

®18.,000 16mm

Figure 5. Biogenic silicas. Top: sponge spicule; bottom: high magnification of
pores over the surface of a Thalassiosira sp. frustule.

Formation of these spicules occurs in a differentiated cell type,
the sclerocytes. Within these cells, the growing spicule is
embedded in a membrane, the silicalemma, which incorporates
the axial filament as well as silica-containing specific vesicles
termed silica deposition vesicles (SDVs). Silica polycondensation
takes place on a protein fiber composed, in the sponge Tethya
aurantia, of three different proteins, the silicateins;*” %8 these
proteins are also found in Suberites domuncula.*

These scaffolding silicatein proteins are closely related to the
cathepsin L proteolytic enzymes in terms of the amino acid
sequences and three-dimensional structure.””* The ability of
silicateins to catalyze the hydrolysis, and hence the polymer-
ization of tetraethoxysilane Si(OC,H;), appears to closely parallel
that of proteases. Experiments performed with S. domuncula
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cells have shown that extracellular silicate is able to up-regulate
silicatein gene expression, but this induction is not observed
with alkoxysilanes.* Since the silica form found in natural
aquatic environments is mainly uncondensed monosilicic acid,
the nature of the silica precursor inside the sponges remains to
be determined.

3.3. Diatom “glass box”

Diatoms are unicellular eukaryotic algae widely distributed
around the world. They are the main contributors to the global
silica biogenic cycle. The diatom frustule is a finely dedicated and
differentiated glass box of opal constitution that consists of two
halves overlapping like a petri dish, each half made up of a valve
and several girdle bands spanning the circumference of the cell.
The hard surface of diatom frustules are structured on the
nanoscale, with particles of about 40 nm® or 100-200 nm.""
The frustules exhibit a patterned network of pores of nano- to
micrometer-scale size that can be quite uniform in shape and are
homogeneously distributed throughout the surface (Figure 5).52
The production of these precisely dedicated structures can take
as little as 10 minutes, although the frustules continue to thicken
for a few hours or more .

3.3.1. Associated compounds

Whole organic extracts from the cell walls of diatoms have been
analyzed. These analyses revealed the presence of soluble
glycoproteins enriched in hydroxy amino acids (serine, threo-
nine),* which may interact with the Si—OH groups of silicic
acids.”® Some diatom cell-wall proteins have also been isolated
from HF-treated extracts and identified. In Cylindrotheca fusifor-
mis, the specific silica-associated proteins are named silaffins.
The corresponding gene has been cloned and contains repet-
itive sequence elements.’® The mature silaffins consist of 15
(silaffin-1A1) and 18 (silaffin-1A2) amino acid residues, rich in
lysine and serine, respectively. The lysine residues are the target
for post-transcriptional modifications such as introduction of
long-chain polyamines, e-N,N-dimethyllysine or e-N,N,N-trimeth-
yl-0-hydroxylysine.””! Recently, a softening method for silaffin
extraction was used.”® This technique revealed that all of the
hydroxy groups of the silaffin 1A serine residues are phosphory-
lated. Polyamines also present in the HF-extracted fraction were
identified in C fusiformis and in several other diatom spe-
cies.”* %% The complexity of these fractions seems to be species
specific but the fractions all show very low molecular weight
(<3.5kDa). These extracted polyamines are methylated and
exhibit amphiphilic properties.©

3.3.2. The silicification process
3.3.2.1. Reaction conditions and influencing factors
The concentration of monosilicic acid in natural sea and fresh

water is in the micromolar range, but the intracellular free pool
concentrations can be as high as the millimolar range. Therefore,
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there must be an active transport of silicic acid, and/or trans-
formation of intracellular silica must occur, to allow accumu-
lation above the free diffusion level. A gene named sit1 (silicon
transporter 1), which encodes a polypeptide containing 10 pu-
tative transmembrane domains, was cloned from C. fusiformis."!
Later, a gene family encoding five different proteins was
discovered in this specie.®? Expressed sequences showing high
homology with sit genes have now been identified in two other
diatom species: Phaeodactylum triconutum (C. Bowler, personal
communication) and Synedra acus var. radians (GenBank acces-
sion number AF492011). It has been demonstrated that silica
transport is sodium dependent, with a supposed optimal
Si(OH),:Na* ratio of 1:1.1"

As mentioned above for sponges, formation of biogenic silica
in diatoms occurs in specialized membrane-bound compart-
ments named SDVs. The origin of these compartments is
unknown and could either be the Golgi apparatus, the
endoplasmic reticulum, or a specialized entity.®® The intra-
compartmental conditions and composition remain mostly
unknown. SDVs have been shown to contain silica nanostruc-
tures, usually around 30-50 nm in size, the smallest with a size
of 3-20nm, but also occasionally up to 200 nm.®3 These
nanostructures could serve as the elementary building blocks for
frustule formation. Dyes that accumulate in acidic compartments
when a pH gradient exists were shown to specifically accumulate
inside the SDV.%* 651 During the formation of the new valve, the
pH level becomes increasingly acid.® It was therefore proposed
that acid pH levels facilitate the nucleation and aggregation of
the particles and favor the flocculation of the silica sol. The pH
value should also influence the global charge of the protein or
polyamines mediating silica aggregation. Therefore, it seems
that diatom cells might control the structure, the extent, and the
overall pattern of silica formation by regulating the acidity inside
the SDV.

It is not known whether all the condensation steps occur
inside the SDV, or if silica precursors could be formed outside the
SDV and transported toward it by silica transport vesicles (STVs).
These STVs would provide membranous and proteinaceous
material, as well as other components necessary for the enlarge-
ment of the SDV, silica mineralization, and pattern formation.

HF-extracted proteins are strongly associated with silica (see
above) and have been proposed to play a direct role in the
formation and packing of the elementary building blocks. In
vitro, silaffins extracted from C. fusiformis induce fast precipita-
tion of silica when added to freshly prepared metastable silicic
acid solution.’% 51 The size of the silica particles obtained
depends on the modifications and the peptide used; silica
nanospheres can be obtained on the order of 500-700 nm or
below 50 nm in size. It has been proposed that the cationic
silaffins play the role of flocculating agent for the negatively
charged silica particles. The hydroxy amino acids may also
interact with surface silanol groups. The kind of silica particle
aggregates obtained from in vitro experiments is also depend-
ent on the exact polyamine fraction used. In the case of Navicula
angularis at pH5, the spheres made are 800 nm-1pum in
diameter for 1-1.25 kDa polyamines, and 100-200 nm for the
0.6-0.7-kDa fraction.”? A mixture of silaffins with polyamines
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produces intermediate sizes of precipitated silica structures.
Although the size of the silica nanoparticles obtained from these
in vitro experiments is of the same order as that of the particles
observed for diatom frustules, the arrangements of the particles
are quite different. This difference suggests that either the
physicochemical conditions of the in vitro experiments only
approach the in vivo conditions, or that other undiscovered
constituents are involved in the in vivo assembly.

External factors can influence frustule formation. Addition of
metal ions and modification of the salinity affect both cell
growth and silica formation in diatoms. Several interpretations
have been proposed, for example, modification of the cell turgor
could influence the overall shape of the frustule, or changes in
the physicochemical equilibrium inside the SDV could occur.[” 68!
Alternatively, foreign ions (i.e. Al) may interact with Si(OH),.

3.3.2.2. Morphogenic models

Chemical and physical paradigms have been used to model
frustule patterning. Gordon et al. have proposed that the “initial”
space-filling branching patterns are the result of instabilities in
the diffusion-limited aggregation of silica particles within the
SDV.! After their release inside the SDV, particles diffuse until
they encounter growing aggregates, to which they bind.
Following the “sintering” process, the aggregate tends to
reorganize into a dense, thermodynamically stable packing. If
further particle addition occurs before this reorganization is
achieved, an out-of-equilibrium growth process is obtained,
which results in pore formation and complex patterning. It has
since been suggested that a surface-stabilizing agent could be
introduced within the SDV to slow down the reorganization
process and thus enhance the porosity of the aggregates.”

More recently, two models for pore formation were proposed
that benefit from both the development of synthetic mesopo-
rous materials and the studies of the cell-wall proteins of
diatomes. Vrieling and co-workers suggest that, in the presence of
silica precursors, short-chain silaffins and polyamines induce
rapid precipitation of silica. In this model, larger unknown
peptides contribute to the aggregation process by interacting
not only with silica particles, but also with each other, which
results in an organomineral hybrid mesophase. After two- and
three-dimensional growth, the proteinaceous component is
removed and can contribute to the organic casing that covers
the silica shell”" Alternatively, Sumper has postulated the
existence of repeated phase separation processes within the
SDV that produce emulsions of micro- to nanodroplets consist-
ing of a polyamine-containing organic phase. These droplets
could be used as templates for silica patterning.*” It has also
been proposed that the zwitterionic structure of silaffins could
lead, through electrostatic interaction, to a self-assembly process
in which silica polycondensation occurs.®® Although the latest
models differ in details, these models all rely on the self-
organization of the organic matter in the presence of mineral
precursors.

In contrast, the possibility of a prepatterned cellular mould for
silica deposition has been examined. The organic casing cover-
ing the frustule appears to be a good candidate for such a
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process. The patterned wall would arise from cytoplasm regions
secreting wall material at defined locations and consequently
selecting sites of polycondensation. Moreover, these cellular
structures could help with the formation of pores within diatom
frustules through the formation of spacer vesicles (vesicles,
mitochondria, etc.) within the “mother liquor”, which create
silica-free regions.’®3

4. Silica Constraints and Possibilities in the
Biological Chemistry World

Natural systems have evolved to use several of the possibilities
offered by silica chemistry to build up their own minerals, while
also adapting themselves to the constraints of silica chemistry.
As an example, the acidity of the SDVs of diatoms allows the
decrease of the charge of silicate species, which slows down the
silica polymerization and limits the size of the particles. However,
a decrease in the negative charge of silica should also decrease
the strength of its interaction with the positively charged
ammonium groups of the lysine residues present in templating
proteins. In response to this problem, the diatom silaffins are
post-translationally modified by alkylation of their amino groups,
which increases their basicity (higher pK, value) and thereby
enhances their catalytic activity in acidic media. Furthermore,
since the natural availability of silicic acid is too low for
spontaneous silica formation, organisms (such as sponges or
diatoms) exploit deposition inside vesicles, which allows the
confinement and accumulation of silica precursors.
Approaches that make use of current biological knowledge to
investigate new chemical systems are certainly of great interest.
Silica patterning in diatoms appears to rely on proteins that are
able to catalyze silicate polymerization and to act as templating
agents through self-assembly process, therefore synthetic
models that exhibit both properties have been designed. A first
approach involved the synthesis of arginine-based surfactants.’
These molecules form micelles and liquid-crystalline phases and
can therefore be used to synthesize mesoporous materials.
Moreover, the ammonium groups of the arginine polar heads of
the surfactants are able to activate silica polymerization, there-
fore this process could occur at pH 7, at room temperature, and
at low silicate concentration. Interestingly, the use of unmodified
arginine residues does not lead to the formation of silica. This
observation suggests that the self-assembly of the surfactants is
a key step in the catalytic process. A similar approach has also
been reported that uses block copolypeptides poly((amino
acid 1),-b-(@amino acid 2,,), where n and m are variable large
numbers.?! In the presence of hydrolyzed alkoxide solutions,
silica formation was observed when amino acid 2 was lysine. The
use of cysteine as amino acid 1 creates a water-insoluble domain
so that the poly((cysteine),-b-(lysine),) polymers exhibit self-
assembly properties, which leads to the formation of silica
spheres, globules, or columns, depending on the n and m values.
Similarly, silaffins were recently used as structuring agents to
produce holographic nanopatterning of silica spheres.” Con-
versely, the principles of silicon chemistry elucidated by relatively
simple in vitro experiments can be of great help in under-
standing biogenic silica formation processes. Biologists studying
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biosilicifying organisms will benefit from knowledge obtained by
chemical methodology. Undoubtedly, recent models of porosity
control in diatom frustules have been rendered possible by the
investigations of the mechanisms of formation of synthetic
mesoporous materials.

Biomimetic strategies such as the ones presented above are
within the reach of chemists. However, two main aspects
illustrate the gap which, at present, separates biosilicification in
organisms from in vitro processes. First, it is possible to
reproduce distinct aspects of the silica patterning process in
vitro, but cells are able to carry out all aspects of the process in
“one pot”. The second difference lies in the actual conditions
used for such syntheses—silicon alkoxides at high concentra-
tion, at extreme pH values, and above room temperature—
conditions that are clearly far from the natural ones.

Can these barriers be overcome? Considering the first
problem, multicomponent reactions are often difficult to study
because of the numerous possibilities of interspecies interac-
tions. Moreover, whereas the organisms can regulate molecular
availability and flow on short time scales, such control appears
rather tricky for synthetic chemistry. However, one should not
aim at reproducing the level of complexity of natural systems
but should rather try to extract the leading principles of their
strategies and adapt these principles into synthetic possibilities
and expected applications. There is, for example, no need for an
exact synthetic replica of the diatom frustules, but there is
demand for new strategies to control the porosity of material
structures on different length scales. Therefore, the discrepan-
cies between the in vivo and in vitro synthesis conditions may
not be crucial. It is interesting to note that some areas of silicon
chemistry have not yet been discovered by biological systems or
appear out of reach. As mentioned above, no silicon alkoxides
have yet been identified in natural systems, probably because
they are easily hydrolyzed in water. Accordingly, living cells do
not seem to be able to form Si—C or Si—N bonds. Synthetic routes
use silanes (Si—H) or halogenosilanes (Si—X; X = halogene atom),
which are also sensitive to hydrolysis. A comparison with carbon
formation by metabolic processes shows that these processes
usually involve C=0 carboxylate groups and C=C double bonds
that do not have equivalents in silicon chemistry. Again, our
knowledge on the association of silicic acid with lipids or
carbohydrates is very limited and studies may reveal unsus-
pected capabilities of living organisms. The question is left open
as to whether such Si—C bonds are needed in natural systems or
if their synthesis has a too high energy cost to be efficiently
performed by metabolic pathways. Observations suggest, how-
ever, that chemists may develop, with their own tools, new
materials that are not biomimetic, but rather bioinspired.

Finally, it is also worth underlining the difficulty of studying
silica formation in vivo. The two main limiting factors for the
characterization of soluble species are the low concentrations of
silicates or silicon complexes involved in the processes and
kinetics of silica condensation. As an example, the #Si isotope
probed by NMR studies has less than 5% natural abundance,
which implies that the investigation of a 10-mw silicate solution
by this technique would involve at least overnight recordings,
whereas diatom frustule formation is completed within a few
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hours. This is probably why most biomimetic in vitro studies
make use of silicon alkoxides at high concentrations; such a
procedure allows a better analysis, although it moves these
model systems away from the natural conditions of silicification.
Accordingly, the study of silica shells of whole cells, for example
with regard to porosity, is often hindered by the presence of
cellular materials. Removal of silica-associated biomolecules by
acidic treatments may modify the condensation state of the
silica network. Similarly, the extraction of proteins associated
with silica is usually undertaken by dissolution of the mineral
phase with HF-buffered solutions, which could also modify these
proteins.

Therefore, apart from the combination of concepts, one of the
key points that will make the close collaboration of biologists
and chemists more fruitful is the application of their respective
techniques. For example, solid-state °Si NMR spectroscopy is
widely used in materials chemistry but its application to study
natural systems is still in its infancy.”* 7! Silica chemistry should
also benefit from the scaling-down of such techniques, which
can then be more easily adapted to the magnitude of biological
samples. On the other hand, the development of large-scale
methods, such as proteomic experiments in the context of whole
genome information about organisms such as diatoms, should
change our understanding of silica biomineralization and
biopatterning. The development of methods based on the
evolution of single-gene, that is, DNA-shuffling experiments
starting with the silaffin gene, could be of interest for learning
what elementary building blocks are required for silica poly-
condensation.
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Lanthanide-Binding Tags as Versatile Protein

Coexpression Probes

Katherine J. Franz, Mark Nitz, and Barbara Imperiali*®

Comprehensive proteomic analyses require new methodologies to
accelerate the correlation of gene sequence with protein function.
Key tools for such efforts include biophysical probes that integrate
into the covalent architecture of proteins. Lanthanide-binding tags
(LBTs) are expressible, multitasking fusion partners that are
optimized to bind lanthanide ions and have several desirable
attributes, which include long-lived luminescence, excellent X-ray
scattering power for phase determination, and magnetic properties
to facilitate NMR spectroscopic structure elucidation. Herein, we
present peptide sequences with a 40-fold higher dffinity for Tb>*
ions and significantly brighter luminescence intensity compared

Introduction

With the vast amount of genetic information continually being
revealed by genome projects comes the task of assigning
structure and function to the encoded protein products. The
challenges of proteomics generally encompass three broad
areas: analysis of protein expression levels, assignment of
protein function, and determination of protein structure. Each
area has its unique methodological approaches, which can be
enhanced by various chemical or biochemical probes. Although
numerous probes are currently available, separate protein
constructs are required for each application; for example, a
selenomethione-labeled protein for phase determination in
X-ray crystallography,"’ and a green fluorescent protein fusion
or a chemically-derivatized protein for fluorescence assays.” A
single, versatile probe that can address challenges in multiple
areas of proteomics would be an invaluable tool for biotechnol-
ogy.

Existing methods for protein derivatization with reporter
functionality include chemical modification of a reactive amino
acid side chain,®! native chemical ligation,” and transfer RNA
suppression mutagenesis.” & These semisynthetic approaches
often require mutagenesis and considerable optimization, and
yield small quantities of the desired construct. The now common
use of green fluorescent proteins” as fusion partners empha-
sizes the power of incorporating reporters at the DNA level. A
facile extension of fluorescent fusion partners are fluorophores
that bind to specific peptide sequences; for example, the
diarsenic fluorescein derivative FIAsH binds to a tetracysteine
motif,® whereas fluorophore conjugates of Ni?*-nitrilotriacetic
acid bind to polyhistidine regions.?

The engineering of a lanthanide (Ln) binding site into a
protein provides an attractive strategy for appending a probe of
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with existing peptides. Incorporation of an LBT onto ubiquitin as a
prototype fusion protein allows the use of powerful protein-
visualization techniques, which include rapid luminescence detec-
tion of LBT-tagged proteins in SDS-PAGE gels, as well as
determination of protein concentrations in complex mixtures. The
LBT strategy is a new alternative for expressing fluorescent fusion
proteins by routine molecular biological techniques.

KEYWORDS:

lanthanides - peptides protein

fluorescent probes
engineering - protein modifications

versatile usage. Lanthanides possess several attractive properties
for applications in biotechnology.®'? Given the appropriate
coordination environment and the presence of a sensitizing
chromophore, Th3** and Eu3* ions display long-lived lumines-
cence emissions that are ideal for time-resolved experiments and
lanthanide-based resonance energy transfer.? Lanthanides also
provide excellent X-ray scattering power and should therefore
accelerate the determination of protein X-ray structures by
greatly accelerating the phase determination of lanthanide-
tagged proteins.'¥ Finally, the paramagnetic lanthanides can be
used as NMR probes of protein structure in solution.

The utility of Ln ions for solving important biological problems
has been demonstrated by appending synthetic Ln chelates to
biomolecules,'® ' as well as by exploiting calcium binding sites
to bind Ln ions in proteins for both NMR spectroscopy!™ and
fluorescence spectroscopy applications.® Modification of the
metal-binding region of calcium-binding proteins with Tb3*-
sensitizing chromophores like tyrosine and tryptophan residues
is a proven strategy for obtaining mutant proteins and fusion
constructs with enhanced Tb** luminescence.l'” '8 We reasoned
that considerable scope exists for further optimization of short
peptide sequences (20 amino acids or fewer) specifically for
intense Th** luminescence and high binding affinity, and that
such constructs could have significant impact as natively
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Massachusetts Institute of Technology
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expressible, multitasking probes of protein structure and
function. We therefore commenced work on a program
combining combinatorial peptide synthesis and screening,
together with explicit tactics of peptide design to develop
lanthanide binding tags (LBTs). Herein we present the initial
development of LBT peptides, their incorporation into fusion
proteins, and the luminescence properties that allow for power-
ful protein visualization and quantitation techniques.

Results and Discussion
LBT peptide design and optimization

Lanthanides have long been used as probes of calcium-binding
proteins because of the similarities in ionic radii and coordina-
tion preferences between Ca?* and Ln3* ions." 2% Numerous
studies have investigated the metal-binding properties of
synthetic loops composed of 12- to 33-residue segments of
calcium-binding proteins.?" 221 Although 12-residue loops bind
Ln3* more tightly than Ca2?* ions, the affinity even for Ln®* ions
decreases significantly for these isolated loops (dissociation
constant, Kp, values around 10-20um) compared with full-
length proteins (Kj values can be low nanomolar for high-affinity
sites). Whereas the goal of many of these studies was to
investigate how variations in sequence affect the function of
calcium-binding proteins, our approach is to optimize peptides
of similar size specifically for Tb3* affinity and sensitized
luminescence. By varying the position and type of aromatic
side chain in a series of 14-residue loops based on the
calmodulin protein family, Szabo and co-workers established
the presence of a tryptophan residue at loop position7 as
optimal for enhancing Th3* luminescence.”? We reasoned that
further refinements to 14-mer peptides would provide tighter
and brighter LBTs and constructed a combinatorial library of
peptides based upon the results of Szabo.

The prototype LBT sequence was discovered in a split-and-
pool library in which potential metal-binding residues Xaa were
varied between Asp, Asn, Ser or Glu, and Zaa residues could be a
variety of hydrophobic amino acids, including potential energy
donors Tyr and Trp, which gives potentially 500000 peptides of
the general sequence: Ac-Gly-Xaa-Zaa-Xaa-Zaa-Xaa-Gly-Trp-Zaa-
Glu-Zaa-Zaa-Glu-Leu. The peptide library was evaluated on resin
by UV illumination of Th3*-soaked beads. Luminescent beads
were isolated and subjected to Edman degradation for primary
sequence identification. Five peptides were resynthesized after
the on-bead screen to study their properties in solution. One was
insoluble, three showed similar Tb3* luminescence intensity
compared with REF (Ac-GDYNADGWIEFEEL),?? and one was at
least twice as bright.”® This first-generation LBT peptide,
designated LBT1, has the sequence Ac-GDYNKDGWYEELEL. A
mutant peptide of LBT1 in which the principal energy-sensitizing
residue Trp is replaced by Phe is only slightly less intense than
REF (data not shown). This observation suggests that the
brighter luminescence of LBT1 is due in part to the additional
energy-sensitizing Tyr residue found in LBT1 but absent in REF.

It is important to note that our initial screening technique was
designed specifically to select for brightness, and it did not have
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an intrinsic preference for peptides with improved Tbh3*-ion
affinity. We have developed a more sophisticated screening
protocol, however, that can discriminate not only bright Th3*-ion
binders, but also tight Th3*-ion binders. Details of this later-
generation library synthesis and screening procedure, along with
a description of the resulting LBT peptides of even further
refinement, can be found in the following paper of this issue.!

The sequence similarity among LBT1, REF, and native loops like
site Il of Troponin C (DKNADGIDIEE) suggests that the metal-
binding ligands themselves are already optimal for Ca** and Tb3*
binding and that improvements elsewhere in the sequence are
necessary to enhance the affinity of LBTs for Th* ions. A single
disulfide linkage was therefore established to constrain the LBT1
loop in order to provide a more preorganized, macrocyclic array
of ligands for metal binding. A series of nine peptides was made,
in which the position of cysteine residues flanking the core LBT1
sequence was systematically shuffled to optimize the macro-
cycle. The sequences are listed in Table 1.

Table 1. Amino acid sequences of REF and LBT peptides, together with
apparent Ky, values for Tb** ions.[

Peptide Sequence Ko [pM]

REF Ac-GDYNADGWIEFEEL 9+1

LBT1 Ac-G(LBT)L 8+1

LBTC1 C(LBT)C 0.60 £0.1
LBTC2 ACA(LBT)CAA 0.2204+0.03
LBTC3 ACAA(LBT)CAA 6.0+0.9
LBTC4 AAC(LBT)ACA 9.3+04
LBTC5 ACA(LBT)ACA 6.4 +£0.8
LBTC6 ACAA(LBT)ACA 53409
LBTC7 AAC(LBT)AACA 50+0.3
LBTC8 ACA(LBT)AACA 59+0.5
LBTC9 ACAA(LBT)AACA (insoluble)
[a] REF and LBT1 sequences have N-terminal acetyl capping groups (Ac), the
others are N-terminal amines. Peptides LBTC1-LBTC9 are oxidized to form
disulfide-bonded macrocycles. (LBT) = DYNKDGWYEELE.

The peptides were evaluated by steady-state luminescence
measurements, examples of which are shown in Figure 1. The
improvements made to the LBT loop compared with the REF
peptide clearly result in Tb**-binding peptides with enhanced
luminescence intensities. Apparent dissociation constants were
obtained spectrophotometrically from Tb3* titrations in pH 7.0
buffer containing 100 mm NaCl. The REF and LBT1 peptides bind
Th3* ions with Ky values of 9 um and 8 um, respectively. These
affinities are similar to values obtained for other synthetic loops
of similar size.? In contrast, the LBTC2 loop has a greatly
improved K, value of 220nm, a dissociation constant more
aligned with full-length proteins than short peptide loops.
Optimization of the cysteine positions is clearly important, as is
most dramatically demonstrated by the increase in Kj values
from 220 nm to 9.3 um when the flanking cysteine residues are
shifted from their positions in LBTC2 (ACADYNKDGWYEELECAA)
to their positions in LBTC4 (AACDYNKDGWYEELEACA). A recent
study also reported the use of a disulfide bridge across a metal-
binding loop of an EF-hand peptide to stabilize a native-like
conformation.?” However, the K, value for Tb** ions was only

ChemBioChem 2003, 4, 265-271
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Figure 1. A) Examples of Tb** titration data used to calculate K, values for 1:1

complexes are listed in Table 1. Solid lines represent the best fits calculated with
the Specfit program. Peptide concentrations are 250 nm in HEPES buffer (10 mm;
pH 7.0), NaCl (100 mwm). B) Luminescence spectra of peptides REF, LBT1, and LBTC2
(250 nm) in the same buffer as in (A), with saturating Tb** ion concentration (\., =
280 nm).

3.5um for a 33 amino acid peptide, which indicates that the
cysteine residues were perhaps not optimally positioned for
metal binding.

LBT fusion proteins

To test the utility of the LBT tags, both LBT1 and LBTC2
sequences were appended to ubiquitin by standard molecular
biological techniques. Polyhistidine tags were also incorporated
into the constructs to establish the compatibility of LBTs with this
common metal-affinity purification tag. Figure2 shows the

purification DAPase
start tag stop site

[MK ~[HHHHHH]~GPG]~[LBT]~[Ubiquitin]
His-LBT-Ubiq

1. Ni-NTA
column purify

2. DAPase
treatment

[GPG|~[LBT |~| Ubiquitin
LBT-Ubiq

Figure 2. The general strategy for construction of LBT-tagged proteins, where
LBT represents either of the LBT1 or LBTC2 sequences.

general strategy, in which an intervening Gly-Pro-Gly sequence
between the N-terminal His Tag and the LBT tag was introduced
as a stop site to allow subsequent removal of the His tag, if
desired, by the TAGZyme protocol. Protein expression was not
diminished by the presence of the LBT, and the fusion proteins

ChemBioChem 2003, 4, 265-271

were easily purified by Ni?* —nitrilotriacetate (NTA) affinity
chromatography.

Metal-ion competition experiments established that the LBTs
demonstrate good selectivity for Tb3* ions. Figure 3 compares
the relative intensity of Th3* emission at 544 nm of His-LBT1-
Ubig and its counterpart LBT1-Ubiq, in which the His tag has

[ LBT1-Ubig W His-LBT1-Ubig

[I
To™ Na™ Ca™ Mg™ Mn™ Co®™ NI Zn® Fe™ Cu®™

Mormalized luminescence
at 544 nm
(=]
o

Figure 3. Normalized luminescence intensity of the Tb emission at 544 nm of
His - LBT1-Ubiq or LBT1 - Ubiq protein (5 um) loaded with Tb** ions (10 um) in the
presence of competing metal ions (5 mm Na*, Ca**, Mg** and 5 um Mn?*, Co?*,
Ni?t, Cu?*, Zn**, Fe3*). Buffer = HEPES (10 mm; pH 7.0), e, = 280 nm.

been removed, in the presence of potentially competing metal
ions. A decrease in signal indicates competitive binding, since
only Tb** ions afford a luminescent complex. This analysis
demonstrates that the Th3*-LBT complex itself is relatively
unaffected by most metal ions, with the exception of Cu?* ions.
Importantly, the presence of oxophilic and biologically prevalent
cations such as Ca?" and Mg?* has little consequence for Tb3*
binding, even at concentrations three orders of magnitude
higher than that of the lanthanide. Both Co?* and Ni**, metal
ions with high affinity for histidine ligands, significantly compete
with Tb3* ions in full-length His-LBT1 - Ubiq, but not in LBT1 -
Ubig. Metal binding within the His tag likely disrupts the Tb**
binding site in the LBT, but in the absence of histidine residues,
the LBT loop itself is selective for Tb3* ions. Since the His tag has
negligible effect on Tb** binding and luminescence intensity,
and because the presence of Co?* and Ni?* ions is not a concern
for most applications, the full-length His — LBT - Ubiq protein was
left intact for most experiments.

The Tb3*-binding properties of the purified LBT-protein
fusions were assessed by luminescence titration experiments,
as shown in Figure 4A, and found to be comparable to the
model peptides, with the LBTC2 protein construct significantly
brighter than the LBT1 construct. The binding studies reveal
dissociation constants for Tb** ions that indicate slightly tighter
binding for the protein conjugates than for the independent
peptides, with Kp values for His—LBT1-Ubiq and His-LBTC2-
Ubiq of 6 um and 150 nw, respectively. The intensity of the Tb**
emission confirms that appending a His tag as well as the
ubiquitin protein to the LBT sequences does not affect the
luminescence properties of the LBT.

Counterions with negatively charged oxygen atoms are
potential ligands for lanthanides and therefore may represent
challenges for some biological LBT applications. These limita-
tions, however, can be overcome by improving the binding
affinity of LBTs. Figure 4B compares the normalized lumines-
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Figure 4. A) Tb** titrations of His— LBTC2 - Ubiq and His - LBT1 - Ubiq proteins
monitored by luminescence intensity at 544 nm, )., = 280 nm. The protein
concentration was 2 um in HEPES buffer (10 mm; pH 7.0), NaCl (100 mw). Solid lines
represent the fit calculated with the Specfit program to obtain Tb binding affinity.
B) Comparison of the relative Tb luminescence response of His—LBT1-Ubiq and
His — LBTC2 - Ubiq proteins (10 um) in the presence of Tb>* (10 um) and various
competing ions (buffer = 10 mm HEPES; pH 7.0). The data are normalized so that
the maximum emission at 544 nm for both proteins = 1 before addition of
competing anions.
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o
n
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10 mm sulfate
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20 um phosphate F:

LBT prut6|n+Tb
10 mm cacodylate

cence intensities of Tb**-loaded His-LBT1-Ubiq and His-
LBTC2 - Ubiq fusion proteins in the presence of various anions.
Cacodylate, acetate, and sulfate diminish Th3* emission, but only
at elevated concentrations. Phosphate and citrate however, are
much stronger competitors. The improvements made with
respect to the Th3* binding affinity of LBTC2 over the prototype
LBT1 are quite noticeable here, as the phosphate and citrate
effect is less pronounced for the tighter-binding LBTC2 protein
construct. Future improvements to the LBT loop will further
minimize this counterion limitation.*!

Protein concentration determination and expression profiling

A desirable attribute of a fluorescently tagged protein is the
ability to detect it selectively within a complex mixture. A
fluorescent tag that is also natively expressed allows detection
immediately upon expression and can therefore be used as a
marker of expression efficiency. Initial attempts to detect the
first-generation His-LBT1-Ubiq protein in complex mixtures
were unsuccessful because the Tb** ion concentration required
to observe a strong luminescence signal also elicited a significant
response from nonselective cellular components, such as other
proteins and DNA fragments. The improvements in Tb3*-ion
affinity made in the second-generation His-LBTC2-Ubiq con-
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struct, however, permit assays at Tb3* concentrations below the
threshold of nonspecific binders. Aliquots from a cell culture can
therefore be harvested, resuspended in a suitable lysis buffer,
and the cleared cell lysate then assayed by luminescence
spectroscopy in the presence of Tb** ions. Under the optimized
luminescence assay conditions (6m guanidine hydrochloride,
10 mm  2-[4-(2-hydroxyethyl)-1-piperazinyl]lethanesulfonic acid
(HEPES) buffer, and 2 um TbCl; at pH 7.0), cell lysates that do
not contain LBTC2-tagged protein do not sensitize Tb3*
emission, as shown in Figure 5 A. The concentration of expressed
protein can be estimated by comparing its luminescence
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Figure 5. A) Luminescence spectra of crude cell lysates from a culture expressing
His - LBTC2 - Ubiq (blue) or a control culture (black), in guanidine hydrochloride
(6Mm), HEPES (10 mm), TbCl; (2 um), pH 7.0, Ao, =280 nm. B) Plot of the Tb
luminescence response (converted into mg protein per liter culture by comparison
with a standard curve) obtained at various times after inducing expression of
His - LBTC2 - Ubiq by treatment with isopropyl-B-p-galactopyranoside (IPTG).
Buffer conditions are as described in A. Error bars represent 15 % standard
deviation, based on duplicate measurements.

response to a standard curve generated with the LBTC2 peptide.
Comparable amounts of a control lysate that does not contain
any LBT protein are added to the buffer of the standards in order
to duplicate the conditions of the samples. Figure 5B shows an
example of an expression profile of His—LBTC2-Ubig. The
analysis predicts a protein yield of 80mg after 6 hour of
induction by treatment with IPTG. An independent, 1-L expres-
sion yielded 60 mg isolated and purified protein, which estab-
lishes a reasonable correlation between the luminescence assay
and final isolated yield.

In-gel visualization

Another powerful new application made possible by the
improved binding and brightness of the LBTC2 tag is the ability
to readily and selectively visualize LBT-tagged proteins directly in
sodium dodecyl sulfate (SDS) polyacrylamide gels. The 20-
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minute, 2-step procedure involves a 10-minute wash followed by
a 10-minute soak in buffered, 1-um TbCl; solution. Gels are
illuminated with a UV source, such as a hand-held lamp or a UV
transilluminator, and bands corresponding to His—LBTC2 - Ubiq
are easily detected by eye and imaged with a digital camera.
Figure 6 A shows two images of a gel that was initially visualized
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Figure 6. Visualization and quantification of LBTC2-tagged protein directly in
SDS polyacrylamide gels. A) Comparison of calcium-binding proteins (5 ug each)
and crude cell lysate of His - LBTC2 - Ubiq stained with Tb and visualized by UV
illumination (top) or stained with Coomassie blue (bottom). The results
demonstrate the selectivity of the Tb staining method. B) Purified His - LBTC2 -
Ubiq (decreasing quantity of 5- 1 ug) is used to generate a standard curve (C) to
estimate amount of expressed protein in the crude cell lysate (50 mgL~" in this
example).

by the Tb method, then subsequently stained with Coomassie
Blue to highlight the LBT selectivity of the new procedure.
Significantly, proteins in the cell extract are not visible by the Tb
stain, and neither are calmodulin, S100, or troponin C, calcium-
binding proteins that have high affinity for Tb** ions. This rapid,
highly selective staining procedure is analogous to a conven-
tional Western blot, but takes only a fraction of the time. Unlike
Western blot analyses, which require binding of specific anti-
bodies and secondary antibodies of unknown concentration,
this method is a direct measurement of the desired protein and
can therefore be analyzed with digital imaging techniques to
quantify the amount of tagged protein by comparison with
standards, as shown in Figure 6B and C.

Mutant calcium-binding proteins containing the REF peptide
sequence have been visualized on SDS-PAGE gels previously,?”!
but weak binding and dim fluorescence necessitated an
extensive staining procedure to reduce nonspecific binding,
and a specialized camera to acquire time-resolved images. The
improvement in Th3*-binding affinity of LBTC2 greatly reduces
nonspecific binding, which allows gels to be stained at low Tb3*
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ion concentrations. The improvements in luminescence also
make the proteins detectable by eye without the need for
nonstandard equipment. The current detection limit for visual-
izing His - LBTC2 - Ubiq by our method is 50 - 100 ng per protein
band, approximately the limit of detection for Coomassie Blue
staining. This detection limit is likely to improve with upgraded
technology for image acquisition and background reduction.

Conclusions

Lanthanide-binding tags represent an alternative approach for
conveniently generating noninvasive, fluorescent protein tags of
minimal dimensions. These short peptide sequences are com-
patible with polyhistidine tags for facile protein purification. The
presence of the tag did not interfere with expression efficiency
or protein stability in this first prototype example. The lumines-
cent properties of Th3*-loaded LBT fusion proteins allow rapid
and selective visualization of a protein of interest in complex
solution mixtures, as well as directly in SDS polyacrylamide gels.
These characteristics mean that the tags should find broad
application in proteomic studies, for example in cases where
functional assays are not established and antibodies are not
available. The presence of an Ln binding site also suggests the
usefulness of these tags in protein structure elucidation by X-ray
crystallography and NMR spectroscopy, applications that we are
currently pursuing.

Experimental Section

Peptide synthesis and purification: Peptides were synthesized on
an Advanced ChemTech automated synthesizer with standard
9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids and
1-hydroxy-1H-benzotriazole (HOBt)/O-(benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate coupling reagents (Nova-
biochem). Peptides were synthesized on polyaniline - poly(ethylene)
glycol - polystyrene resin (PerSeptive Biosystems) and deprotected
in a cocktail of 90% trifluoroacetic acid (TFA), 5% dichloromethane
(DCM), 2.5% triisopropyl silane, and 2.5% H,O (2.5% ethane dithiol
was included for cysteine-containing peptides) for 1-2 h. Peptides
were purified by reverse-phase HPLC on a YMC C,; preparative
column with a linear gradient from 7 — 70 % acetonitrile in water with
0.2 % TFA. Purity was confirmed by analytical HPLC and correct mass
validated by ESI MS on a Mariner electrospray mass spectrometer
(PerSeptive Biosystems).

Cysteine-containing peptides were air-oxidized in NH,HCO; (0.1 m)
with peptide concentrations of 10 mgmL~". Reactions were moni-
tored with Ellman’s reagent (5,5'-dithio-bis-2-nitrobenzoic acid) to
completion.

LBT library synthesis and screening: The LBT library was con-
structed on poly(ethylene) glycol acrylamide resin (150-300 pm,
Polymer Laboratories) by using a split-and-mix combinatorial
approach that provided one peptide sequence per bead.?® The
library contained a possible 500000 unique sequences in fourfold
redundancy. Standard side-chain and Fmoc-protected amino acids
(0.8m in dimethyl formamide (DMF)) were manually coupled with
benzotriazol-1-yl-oxotripyrrolidinophosphonium  hexafluorophos-
phate/HOBt (0.8m in DMF) and diisopropylethylamine (1.6m) for
1h. A second coupling step was added in cases where a 2,4,6-
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trinitrobenzenesulfonic acid test indicated an incomplete coupling
reaction. After each cycle, the resin was washed with acetic
anhydride/HOBt solution (0.3m) in DMF/DCM (9:1) to acetyl-cap
any remaining unreacted amines. At the completion of the synthesis,
all peptides were N-terminally capped with monochloro acetic
anhydride/HOBt as described previously.?”?

The chloroacetyl-capped, resin-bound peptides were loaded into
6-well plates (approximately 5000 beads per well) and incubated for
2 h at ambient temperature in HEPES buffer (3 mL, 10 mm; pH 7.0),
containing TbCl; (100 pum). When an average of 50 pmol peptide per
bead is assumed, one well can be calculated to contain approx-
imately 250 nmol peptide and 300 nmol Th** ions. The 6-well plates
were illuminated with a hand-held, short-wave UV lamp in a dark
room to reveal 3 -4 beads per well that were visually brighter than
average. These initial winners were then transferred to individual
wells of a 96-well plate containing Tb3* (100 L, 2.5 mwm) in HEPES
(10 mm, pH 7.0). A digital picture was taken of each bead under UV
illumination on an Olympus 1X50 fluorescence microscope coupled
to a DVC-1300C RGB color CCD camera controlled by C-View
software (DVC Company, Austin, TX). The pictures were captured
with XCAP-Lite interactive image analysis software (EPIX, Inc. Buffalo
Grove, IL) and analyzed with Image-Pro Plus software (version 4.0,
Media Cybernetics, Silver Spring, MD) by counting the green pixel
density contained within an outline of the bead on each picture.
These values were used to rank the relative luminescence of each
bead. Of the twenty highest-scoring beads that were identified after
screening, a quarter of the fourfold redundant library, 5 (0.004 %)
scored similarly or better than the REF peptide, which was used as a
benchmark.

To prepare beads for sequencing, they were first soaked in ethyl-
enediaminetetraacetate (0.1m, 100 pL; 3-4 h), rinsed with double-
distilled H,O (ddH,0; 100 pL), then treated with NHs, (15%, 200 pL;
overnight) into convert the chloroacetyl cap to an N-terminal glycine
residue.?”!’ After a final rinse in ddH,O, the beads were stored
individually in water/methanol (1:4, 200 uL). The peptides were
sequenced by Edman degradation at the Protein Service Laboratory
at the University of British Columbia.

Preparation of stock solutions: Concentrations of purified, lyophi-
lized peptides dissolved in nanopure water were determined by
measuring the absorbance at 280 nm in 6 m guanidine hydrochloride
and by using calculated extinction coefficients, as described in the
literature.?®! Stock solutions of ThCl; were prepared in 1 mm HCl and
calibrated by a complexometric technique.?”!

Luminescence spectroscopy: Luminescence emission spectra were
recorded on a Fluoromax 2 instrument (Jobin Yvon Horiba) in 1-cm
pathlength quartz cells equilibrated at 25°C by a jacketed water
bath. Tryptophan-sensitized Tb** emission spectra were collected by
exciting at 280 nm and by using a 315-nm longpass filter to avoid
interference from harmonic doubling. The spectra were corrected for
emission intensity by using manufacturer-supplied correction fac-
tors. Slit widths were 4 nm and 5 nm for excitation and emission slits,
respectively. Spectra were measured at pH70 in HEPES buffer
(10 mm) with NaCl (100 mm) and either 1-2 um peptide (or protein)
for the weak Tb3* sites, or 250 nm peptide for the tighter Tb3* sites.
Luminescence spectra obtained from Tb3* titrations were analyzed
with the program SPECFIT/32 (Spectrum Software Associates,
version 3.0.30).5% A Tb3*:peptide binding stoichiometry of 1:1
provided the best fit of the data in all cases. Errors reported for the
Ko measurements represent the standard deviation of the results
from three independent trials.

Plasmid preparation: A DNA sequence encoding LBT1 - ubiquitin
was initially inserted into a pCRT7/NT-TOPO plasmid (Invitrogen) by a
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standard PCR and Topo-ligation strategy in which ubiquitin was PCR
amplified with a primer containing the LBT-coding region as an
N-terminal extension (the ubiquitin plasmid was a kind gift from T. M.
Handel). Unfortunately, treatment of the protein product with
enterokinase to remove the N-terminal His tag in the commercial
vector resulted in nonspecific cleavage of the LBT sequence. Another
PCR strategy was therefore used to reconfigure the LBT region to
include an intervening Gly-Pro-Gly sequence as an intrinsic DAPase
(Qiagen) stop point between the His and LBT tags. DNA sequences
encoding Met-Lys-His¢-Gly-Pro-Gly-LBT1 or Met-Lys-His¢-Gly-Pro-
LBTC2 were PCR amplified as Nde1/Bglll fragments and inserted
into the corresponding site of our original ubiquitin-TOPO vector. All
constructs were verified by DNA sequencing (MIT Biopolymers
Laboratory).

Protein expression and purification: The LBT-containing plasmids
were transformed into BL21-Gold(DE3) competent cells (Stratagene)
and grown to midlog phase in Luria-Bertani media containing
carbenicillin (50 pgmL~") at 37°C with shaking at 250 rpm. Protein
expression was induced by treatment with IPTG (1 mm) for 3—6 h at
37°C. High protein yields were also obtained by growing cultures
overnight with no induction. Cells were harvested by centrifugation
at 4°C, 5K for 30 min. Pellets were resuspended and lysed by
sonication in buffer containing HEPES (10 mm; pH 7.5), NaCl (300 mm),
lysozyme (1 mgmL~"), imidazole (10 mm), 4-(2-aminoethyl)-bezene-
sulfonylfluoride (0.1 mm), leupeptin (0.5 pgmL™"), and pepstatin
(0.5 ug mL~"). Soluble fractions were purified under native conditions
with Ni*"-=NTA resin (Qiagen) by following the manufacturer’s
instructions, with the exception that we used the buffer described
above. Protein was eluted with buffer containing imidazole (100 mm).
Correct protein masses were confirmed by ESI MS. Concentrations
were determined by the fluorescence method described below and
verified by Pierce BCA protein assay. Yields of purified protein ranged
from 20-65 mgL~!, depending on induction times.

Removal of His tags: His—LBT1-Ubig and His - LBTC2 — Ubiq were
treated with DAPase enzyme according to the TAGZyme protocol
provided by Qiagen. 4 mg protein were successfully processed in
overnight reactions at 4 °C. The purity and correct mass of the final
products were verified by analytical HPLC and ESI MS.

Luminescence of cell lysates: Aliquots of cell culture (1 mL) were
harvested by centrifugation on a table-top microfuge for 2 min. Cell
lysis was achieved by resuspending the cell pellets in guanidine
hydrochloride (1 mL, 6m) and HEPES buffer (10mwm; pH7) for
20 minutes. The samples were again centrifuged to remove insoluble
debris. Alternatively, the pellets were resuspended in HEPES buffer
(10 mm; pH 7.0) containing NaCl (100 mm) and lysed by sonication.
The cell lysates were then diluted 25- to 50-fold into buffer
containing ThCl; (2 pm) in guanidine hydrochloride (6 m) and HEPES
(10 mm; pH 7.0). Sensitized luminescence spectra were recorded as
described above. The integrated area of the Tb?* emission band
centered at 544 nm was then compared to a standard curve in order
to estimate the concentration of LBT-tagged protein. Standard
curves were calculated from the integrated luminescence spectra of
varying concentrations of the LBTC2 peptide under the same
conditions as the lysate samples. In order to reproduce similar
background conditions for the standards as for the samples, aliquots
of 25- to 50-fold dilutions of cell lysate samples from cell lines that
did not express any LBT protein were added to the standards.

In-gel luminescence: Proteins were loaded onto 15% SDS-poly-
acrylamide gels in nondenaturing gel-loading buffer, and subjected
to electrophoresis at 100 mV for 1 -2 h, or until the blue dye from the
loading buffer passed through the gel. The gels were first washed in
buffer (25 mL; pH 7.0) containing HEPES (10 mm) and NaCl (100 mm)
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for 10 minutes with agitation, then soaked again in the same buffer
(25 mL) plus TbCl; (1 um) for an additional 10 minutes, with agitation.
The luminescent Th3" bands were visualized by placing the gel
directly on a UV transilluminator (UltraLum, 115V, 50/60 Hz), taking
care not to touch the gel in order to avoid unwanted smudges that
increase background fluorescence. Alternatively, the gels were
placed on a dark background and illuminated with a low-wavelength
UV lamp. Digital pictures were taken through a UV-blocking shield
and a 475-nm longpass filter (Schott) with a DVC-1300C RGB color
camera controlled by C-View software (DVC Company, Austin, TX).
The digital images were processed with Image-Pro Plus software,
version 4.0 (Media Cybernetics, Silver Springs, MD). The integrated
optical density of each luminescent band was used to estimate the
content of LBT-tagged protein by comparison with standards of
known LBT-protein content.
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A Powerful Combinatorial Screen to Identify
High-Affinity Terbium(mm)-Binding Peptides

Mark Nitz, Katherine J. Franz, Rebecca L. Maglathlin, and Barbara Imperiali*®!

Lanthanide-binding tags (LBTs) are protein fusion partners con-
sisting of encoded amino acids that bind lanthanide ions with high
dffinity. Herein, we present a new screening methodology for the
identification of new LBT sequences with high affinity for Tb** ions
and intense luminescence properties. This methodology utilizes
solid-phase split-and-pool combinatorial peptide synthesis. Or-
thogonally cleavable linkers allow an efficient two-step screening
procedure. The initial screen avoids the interference caused by on-
bead screening by photochemically releasing a portion of the
peptides into an agarose matrix for evaluation. The secondary
screen further characterizes each winning sequence in a defined

Introduction

There is an ever-increasing need for chemical and physical
probes that can be conveniently integrated into proteins to
facilitate the analysis of structure and function. Lanthanide-
binding tags (LBTs) are protein fusion partners of minimal
dimensions capable of harnessing a vast array of lanthanide-
dependent biophysical techniques, which include luminescence
analyses with Tb*t and Eu3* species,™? NMR spectroscopy
(through use of the paramagnetic lanthanides),®! and X-ray
crystallography, which utilizes the strong scattering power of the
lanthanide ions.™ Herein we demonstrate that a series of
focused combinatorial libraries, coupled with a novel lumines-
cent screening technique can be successfully implemented to
identify peptide loops with low-nanomolar dissociation con-
stants for Tb3' ions. These sequences provide the next
generation of LBT fusion partners for a broad range of
biophysical applications.™

Incorporation of lanthanide ion binding sites into proteins has
previously been accomplished through either chemical labeling
of amino acid side chains with lanthanide chelators,”” or by
protein engineering to introduce calcium binding loops, such as
the EF-hand motif.” 3" Both of these approaches have limita-
tions. Chemical labeling necessitates the presence of a uniquely
reactive residue within the protein of interest, as well as the
optimization of the labeling chemistry. Generation of a fusion
protein with an EF-hand motif is an easier approach, however
once the motif is removed from the context of the calcium-
binding protein, the lanthanide affinity drops precipitously
(108-10"°m to 107°-10"%m). The loss of lanthanide affinity
can lead to complications with nonspecific lanthanide bind-
ing, competing ligands, and lanthanide-induced protein aggre-
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aqueous solution. Employment of this methodology on a series of
focused combinatorial libraries yielded a linear peptide sequence of
17 encoded amino acids that demonstrated a 140-fold increase in
dffinity (57 nm dissociation constant, K,) over previously reported
lanthanide-binding peptides. This linear sequence was macro-
cyclized by introducing a disulfide bond between flanking cysteine
residues to produce a peptide with a 2-nm apparent dissociation
constant for Tb** jons.

KEYWORDS:

combinatorial chemistry - fluorescent probes - lanthanides -
peptides

gation.’>® In order to extend the utility of protein-bound
lanthanide ions, we sought to optimize the Tb3*-affinity and
luminescent properties of short oligopeptides (including only
the encoded amino acids) for use as LBT fusion partners. Two
classes of peptide sequence were envisaged as useful for the
intended eventual applications: disulfide-constrained peptide
loops with maximal lanthanide affinity! and cysteine-free
peptides for redox-sensitive applications. The studies described
herein have resulted in rapid access to unconstrained peptides
with 140-fold improvement in Th3* affinity over previously
synthesized Tb**-binding loops, and a constrained peptide with
an increase in affinity for terbium ions of over three orders of
magnitude relative to the native peptide sequences.

Screening Methodology

The luminescence of Th3* peptide chelates in the presence of a
sensitizing tyrosine or tryptophan residue provides a convenient
handle for screening lanthanide-binding peptides. However,
preliminary experiments indicated that screening of peptides
covalently attached to the solid support yielded false-positive
luminescent signals caused by interference from the polyethy-
lene glycol resin matrix. In order to circumvent this problem, a
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powerful method for screening the combinatorial peptide
libraries away from the solid support was developed.

The selection method was engineered to be compatible with
split-and-pool peptide library synthesis,” and to enable inter-
rogation of peptides dissociated from the solid support while
maintaining the identity of the resin bead from which the
peptide originated. A secondary evaluation of the “winning”
peptides was conducted to determine the relative Th** affinity
and luminescence of the initial hits, and thereby limit the
number of peptides to be resynthesized for detailed analysis.
Additionally, deconvolution of the peptide library by MALDI
mass spectrometry resulted in a more efficient and economical
process compared with Edman sequencing.

Figure 1 summarizes the general strategy for synthesis and
screening of the lanthanide-binding peptide libraries. TentaGel
macrobeads (280-320 um) were chosen as the solid support
because of their swelling properties in both aqueous and
organic solvents, as well as their high loading capacity (2-
3 nmol/bead).' The resin was derivatized with 4-nitrophenyla-
lanine, a moiety that reduces background fluorescence by
quenching the eventual photoproduct of the 3-amino-3-(2-
nitrophenyl)propionic acid (ANP) linker left on the solid phase
during the library screening. A mixture of 80% base-labile (4-
hydroxymethylbenzoic acid, HMBA) and 20% photochemically
labile (ANP) linker was attached to the resin by proportional
mixing of the linkers during coupling. Spectrophotometric
determination of the Fmoc protecting group removed in the
subsequent round of peptide synthesis was then used to
quantify the ratio of ANP:HMBA incorporation.

A peptide spacer, fAla-Arg-Pro-Pro-Gly, was added to the resin
to increase the mass of the shortest capped peptides above the
background noise level of MALDI mass spectra (< 650 Da) and
provide an ionized arginine residue to increase the signal of the
peptides observable during MALDI analysis. The peptide library
was assembled by a standard split-and-pool synthesis procedure
that included use of encoded peptide caps during peptide

elongation.""! This method, introduced by Griesinger et al., uses
a computer algorithm to calculate the minimum number of
capping steps required during the library synthesis to give a
nondegenerate mass ladder for each peptide. A minor mod-
ification of the literature method was employed to limit the
capping reagents to those commercially available. This encoding
approach is superior to other peptide laddering approaches,
which cap at every randomized position during the synthesis, as
it minimizes the number of caps and in turn maximizes the
amount of full-length sequence produced for the screen.!'?

After cleavage of the protecting groups from the peptides, the
solid-supported library was distributed in a buffered 2% agarose
matrix that included Tb3" ions (50 um). Upon photolysis on a
long-wavelength transilluminator (>320 nm, 6 min), the portion
of peptides linked to the solid support by the photocleavable
ANP linker was released into the surrounding agarose. To
sensitize the Th3* emission, the agarose gel was illuminated on a
short-wavelength transilluminator. Beads carrying terbium bind-
ing peptides manifested a luminescent halo (see Figure 1).3! In
contrast to recently reported in-gel screening methods, which
look for products of a reaction produced by a solid-supported
catalyst, this procedure looks directly at the peptide released
from the solid support.' Thus, this methodology avoids
interference from the solid support during the screening
procedure and is analogous to the bacterial lawn approach
introduced by Oldenburg etal. for screening antibiotic com-
pounds.'!

Competing ligands such as citrate or phosphate moieties were
added to the agarose to further increase the selective pressure
on the library for the second, third, and fourth generations of
terbium-binding peptides. The winning beads were isolated
from the agarose and treated with aqueous ammonium
hydroxide to liberate the remaining peptide.

The steady-state luminescence spectra of the solution derived
from winning beads was recorded at low terbium concentration
(200 nm—1 um). The brightest of these winners were then titrated

| |G 2n
1 J 2 0.2n 3 4
QN —— (=, 2~ * g mm
TentaGel 0.8n =
Macrobead
Split-and-pool | 5 ;.,‘l %,al—‘ 6 % 7 N 8
library - W T T
Booan.
i
m=Fmoc Phe(NQ3) _HO NHFmoc b o OH
= %
= fiAlaArgProProGly-Fmoc
BRI Y ANP HMBA

Figure 1. Library synthesis and screening strategy for Tb**-binding peptides. Peptide coupling procedures can be found in the Experimental Section. 1) Coupling of N-a.-
Fmoc-4-nitrophenylalanine (Fmoc = 9-fluorenylmethoxycarbonyl); 2) coupling of ANP:HMBA; 3) introduction of spacer sequence; 4) split-and-pool synthesis and
introduction of a mass spectral ladder; 5) amino acid side chain deprotection and casting in 2% agarose (50 um Tb** in 100 mm NaCl, 10 mm 2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid (HEPES), pH 7.0; 15 cm x 18 cm plate; 6) photolysis (> 320 nm) and visualization (280 nm); 7) selection of beads with luminescent halos,
removal of agarose and incubation of beads in 28 % NH,OH (12- 16 hrs); 8) single-bead Tb** titrations and sequence deconvolution by MALDI MS.
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with Tb** ions to determine the relative affinities of

Starting
the peptides for terbium () species. The resulting Consensus
Sequence

titration curves were fit on the assumption that the
peptide concentration was considerably lower
(>10times lower) than the K, value, to give the
relative affinities of the winning sequences for Tb3*
ions. The sequences of winning peptides obtained
from this final assay were then deconvoluted by
interpretation of the mass ladder, as revealed by
MALDI mass spectrometry. Selected peptides from
each library were then resynthesized without the
spacer sequence and evaluated in a purified form to
confirm the results of the library screen.

Library Design

Prototype LBT sequences were based on the
calcium-binding motifs of EF-hand proteins, which
provide seven coordinating residues at positions 1,
3, 5 7 9 and 12 in pentagonal bipyramidyl
geometry.®! Studies of EF hands have shown that
the loops with the highest affinity for the lantha-
nides have the following primary sequence of
coordinating ligands: Asp-Xxx-Asn-Xxx-Asp-Xxx-
Xxx-Glu-Xxx-Xxx-Glu (Xxx=any amino acid).'® A
systematic study by MacManus etal. established
that a tryptophan residue at position seven of the
loop, which donates a backbone carbonyl group to
the metal ion, is optimal for sensitizing Tb**
luminescence.'” Further studies in our laboratory
showed that tyrosine residues at positions 8 and 2
further increase the Th3* luminescence of the
loop." These factors were taken into account for
the iterative and targeted synthesis of four peptide
libraries each of fewer than 15000 members, with
each library improving on the last, to identify the
peptide sequence with optimal terbium binding
and sensitized luminescence (Scheme 1).

Each library addressed a specific concern in the
design of the lanthanide-binding peptide, as out-
lined in the right-hand column of Scheme 1. Strong consensus
sequences and improvements in luminescence and/or Tb3*
binding affinity were observed after each library iteration. After
each round of screening, the winning peptide sequences were
resynthesized and evaluated in a purified form to confirm the
results of the screen.

In EF-hand motifs the ligating residues at positions 9 and 12
are constrained in the N-terminal end of a helix. The first library
randomized the ligating residues at positions 9 and 12 and
introduced a rigid proline residue between these residues in an
effort to optimize the geometry and flexibility of this region of
the LBT. The second library incorporated hydrophobic residues
at both termini of the loop to constrain the loop by replacing the
hydrophobic interactions between the two flanking helices of
the EF-hand in the complete calcium-binding protein or the
disulfide bond in previous LBT sequences.™ The third generation
presented a greater number of possible turn-forming sequences

Peptide 1
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1% Generation

Consensus

2" Generation

Consensus

3" Generation

Consensus

4" Generation

B. Imperiali et al.

t 3 5 7 5 11 13 Prototype LBT1
XGDYNKDGWYEELELXX 4oguy
XGDYNKDGWYXXXXX Vary terminal
La DGGDL ligating residues and
vy EPPEV introduce a
Tw ; f} T rigidifying proline

0 0 residue.
Result
VYDYNKDGWYEGPEL 25% increase in
ﬂ affinity over LBT1
XXDXNKDGWYEGPEZXZXZX Addflanking
WW Y L L L.  hydrophobic
YY W vV VV residues.
vV T T T Randomize
A A Y Y Y sensitizing residue at
LL W WA position 2.
P AA
PP Result
~15-fold higher
YVDYNKDGWYEGPELLRA ffinity than LBT1
w W
XXDXNXDGﬂXXEXXELLA Randomize internal
YV Y N WW GG nonligating
wWI W K YY 88 residues.
F F R NN Further randomize
P P DD turn residues 10 and
G G E 11.
F P
L Result
~140-fold higher
YIDWNNDGWYEGDELLA

affinity than LBT1

{

YIDXNNDGWYEGDELLA Randomize position 2
X=A,D,E,F,G,H,K,L,N,P,R,S,T,
V,W,Y

Result

YIDPTNNDGWYEGDELLA Ko 57+4 nm

Scheme 1. Description of peptide libraries. For details of LBT1 construction, see ref. [1].

by randomization of residues 10 and 11 and randomized
N-terminal non-metal-ligating residues. Finally, a consensus at
position 2 was found by complete randomization at this
position, to arrive at the optimized peptide sequence, Peptide 1.

Although cysteine residues may reduce the utility of the LBT
under some redox-sensitive conditions, there are numerous
applications for which a disulfide bond would be benign and
would provide significant improvements in lanthanide binding
affinity. Based on previous research, the optimal position for a
disulfide bond is between positions — 1 and 12.1" Introduction of
a disulfide bond between these positions led to Peptide 2
(Scheme 2), with an impressive 30-fold increase in Th3* affinity
compared to the best linear sequence (Kpb=2+41nm; see
Figure 2).

Numerous screening techniques have been developed for
combinatorial peptide libraries but the majority have either
limited throughput in the absence of robotic liquid handling and
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Ala-Cys-Val-Asp-Trp-Asn-Asn-Asp-Gly-Trp-Tyr-Glu-Gly-Asp-Glu-Cys-Ala
I I
S S

Scheme 2. Sequence of disulfide-containing Peptide 2.

1 —

Luminescence Intensity / Arb. Units

0 50 100

[To*]/nM ——>

Figure 2. Terbium titrations of peptides. All peptides at 10 nm in NaCl (100 mwm),
HEPES (10 mm; pH 7.0). o, Peptide 1 (K, =574+ 4 nm); m, LBT1" (K, =8.04- 0.5 um);
A, Peptide 2 (K, =2 =+ 1 nm). Binding curves were fit based on a 1:1 binding model
by using the SPECFIT/32 software. Only a portion of the curve is shown for the
lower affinity peptides.

microarrays, or they are performed on the solid phase.'¥ We
have introduced a method for screening luminescent peptides
off the solid support by using a technique that requires no
special equipment. Outside the context of a protein, 12-20-
residue loops bind Th3* ions with a reported affinity of
approximately 5-10 um.” & The iterative approach described
herein, which relies on focused peptide libraries, an efficient
screening technique, and specific elements of the peptide
design, has identified a cysteine-free peptide that binds Th3*
ions with a Ky value of 57 nm. Constraint of this peptide with a
disulfide linkage further improves the affinity for terbium ions to
an impressive Kj value of 2 nm. These vastly improved affinities
for lanthanides should circumvent most nonspecific lanthanide
binding problems since the LBT affinity is now of the same
order of magnitude as the ion affinities of the majority of
naturally occurring calcium-binding proteins (K, =1-10nm).
Thus, peptides 1 and 2 should prove exceptionally useful in
the generation of LBT fusion proteins for use in biotechnological
applications.

Experimental Section

Library synthesis: Solid-phase peptide synthesis was performed
manually by using Fmoc chemistry on TentaGel macrobeads
(0.2 mmolg~", 90 um, Rapp Polymere). Standard peptide coupling
procedures were used for all single amino acid couplings, in which
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we treated amino acid (3 equiv/equiv resin) with benzatriazole-1-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (3 equiv/
equiv resin) and diisopropylethylamine (8 equiv/equiv resin) in
dimethylformamide (DMF) for one hour at room temperature.
Standard deprotection conditions were employed (20% piperidine
in DMF for 10 minutes at room temperature). Couplings with more
than one free acid, that is, mass encoding steps and orthogonal
linker coupling, involved treatment with N,N’-diisopropylcarbodii-
mide (1 equiv/equiv acid) and N-hydroxybenotriazole (HOBt;
1 equiv/equiv acid) in DMF for 1 hour. Orthogonal linker coupling
was achieved by coupling of HMBA and 3-N“-Fmoc-amino-3-(2-
nitrophenyl)propionic acid (Fmoc—-ANP) linkers (10:1, total 6 equiv/
equiv resin) to the peptide. The ratio of HMBA:Fmoc-ANP
incorporation was estimated from spectrophotometric quantifica-
tion of the released dibenzofulvene - piperidine adduct during two
subsequent steps of peptide synthesis. The SAla residue directly
coupled to the orthogonal linkers was introduced by treatment of
the beads with the symmetrical anhydride of the residue (6 equiv/
equiv resin) and 4-dimethylaminopyridine (0.1 equiv/equiv resin) in
DMF for 1 hr. Encoded mass capping was achieved by coupling a
mixture of the desired amino acid and mass cap (85:15, 10 equiv/
equiv resin) to the peptide. Positions in the library that required
capping were calculated with the Biblio software.'" Once capping
positions were revealed, manual calculations determined which
commercially available capping reagent combination would lead to
a nondegenerate mass ladder. Mass caps used: Boc-Ser(OBzl)-OH,
Boc-Asp(OBzl)-OH, Boc-Glu-(OBzl)-OH, Boc-Pro-OH, Boc-Leu-OH, Boc-
Tyr(OtBu)-OH, Boc-Tyr(OBzl)-OH, Boc-Thr(OtBu)-OH, Boc-Phe-OH,
Boc-Ala-OH, Boc-Arg(Tos)-OH, Boc-Lys(Boc)-OH, Ac-Phe-OH, benzo-
yl-Leu-OH, Ac-Leu-OH, benzoyl-Leu-OH (Boc = tert-butoxycarbonyl,
Bzl = benzyl, Tos = toluene-4-sulfonyl, Ac = acyl). Where possible, the
capping agent most similar to the amino acid that it encodes was
used, for example, Ac-Ala-OH codes for Ala or Boc-Phe-OH codes for
Tyr. Examples of a complete capping strategy and MALDI spectrum
are available in the Supporting Information.

Side chains were deprotected by treatment with 94 % trifluoroacetic
acid (TFA), 2.5% 1,2-ethanedithiol, 2.5% H,0, and 1% triisopropyl
silane for 2h at room temperature. Resin was then washed
sequentially with TFA (10 mL), dichloromethane (5 x 10 mL), DMF
(5 x 10 mL), and finally HEPES (100 mm, 3 x 10 mL; pH 7.0).

Combinatorial screening: Approximately 300-500 resin beads
were suspended in T3+ (5 mm), NaCl (200 mm), and HEPES (20 mwm,
1 mL; pH 7.0) and allowed to equilibrate (5 min). This solution was
then diluted with molten agarose (2%) in NaCl (100 mm) and HEPES
(10 mm, 80 mL; pH 7.0), poured into a flat rectangular dish (18 x
15 cm, gel thickness ~5 mm), and allowed to cool to room temper-
ature. To increase the selective pressure on later generations of the
library, NaHPO, (10-75 pv) was added to the molten agarose until
only 3-5 beads with halos were visible in each gel screened.

The agarose gel was placed on a mid-range UV transilluminator (UVP,
high-performance transilluminator) for 6 minutes. The gel was then
transferred to a shortwave UV transilluminator (Ultra Lum) and was
observed from behind a UV shield. Beads with halos were cut from
the agarose with a small section of glass tubing (3 mm internal
diameter) and transferred to a 1.5-mL ependorf tube. The residual
agrose surrounding the bead was melted away in distilled H,O (1 mL)
at 110°C. The selected bead was subsequently washed with
ethylenediaminetetraacetate (0.5m; pH 7.0), then extensively with
H,0, and then covered with ammonium hydroxide (28 %, 50 uL) and
left to incubate for 12-15 hrs at room temperature. After cleavage,
the ammonium hydroxide was removed under vacuum and the
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peptide residue resuspended in an acetonitrile/H,0 (50%, 200 L)
stock solution.

One quarter of the peptide solution was then assayed for its ability to
sensitize Th3* luminescence. A portion of the peptide stock solution
(50 pL) was diluted into HEPES (pH 7.0) containing NaCl (100 mm) and
a Tb*® ion solution (3mL, 200nm-1 v and the fluorescence
spectrum of the solution was obtained by excitation at 280 nm and
observation between 535 and 555 nm. A sample of the remaining
stock solution (100 plL) was then titrated with Tb** ions in the same
buffer to yield the relative affinity of the peptide for Th** ions.

MALDI mass spectra were obtained on a PerSeptive Biosystems
Voyager MALDI-TOF instrument. A portion of the peptide stock
solution (1 ul) was mixed on the MALDI plate with matrix solution
(Tul, 0.15m in 7:3 CH;CN/H,0) and allowed to crystallize under a
gentle stream of nitrogen.

Peptide synthesis: Peptides were synthesized on an Advanced
ChemTech automated synthesizer with standard Fmoc-protected
amino acids and HOBt/O-(benzotriazol-1-yl)-N,N,N',N'-tetramethy-
luronium hexafluorophosphate coupling reagents and piperidine
deprotection on polyaniline - poly(ethylene) glycol - polystyrene
(PerSeptive Biosystems) resin. Peptides were purified by reverse-
phase HPLC on a YMC C,; preparative column with a linear gradient
from 7-70% acetonitrile in water and 0.2% TFA. Purity was
confirmed by analytical HPLC and the correct mass validated by
ESI MS on a Mariner electrospray mass spectrometer.

Disulfide-containing peptides were formed by oxidation in a solution
of dimethyl sulfoxide (25% v/v), f-morpholinoethanesulfonic acid
(20 mm; pH 6.5), and CaCl, (5 mm) and incubated for 12-16 h at room
temperature.

Stock solutions: Concentrations of purified, lyophilized peptides
dissolved in nanopure water were determined by measuring the
absorbance at 280 nm in guanidine hydrochloride (6 m) and by using
calculated extinction coefficients, as described in the literature.'

Stock solutions of TbCl; were prepared in HCl (1 mm) and calibrated
by complexometric titration.?%

Luminescence spectroscopy: Luminescence emission spectra were
recorded on a Fluoromax 3 instrument (Jobin Yvon Horiba) in a
quartz cuvette with a 1-cm path length. Tryptophan-sensitized Th3*
emission spectra were collected by exciting the solution at 280 nm,
with a 315-nm longpass filter to avoid interference from harmonic
doubling. Excitation and emission slit widths were 4 nm and 5 nm,
respectively. Luminescence spectra obtained from Tb3* titrations
were analyzed with the program SPECFIT/32 (Spectrum Software
Associates, version 3.0.30).2" Titration data represent individually
prepared solutions of peptide (10nm) and variable Tb3* ion
concentrations in NaCl (100 mm), HEPES (10 mm; pH 7.0). Errors
reported for K, values represent the standard deviation calculated
from the curve fit.
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Nuclear Localisation Sequence Templated
Nonviral Gene Delivery Vectors: Investigation of
Intracellular Trafficking Events of LMD and LD

Vector Systems**

Michael Keller,*® Richard P. Harbottle,®! Eric Perouzel,” Morvane Colin,!!
Imran Shah,'? Ahad Rahim,® Laurence Vaysse,™ Anna Bergau,®’ Sylviane Moritz,'
Christiane Brahimi-Horn,[¥ Charles Coutelle,’® and Andrew D. Miller*@

The impact of a peptide that contains a nuclear localisation
sequence (NLS) on intracellular DNA trafficking was studied. We
used the adenoviral core peptide mu and an SV40 NLS peptide to
condense plasmid DNA (pDNA) prior to formulation with 33-[N-(N’,
N’-dimethylaminoethane)carbamoyl]cholesterol/dioleoyl-.-a-phos-
phatidyl ethanolamine (DC-Chol/DOPE) liposomes to give LMD and
LND vectors, respectively. Fluorescent-labelled lipid and peptides
plus dye-labelled pPDNA components were used to investigate gene
delivery in dividing and S-phase growth-arrested cells. Confocal
microscopic analyses reveal little difference in intracellular traffick-
ing events. Strikingly, mu peptide associates with nuclei and
nucleoli of cells within less than 15 mins incubation of LMD with
cells, which suggests that mu peptide has an NLS function. These
NLS properties were confirmed by cloning of a mu-B-galactosidase
fusion protein that localises in the nuclei of cells after cytosolic
translation. In dividing cells both LMD and LND deliver pDNA(Cy3)
to nuclei within 30-45 min incubation with cells. By contrast,

Introduction

Gene therapy strategies depend on efficient devices for the
delivery of nucleic acids into target cells.l" Peptide- and cationic-
lipid-based gene transfer vectors have shown promise for gene
therapy but are far less efficient than viral gene transfer vectors,
which are currently the gene delivery vehicle of choice in the
majority of gene therapy clinical trials undertaken to date.?
However, nonviral vectors such as cationic liposomes are still the
subject of intensive research and their efficacy continues to
improve. Cationic liposomes are usually formulated from a
cationic amphiphile and a neutral phospholipid. The choice of
lipids is crucial for transfection efficiency and with respect to cell
toxicity.®! As a result, major efforts are being made to synthesise
novel lipids with improved properties.* * Some lipid formula-
tions are commercially available, such as lipofectin (Gibco BRL),
Transfectam (Promega) and lipofectAMINE (Gibco BRL), or more
recently, Trojene (Avanti Polar Lipids).®! The role of the cationic
lipids is to interact with or destabilise cell membranes. When
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pDNA is detected only in the cytoplasm in growth-arrested cells
over the period of time investigated, and not in the nuclei. LD
systems prepared from DC-Chol/DOPE cationic liposomes and
pDNA(Cy3) behave similarly to LMD systems, which suggests that
mu peptide is unable to influence trafficking events in this current
LMD formulation, in spite of its strong NLS capacity. We further
describe the effect of polyethyleneglycol (PEG) on cellular uptake.
“Stealth” systems obtained by post-coating LMD particles with
fluorescent-labelled PEG molecules (0.5, 5 and 10 mol % fluores-
cein-PEG*°%°-N-hydroxysuccinimide) were prepared and shown to
be internalised rapidly (mins) by cells, without detectable transgene
expression. This result indicates that PEG blocks intracellular
trafficking of pDNA.
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gene technology - gene therapy - lipids - nuclear localisation
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formulated with plasmid DNA (pDNA), cationic liposomes form
cationic liposome:plasmid DNA (LD, lipoplex) particles that enter
cells by endocytosis and cause endosome localisation.”-"!
However, LD particles are topologically still outside the cyto-
plasmic compartment of the cell, with a membrane separating
them from the cytoplasm.'? Certain lipids such as phosphati-
dylserine and dioleoyl L-a-phosphatidyl ethanolamine (DOPE)
are thought to promote endosome escape of pDNA into the
cytoplasm, probably by virtue of their tendency to adopt a
hexagonal (H,) phase when exposed to acidic environments and
thus promote membrane fusion.!> ™ This pivotal tendency allows
pDNA escape into the cytosol and prevents the transport of lipo-
plexes to lysosomes, where enzymatic degradation may destroy
LD particles.'™™ The pDNA used in nonviral delivery systems is
mainly of bacterial origin. Such pDNA can cause inflammation
and toxicity at the doses required for in vivo application."® Com-
ponents of the mammalian immune system are activated by bac-
terial, but not by vertebrate DNA, which suggests species-depen-
dent structural differences.'” This drawback is ascribed to the
increased number and unmethylated status of bacterial CpG
motifs compared to mammalian genomic sequences.!"® Delivery
of high doses of LD particles to the mouse airway epithelium is
associated with unacceptable levels of inflammation/toxicity.'e"!

Increasingly, ternary nonviral systems are being developed
that use a nucleic acid condensing species, liposomes and pDNA.
Nucleic acid condensing compounds neutralise the negative
nucleotide charges of pDNA, and consequently condense the
pDNA volume to a fraction of its natural state.?% 2" Often, the
nucleic acid condensing compounds are cationic peptides, such
as peptides containing poly- and oligo-L-lysine, protamine,
polyimidazole, and oligo-L-lysine.’?-2 Bifunctional cationic pep-
tides containing a receptor-targeting moiety have also been
described.?” Alternative nonpeptide species that have been
used include histones, polyethyleneimine, poly[(2-dimethylami-
no)ethylmethacrylate], cationic peptoids and starburst dendrim-
ers.2834 We have recently described a ternary nonviral gene
delivery system referred to as liposome:mu:DNA (LMD).B> 361 This
vector is based on the cationic adenoviral core peptide pu (mu or
M, MRRAHHRRRRASHRRMRGG) that condenses pDNA into MD
(mu:DNA) nanoparticles (100 &+ 20 nm in diameter) at an optimal
ratio of 0.6 equivalents (w/w) peptide per pDNA molecule.B”

The work presented herein aims to shed light on mechanistic
and functional aspects of the intracellular trafficking of LMD
systems compared to one other ternary system, LND, and a
binary LD system, all prepared by using 33-[N-(N',N'-dimethyl-
aminoethane)carbamoyl]cholesterol (DC-Chol)/DOPE (60:40, m/
m) cationic liposomes. LND is similar to LMD except that the mu
peptide is substituted by an SV40 derived peptide (N;
RRRPKKKRKVSRRR) comprised of the SV40 nuclear localisation
sequence (NLS) flanked by arginine residues. We describe the
preparation and properties of a fully orthogonal threefold-
labelled LMD system and an orthogonal two-fold labelled LND
system and make a comparison between LMD, LND and LD
systems prepared from pDNA labelled with cyanine dye Cy3. Our
data provide clear indications about the problems that remain to
be solved before nonviral vector systems suitable for routine in
vivo applications may be developed.
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Results
Fluorescent and colorimetric properties of the particles
LMD

Prior to the formation of a fully orthogonal threefold-labelled
LMD system, fluorescent- and dye-labelled components were
prepared. First, mu peptide was synthesised and quantitatively
labelled at its N terminus with the fluorophore tetramethylrhod-
amine (TAMRA, red emission, intensity maximum, /,, =570 nm).
Second, novel cationic lipid-24 (Lp-24) was synthesised and
derivatised with the fluorophore 5-carboxyfluorescein (FAM,
green emission, I ,, =518 nm) to give fluorescent lipid FAM-Lp-
24 (Scheme 1). FAM-Lp-24 was formulated with DC-Chol and
DOPE lipids to give DC-Chol/DOPE/FAM-Lp-24 cationic lip-
osomes (57:40:3, m/m/m). Finally, the f3-galactosidase reporter
gene plasmid pUMVC1 (7528 bp) was labelled enzymatically
with either cyanine dye Cy5 (blue colour, ..., =649 nm) or Cy3
(red, An.x=568 nm) by using a modified nick-translation proce-
dure to give pDNA(Cy5) and pDNA(Cy3), respectively.® The
fluorescent profile of the threefold-labelled LMD was dominated
by the rhodamine-labelled mu peptide. We have previously
shown that at equilibrium, 1200 - 1400 copies of mu peptide are
involved in the stabilisation of the MD complex prepared from
pUMVC1, a fact that underlines this observation.?” By contrast,
the fluorescence intensity of FAM-Lp-24 was quenched by
approximately 30% when formulated into cationic liposomes, a
result consistent with insertion into the lipid bilayer (results not
shown). Colour emissions from the pDNA(Cy5) was found to be
considerably weaker than for the mu peptide and FAM-Lp-24
lipid, probably as a result of the low levels of dye labelling. In
general, the low sensitivity of Cy5 is an intrinsic problem for
detection by confocal microscopy. Therefore, single-dye-labelled
LMD was also formulated by using the more readily detectable
pDNA(Cy3) for confocal microscopy studies involving a compar-
ison between LMD, LND and LD systems, all prepared from DC-
Chol/DOPE (60:40, m/m) cationic liposomes.

LND

SV40-derived peptide (N) that contains the nuclear localisation
sequence (NLS) of the SV40 T large antigen,®” was N, -labelled
with FAM on the solid phase after completion of the peptide
synthesis. Two-fold-labelled LND was formulated with this FAM-
SV40 derived peptide and pDNA(Cy5). A single-dye-labelled LND
was prepared with pDNA(Cy3).

Particle sizes

DNA condensation studies were performed with quantitatively
N,-labelled peptides and pDNA prior to determining the number
of equivalents of peptide required to condense pDNA(Cy3).
Different peptide:pDNA ratios can afford different particle sizes
and stabilities, especially when fluorescent-labelled peptides
such as TAMRA-mu and FAM-SV40-derived peptides are em-
ployed. A profile of particle sizes as a function of peptide:pDNA
ratios between 0.4 and 2.0 was obtained by photon correlation
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Scheme 1. Chemical synthesis of lipid FAM-Lp-24. Reagents used for the individual steps: a) MsCl (2.5 equiv), NEt; (3 equiv), DCM (0.2m); b) 4-aminobutan-1-ol
(10 equiv), NEt; (1.1 equiv), THF (0.2m); ) (BocO), (1.1 equiv), NEt; (1.1 equiv), DCM (0.2 m); d) MsCl (2.5 equiv), NEt, (3 equiv), DCM (0.2 m); e) NaN; (5 equiv), Nal (1 equiv),
DMF (0.2m), 80°C; f) PMe; (1.15 equiv), H,0/NH;, THF (0.1m); g) FAM (0.83 equiv), HBTU (1.7 equiv), DIEA (2.5 equiv); h) TFA/H,0 (95:5), 2 h. Boc = butoxycarbonyl.

spectroscopy (PCS) and is shown in Figure 1. Over the range of
peptide equivalents tested, a particle diameter of 130 +20 nm
was measured both for mu peptide:pDNA and for SV40-derived
peptide:pDNA. For consistency with unlabelled LMD systems, a
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Figure 1. Dynamic light scattering analyses with mu and SV40-derived peptides
at different peptide:pDNA ratios. Blue triangles: mu:pDNA; black circles: SV40-
derived peptide:pDNA; red squares, TAMRA-mu:pDNA; green squares: FAM-
SV40:pDNA. Upon complexation of these peptide/pDNA nanoparticles with
liposomes, a general size increase of 20— 35 nm was observed (data not shown).

standard peptide:pDNA ratio of 0.6 equivalents peptide with
respect to pDNA (w/w) was used for condensation throughout.
Typically, a slight increase in size of about 20-35 nm occurred
when MD or ND particles were complexed with cationic
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liposomes (results not shown). The average size of the three-
fold-labelled LMD particles was 163 +20 nm, and that of the
two-fold labelled LND particles was 150 & 20 nm, as determined
by dynamic light scattering.

Electrophoretic gel migration

Charge neutralisation and pDNA condensation were examined
by observation of the electrophoretic migration of the pDNA in
agarose gels. Retardation was observed at all labelled pepti-
de:pDNA ratios (Figure 2). However, even in an excess of either
TAMRA-mu or FAM-SV40-derived peptide (4 equivalents), com-
plete retardation was not achieved. By contrast, total retardation
of the pDNA was observed in an experiment with TAMRA-[K],, at
0.7 equivalents (w/w) of peptide:pDNA (results not shown). This
indicates that TAMRA-[K],¢ binds more strongly with pDNA than
either TAMRA-mu or FAM-SV40 peptide. In a separate lane,
TAMRA-mu peptide in the absence of pDNA was found to
migrate towards the negative pole of the gel (Figure 2B, lane 13).

Unlabelled mu peptide at peptide:pDNA ratios (w/w) exceed-
ing 0.7 also completely prevents migration of pDNA.B” 4% We
used equilibrium dialysis to determine the dissociation constant,
Ky, for the interaction of TAMRA-mu with pDNA. A value of 23 mm
was determined, which shows that the interaction with pDNA is
weakened by at least an order of magnitude in comparison with
unlabelled mu peptide when the N, terminus of the peptide is
capped with TAMRA.B? Indeed, LMD particles prepared with
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Figure 2. Electrophoretic migration shift assays of peptide/pDNA complexes for pepti-
de:pDNA (w/w). A) Left: mu peptide; lane 1, 1-kb ladder; lane 2, naked pDNA (1 ug);

lanes 3 - 13 peptide:pDNA complexes with the amount of peptide:pDNA increasing by

0.1 mg per lane. Right: SV40-derived peptide; lane 1, 1 ug pDNA; lanes 2 - 13, peptide:pDNA
complexes with the amount of peptide:pDNA increasing by 0.1 ug per lane. Note that both
peptides retain pDNA in the wells for ratios exceeding 0.7. B) Left: detection of TAMRA-
labelled mu; right: FAM-labelled SV40-derived peptide. Both gels were visualised above a UV
source (254 nm) without addition of ethidium bromide. Lanes 13 contain the labelled
peptides only and show that the peptides migrate to the negative pole. Even with an excess

of peptide over pDNA, complete pDNA retardation is not achieved.

TAMRA-mu peptide were generally found to be about 20 nm
larger than those prepared with unlabelled mu peptide (Fig-
ure 1), a result that confirms differential interactions between the
two peptide species with pDNA as a result of N, -terminal
labelling.

Confocal microscopy analysis of threefold-labelled LMD and
LND

The cellular trafficking of the ternary LMD and LND systems was
investigated by confocal microscopy. 56 FHTE80~ cells were
grown on cover slips, transfected with threefold-labelled LMD or
twofold-labelled LND and fixed after 15 minutes. Intriguingly,
TAMRA-mu peptide (red label) and the FAM-SV40-derived
peptide (green label) were localised substantially in cell nuclei
after 15 minutes incubation of cells with either vector system.
Both TAMRA-mu and FAM-SV40-derived peptides were seen
predominantly localised in the nucleoli and nuclei, as demon-
strated by the yellow colour in Figure 3B (bottom panel, left),
which is due to the overlay of the green and red colours. By
contrast, both lipid FAM-Lp-24 (Figure 3A, green label) and
pDNA(Cy5) (Figure 3A and B, blue label) were found predom-
inantly in the cytosol after 15 minutes.

After 30 minutes incubation of the cells with LMD or LND, the
majority of both the lipid and pDNA were visible as condensed
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spots outside the nucleus. However, detection of the
pDNA was difficult and these results are therefore not
conclusive. Some lipid also appeared to be in the nuclei
of several cells, visible as yellow spots due to the overlay
of red and green (data not shown).

Confocal microscopy analysis of single-labelled
LMD(Cy3), LND(Cy3) and LD(Cy3)

The decreased particle integrity of threefold-labelled
LMD led us to investigate the intracellular trafficking of
pDNA on its own. The results described above suggest
that separation of peptide and pDNA occurs within
15 minutes of cell entry, which might be due to
decreased binding affinity between the peptide and
pDNA owing to the presence of fluorescent and dye
reporter groups. Consequently, we were concerned as
to whether or not these threefold-labelled systems were
appropriately describing the situation of intracellular
trafficking involving unlabelled vector systems. There-
fore, we elected to switch to single-dye-labelled systems
in which pDNA was labelled with cyanine dye Cy3,
which emits at red wavelengths and is consequent-
ly more readily detected than the other dyes consid-
ered.

A comparative study was then carried out between
LMD(Cy3), LND(Cy3) and LD(Cy3) vector systems to
investigate the relative influence of mu and SV40-
derived peptides on the kinetics of pDNA nuclear
trafficking. Cells were treated for just two minutes with
each vector system in turn and then washed extensively
to remove excess vector system and avoid the possi-
bility of a continuous gradient from the extracellular medium
into the cells during the course of the experiments. Cells were
then incubated and fixed at 7, 15, 30 or 45 minutes of incubation
to give a time course record. The intensive intracellular
fluorescence of the Cy3 dye was a clear sign that substantial
amounts of all vector systems were internalised by cells even
within two minutes of incubation. The cellular trafficking of all
three systems was characterised by rapid localisation of
pDNA(Cy3) in the cytosol followed by entry into nuclei within
30-45 minutes of incubation. When cell growth was arrested by
treatment with aphidicolin, pDNA(Cy3) was found to be rapidly
internalised into cells (<2 minutes), as observed with dividing
cells. However, after 45 minutes, pDNA(Cy3) was still found
associated along nuclear membranes irrespective of whether
LMD(Cy3), LND(Cy3) or LD(Cy3) systems were under observation
(Figure 4).

Transfection efficiency

The steric demands of fluorescent labels led us to perform
control transfection experiments to demonstrate that threefold-
labelled LMD and two-fold labelled LND were still able to
transfect the 56 FHTE80~ human tracheal epithelial cell line used
in confocal experiments in spite of the presence of fluorescent
labels. Fully labelled LMD and LND were shown to be able to
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Figure 3. Confocal microscopy analyses of threefold-labelled LMD (A) and twofold-labelled LND (B) after
15 minutes incubation of the vector system with 56 FHTE8o~ cells. In the case of threefold-labelled LMD
(A), TAMRA-mu is in red, the FAM-Lp-24 lipid in green and the pDNA(Cy5) in blue. For the twofold-labelled
LND vector system (B), FAM-SV40-derived peptide is in green and the pDNA(Cy5) in blue. The red colour in
panel B is caused by the staining of the nuclei with propidium iodide. Most of the peptide is localised in

the nucleoli. The bar represents 10 um.

transfect 56 FHTE8o~ cells 50-60% as efficiently as unlabelled
LMD and LND systems (results not shown). Unlabelled LMD and
LND systems were found to exhibit very similar transfection
efficiencies, whereas LD systems showed less time and dose
efficiency on this particular cell line (Figure 5), in agreement with
previous observations.*%!

Effect of surface PEGylation on cellular uptake

Polyethylene glycol (PEG) lipids are commonly employed in
liposome and other lipid-based drug delivery systems to provide
a steric barrier at the particle surface, which inhibits protein
binding and, therefore, opsonisation in vivo.*'-*! We applied a
post-coating method to stabilise LMD vector systems with
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0.5, 5 or 10mol% fluorescein-PEG>°®-NHS
(NHS = N-hydroxysuccinimide; green, /,.,=
520 nm).*¥ Excess (hydrolysed) PEG was re-
moved by extensive dialysis. 56 FHTE80™ cells
were incubated with fluorescein-PEGylated
LMD vector systems, followed by extensive
washing after two minutes to remove excess
vector system. Confocal analysis revealed that
rapid internalisation had taken place, as
demonstrated by the intracellular localisation
of the green colour derived from the fluo-
rescein label of the PEG (Figure 6). However,
these same fluorescein-PEGylated LMD vector
systems were unable to mediate transgene
expression of cells to levels significantly
above that achieved by naked pDNA trans-
fection (data not shown), in spite of the clear
cellular internalisation.

Nuclear localisation and transcriptional
activation properties of peptides

The potential nuclear localising properties of
mu peptide were determined by using a
series of recombinant expression plasmids
(based on pUMVC1) that express f3-galactosi-
dase as an N-terminal fusion with peptide
sequences that include the mu peptide
sequence. The plasmid pUMVC1 described
above harbours the f-galactosidase gene
(lacZ) downstream of a nucleotide sequence
coding for the NLS of SV40 large T antigen.
When this fusion gene is expressed in mam-
malian cells, the corresponding fusion protein
is detected microscopically in cell nuclei after
X-gal staining. Fusion protein is expressed
initially in the cytosol but becomes localised
in the nucleus under the influence of the NLS.
By means of site-directed mutagenesis, the
nucleotide sequence coding for the NLS was
removed and replaced by an Nael restriction
enzyme site to give a new plasmid pUMVC1-
cyt. Double-stranded oligonucleotide se-
quences were then separately engineered into the Nael
restriction site coding for the NLS of SV40 large T antigen
again (PPKKKRKVEDPK) as a positive control, into mu peptide
(MRRAHHRRRRASHRRMRGG), reordered mu peptide
(MHRHRGRAASRRRRHRRMG) and reverse mu peptide (RPSA-
GAAAAGRRPGPGAGA). Reordered mu peptide contains the
same amino acid composition as mu peptide but with a
substantially altered sequence, whilst reverse mu is a “nonsense”
peptide that results from a reverse reading of the original
mu peptide oligonucleotide coding sequence. The sequences
of all these Nael inserts were confirmed by DNA sequenc-
ing. Separate lipofectAMINE-mediated transfections of Hela
cells were then performed with each of the Nael insert
plasmids in turn. Cells were then incubated for a further 24 h
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Figure 4. Confocal microscopy images of 56 FHTE8o~ cells transfected with Cy3-labelled LMD, LND and LD systems. The cells were washed thoroughly with PBS after
two minutes incubation with the vectors and fixed with paraformaldehyde at the indicated times. A) Dividing 56 FHTE8o0~ cells. B) Synchronised (growth-arrested with
aphidicolin) 56 FHTE8o~ cells. No pDNA was detected in the nuclei of growth-arrested cells. The bar represents 10 um.
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Figure 5. Transfection experiments on 56 FHTE8o~ cells. LMD, LND, LD and lipofect-
AMINE were transfected in normal growth medium (10 % serum) for the indicated time
periods, washed with PBS and incubated for 48 h at 37°C. Identical experiments with

synchronised cells (aphidicolin) gave transfection levels no different from naked
plasmid DNA transfection (graphs not shown). RLU = relative light units.

Figure 6. Confocal microscopy studies of LMD surface modified with fluorescent-
labelled polyethylene glycol (fluorescein-PEG%-NHS); A) 0.5 mol %, B) 5 mol %
fluorescein-PEG**®-NHS. LMD was prepared as described and NHS-activated
polyethyleneglycol-fluorescein was conjugated according to a post-coating
protocol described by Wagner et. al.* After intensive dialysis, human tracheal
cells (=~ 10°) were incubated with the vectors (0.5 ug) for two minutes, then the
wells were washed with PBS (3 x ) and incubated for 45 minutes. The cells were
fixed with paraformaldehyde. Bright cytosolic fluorescence was detected by confocal
microscopy analyses for both formulations A and B. The bar represents 10 um.

post transfection, then fixed and stained with X-gal. The
subcellular distribution of expressed S-galactosidase fusion
proteins was then assessed in each case by means of light
microscopy. Representative cells post-transfection are shown in
Figure 7 for each of the Nael insert plasmids in turn and the
control pUMVC1-cyt plasmid. Cells transfected with pUMVC1-cyt
or the reverse mu insert plasmid clearly showed a pattern of
cytosolic f-galactosidase expression consistent with a lack of
expressed NLS. In contrast, all cells transfected with the
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B: PPKKKRKVEDPK—

C: MRRAHHRRRRASHRRMRGG—
D: MHRHRGRAASRRRRHRRMG—
E: RPSAGAAAAGRRPGPGAGA—

Figure 7. Nuclear localisation of (3-galactosidase by NLS peptides. HelLa cells
were transfected with expression plasmids encoding either (3-galactosidase (A),
fusion proteins consisting of 3-galactosidase fused with the NLS peptide region
from SV40 (large T antigen) (B), mu peptide (C), reordered mu peptide (D) or
reverse mu peptide (E). The cells were incubated for 24 h to allow the recombinant
protein to be expressed, then fixed and stained. The expression and distribution of
the recombinant protein was visualised microscopically. The recombinant
proteins containing the SV40 NLS, mu and reordered mu are clearly translocated
from the cytoplasm to the nucleus, whilst the proteins comprising -galactosi-
dase alone or reverse mu are not relocated and remain distributed throughout the
cytoplasm. The bottom right panel shows the sequences of the peptides fused to
B-galactosidase. The bar represents 10 um.

remaining Nael insert plasmids exhibited a clear pattern of (-
galactosidase expression in the nucleus consistent with the
expression of an active NLS.

The observed differences in transfection between binary and
ternary vectors, at least in certain cell lines such as human
tracheal cells (Figure 5), led us to investigate the possibility of an
active impact of the mu and SV40-derived peptides on the
cellular transcription process. For this purpose, we used pEGFP-
C1, which encodes a red-shifted variant of wild-type green
fluorescent protein (GFP), to transfect 56 FHTE8o™~ cells with LD,
LMD and LND vectors. The cells were then fixed after 15, 30, 45,
60, 120, 180, 240 minutes, respectively. Visualisation of the GFP
fluorescence by confocal microscopy revealed no difference in
the onset of green fluorescence caused by cellular production of
green fluorescent protein (Figure 8). Cells transfected with binary
and ternary vectors generated GFP as early as 15 minutes post
transfection, and a substantial amount of protein was obtained
only 4 h post transfection (Figure 8).

Discussion
We have recently devised an important new type of nonviral

vector system known as liposome:mu:DNA (LMD). LMD systems
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Figure 8. Visual representation of the green fluorescence generated from GFP
expression 4 h after transfection of 56 FHTE8o~ cells with LD (A) LMD (B) and LND
(C). Note that over all time courses investigated (15 minutes to 8 h), no difference
in the onset of green fluorescence for the three formulations was observed by
confocal microscopy, which indicates that the NLS peptides mu and SV40 do not
play an active role in the transcription process. The bar represents 10 um.

can be formulated in a reproducible and scalable manner, they
are stable to aggregation in low ionic strength medium,
amenable to long-term storage and able to deliver reproducible
transfection results in vitro, ex vivo and to a certain extent in
vivo.B% However, as we have already made clear, LMD systems
are not yet matured to a state that allows them to compete with
viral vector systems for clinical applications. To achieve this goal
a clear understanding about the real limitations of these LMD
systems will be required. The biophysical and mechanistic
studies described here represent an important first stage in the
process of revealing the limitations of LMD systems and lead to
clear suggestions about future directions that should be taken.
The behaviour of LMD systems was compared and contrasted
with the behaviour of a comparable LND system and an
equivalent LD system. In all cases, DC-Chol/DOPE (60:40, m/m)
cationic liposomes were used as the basis of the system. The
SV40-derived peptide (N) was prepared to provide a positive
comparison with the mu peptide (1 or M) in order to determine if
mu peptide possesses any unique characteristics over and above
the characteristics of a cationic, arginine-residue-rich peptide
with pDNA condensing and packaging properties.

The basic tenet of mechanistic confocal studies of the type
described above is that the introduction of fluorescent labels
does not substantially impair either the structural integrity or the
transfection characteristics of any one nonviral vector system so
that conclusions about the intracellular trafficking behaviour of
fluorescent- and dye-labelled components can be extrapolated
to the behaviour of unlabelled components. Our data suggest
that even with threefold-labelled LMD systems, this basic tenet is
broadly upheld, although the inclusion of fluorescent labels does
perturb biophysical properties. Both TAMRA-mu and FAM-SV40-
derived peptides produced larger MD and ND particles upon
interaction with pDNA, respectively, than the corresponding
unlabelled peptides (Figure 1). This observation suggests that
the interaction of both fluorescent-labelled peptides with pDNA
is adversely perturbed compared with unlabelled peptides by
the presence of N-terminal fluorescent groups. Data from
agarose gel retardation assays (Figure 2), and the evaluation of
an elevated dissociation constant, K, of 23 mm for the inter-
action between TAMRA-mu peptide and pDNA are certainly
consistent with this suggestion. Fortunately, these biophysical
differences between labelled and unlabelled peptides did not
appear to seriously impair either the formulation of threefold-
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labelled LMD and twofold-labelled LND systems or the func-
tional transfection of human tracheal epithelial cells (56 FHTE80~
cells) in vitro, although the transfection occurred at lower levels
than with completely unlabelled systems (Figure 5). Therefore,
confocal data obtained with both threefold- and twofold-
labelled systems should be qualitatively accurate with respect
to the behaviour of unlabelled systems. The observation that
peptides and pDNA rapidly dissociate (< 15 minutes) after entry
of either nonviral vector system into 56 FHTE8o™ cells is thus
likely to be representative of the behaviour of unlabelled
peptides and pDNA (Figure 3), with the caveat that TAMRA-mu
and FAM-SV40-derived peptides should separate from pDNA(-
Cy5) more readily than corresponding unlabelled components
owing to their generally weaker mutual association properties.
The fact that the FAM-SV40-derived peptide was able to enter
the nucleus or nucleolus of each transfected cell so rapidly
(< 15minutes) whilst the pDNA(Cy5) is left in the cytosol is not
surprising since this peptide possesses a well-known NLS
sequence anyway,*?! whose efficacy has been further demon-
strated by the results of Nael insert plasmid transfections
(Figure 7). Significantly, TAMRA-mu peptide behaviour was
sufficiently similar to that of FAM-SV40-derived peptide to
suggest that mu peptide also possesses an NLS (Figure 3), a
suggestion in line with the results of Nael insert plasmid
transfections (Figure 7 C). Therefore, adenoviral mu peptide has
clear NLS properties in addition to being an efficient and reliable
template for viral DNA condensation in the adenovirus core, and
pDNA condensation in LMD and MD preparation.B”

Other peptide-based nonviral vector systems that have been
studied, such as the lipid:integrin-targeting peptide:DNA (LID)
system formulated as lipofectAMINE:[K],;RGD: pDNA,"! the
peptide:DNA system formulated as AKRARLSTSFNPVYPYEDES-
[Kl,0:pDNA and other similar complexes,?* have all been found
to behave very similarly to threefold- and twofold-labelled LMD
and LND systems, respectively. Therefore, in spite of the caveat
mentioned above, there appears little reason to doubt the
qualitative conclusions of the data produced with threefold- and
twofold-labelled LMD and LND systems, respectively. In the cases
of the LID and other peptide:DNA systems mentioned above,
the majority of peptide was associated with cell nuclei after
30 minutes incubation of the vector systems with cells, whereas
pDNA appeared to be associated with cell nuclei only after 2 h.
On the basis of this information, these peptides have been
described as “vectors of nuclear uptake of pDNA".2 In our view,
this is an exaggeration since such a claim can only really be
justified if peptide and pDNA co-localise in the nucleus simulta-
neously. On the other hand, there has been some evidence
provided to suggest that [K],, peptides might be actively
involved in pDNA transport into the nucleus by mediating a
direct interaction between pDNA and nuclear pore complexes.*”!
However, this evidence was generated by using substantial
amounts of [K],, peptides that could have made the nuclear
membrane permeable or otherwise modified the nucleus,
thereby favouring nuclear penetration artificially.*”? Moreover,
in the absence of data on growth-arrested cells that demonstrate
a beneficial effect of the peptides, for instance in active transport
of pDNA within the time frame of peptide import into nuclei, the
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putative role of peptides as mediators of direct interactions
between pDNA and nuclear pore complexes (NPCs) should be
regarded as provisional at best.

NLS regions such as that belonging to the SV40 T large
antigen sequence are generally rich in lysine and arginine
residues, and are therefore both highly cationic and basic in
character.®? Classical NLSs of proteins are recognised by the
cytosolic protein importin-3, which interacts with importin-a in
order to mediate import into the nucleus through NPCs."®
Examination of the mu peptide sequence with the program
PSORT resulted in an NLS score of 3.37, considerably higher than
the NLS score of 1.95 obtained for the NLS sequence of the SV40
T large antigen (proteins devoid of an NLS sequence such as
serum albumin are not transported into the nucleus and have an
average NLS score over the whole protein of —0.47). The
theoretical NLS score of mu peptide further reinforces our
experimental conclusions that mu peptide possesses NLS
region(s) (see Figure3 and 7). Variations of the mu peptide
sequence tested in the Nael insert plasmid transfections (Fig-
ure 7) are a clear demonstration of the critical importance of
sequential arginine residues as a determinant of NLS capacity.
Particularly noteworthy are the results for reordered mu peptide,
whose sequence (MHRHRGRAASRRRRHRRMG, Figure 7 D) has six
contiguous arginine residues broken only by a single histidine
residue. This sequence fused to 5-galactosidase appeared to be
just as potent as, if not more than the mu peptide sequence for
concentrating the enzyme in cell nuclei (Figure 7C). These data
contrast well with the data obtained with the reverse mu
peptide sequence (RPSAGAAAAGRRPGPGAGA) fused to f-gal-
actosidase, where the fusion protein remained in the cell cytosol
(Figure 7E) presumably because the reverse mu peptide has
insignificant NLS characteristics given the almost complete
absence of sequential arginine residues in its sequence.

Even if mu peptide possesses clear NLS region(s), our confocal
microscopy data suggest clearly that current LMD formulations
are unable to take advantage of this capacity to facilitate pDNA
transport into nuclei. The direct comparison between LMD, LND
and LD transfections of 56 FHTE8o~ cells carried out by using
PDNA(Cy3) to monitor intracellular pDNA trafficking by confocal
microscopy illustrated very clearly that pDNA trafficking rates
into the nuclei of dividing cells are the essentially same (30—
45 minutes) irrespective of the nonviral vector system under
investigation (Figure 4 A). Furthermore, where aphidicolin-treat-
ed nondividing cells are concerned, pDNA was unable to enter
cell nuclei to any significant degree after 45 minutes of
incubation in all cases (Figure 4B). Such kinetic data not only
highlight a key limitation of the current binary and ternary
formulations but underscore two key facts: neither the extrac-
ellular membrane barrier nor the intracellular endosomal
membrane barrier are major barriers for the LMD or LD
transfection process; the nuclear barrier will likely remain a
major barrier, as reported previously, until such time as the NLS
region(s) of the mu peptide can be properly harnessed in a
subsequent step of evolution of the LMD system.

Given the apparent equality of intracellular pDNA trafficking
rates, the differences between LMD and LND transfection
efficiency on the one hand, and LD transfection efficiency on
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the other, need to be explained (Figure 5). These differences
could be accounted for if mu and even the SV40-derived peptide
were able to operate as transcriptional enhancers. However,
since a direct comparison between LMD, LND and LD trans-
fections of 56 FHTE8o~ cells with GFP plasmid showed essen-
tially no differences in the rates at which GFP fluorescence
emerged in the cytosol (Figure 8), the possibility that mu and
even the SV40-derived peptides are transcriptional enhancers
does not appear likely. Instead, we are now of the opinion that
LMD and LND are more efficient in transfection than the LD system
largely because the former two systems are significantly more
stable in the cell culture medium used during in vitro transfection
than the LD system, as we have noted previously.*® Therefore, we
shall primarily be seeking to develop future nonviral vector
systems by building upon the LMD or LND platform systems and
paying particular attention to harnessing the demonstrated
capacity of the NLS region(s) of mu peptide to promote pDNA
access to the nuclei of cells across the nuclear membrane through
the narrow inner diameter of NPCs (1020 nm).#-51

One final significant point needs to be addressed. Previously,
we observed that the development of clinically useful LMD
systems competitive with viral vector systems could only be
achieved with the development of triggerable LMD (trigLMD)
systems; that is, systems stable and nonreactive in extracellular
fluids but unstable once recognised and internalised by target
cells in a target organ of choice. TrigLMD systems will almost
certainly require surface protection of some description. Such
protection has been shown to effectively protect liposomes and
enhance in vivo circulation times.®? >3 Therefore, we employed a
post-coating strategy to add fluorescent-labelled polyethylene
glycol (fluorescein-PEG**®) molecules to the surface of LMD
particles in order to monitor the transfection competence of
these surface-modified particles and their cellular trafficking
properties.*¥ As expected, surface-modified LMD particles were
not transfection competent in standard transfection assays of
the type described herein (results not shown). However, we were
extremely surprised to see that rather than being excluded from
cellular uptake as a result of camouflage of the positive surface
charge, particles were apparently taken up freely into cells only
to be stored in perinuclear vesicles, consistent with endosome
entrapment (Figure 6). These results have serious implications.
PEG molecules have been used widely in liposomal drug delivery
systems to protect liposomes from the deleterious consequen-
ces of uncontrolled interactions with biological fluid and tissue
components such as varieties of proteins, lipids and carbohy-
drates found in serum. Accordingly, PEG molecules have also
been introduced to some nonviral vector systems, such as the
stabilised plasmid lipid particle (SPLP) system.*¥ However, our
data clearly suggest that PEG molecules actively inhibit the
transgene expression process even at a low amount of surface
protection (0.5 mol %), by a mechanism that appears to involve
endosome entrapment. In other words, whilst our LMD and LD
transfections appear to be little troubled by the endosome
compartment (Figure 4), transfections involving surface-pegy-
lated LMD particles certainly are affected (Figure 6).

Our observations are in complete agreement with Song et al.,
who studied the delivery of oligodeoxynucleotides (ODNs) to
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cells mediated by a variety of unilamellar DODAC/DOPE/PEG-
lipid cationic liposome systems. Song et al. demonstrated that
different amounts and chemical structures of PEG-lipids have
little effect on the binding and subsequent endocytosis of
cationic liposome/ODN complexes but severely inhibit endo-
somal release of ODNs into the cytoplasm and thereby prevent
ODN's from having any biological effect inside the cell at all.’> On
the basis of these data, credible alternatives to PEG as a surface-
stabilising molecule for nonviral vector systems that give
protection in biological fluids and tissues without impairing
transfection efficiency must be found. Alternatively, new mech-
anisms and new chemistry must be established to allow
inhibitory PEG molecules to be completely released once vector
particles are inside endosome compartments after endocytosis,
to yield “naked” nonviral vector particles that should be able to
disrupt endosome membranes and facilitate the escape of pDNA
into the cytosol."® Either or both strategies may have to be
adopted to develop the first generation of trigLMD systems.
However, given the potent NLS properties of the mu peptide
demonstrated in this paper, the focus for attempts to achieve
competent in vivo nonviral vectors is clear. New chemical
innovations will be needed to provide temporary extracellular
protection of particle surfaces, and a way to fully exploit the NLS
function of mu peptide must be found so as to direct the
transgene into the nuclei and achieve maximum transfection
efficacy in vivo.

Experimental Section

General: OptiMEM was purchased from Gibco BRL (Lexington, KY,
UK); ammonium chloride from Merck (Harlow, Essex, UK), para-
formaldehyde, bovine serum albumin (BSA; fraction V), propidium
iodide and 1,4-diazobicyclo[2.2.2]octane from Sigma (Pampisford,
Camridgshire, UK); RNAse A (free of DNAse) from Boehringer
(Ingelheim, G); glycerol from Dako (Ely, UK); phosphate-buffered
saline (PBS) from Life Technology (Lexington, KY, UK). All PBS used for
confocal microscopy contained 2% BSA. The Cy5 and Cy3 nick-
translation labelling kit was purchased from Amersham —Pharmacia
(Little Chalfont, Buckinghamshire, UK). All other fluorescent probes
were purchased from Molecular Probes (Eugene/OR, USA). '"H NMR
spectra were recorded on either Brucker DRX;,, or Jeol GX-270Q,
with residual isotopic solvent (CHCl;, 0,,=7.26 ppm) as an internal
reference. Mass spectra were recorded on VG-7070B or Jeol SX-102
instruments. Silica chromatography refers to flash column chroma-
tography on Merck-Kieselgel 60 (230 - 400 mesh).

Lipids: DOPE was purchased from Avanti Polar Lipids (Alabaster, AL,
USA). DC-Chol was synthesised in our laboratories according to
published procedures.! The chemical synthesis of the novel lipid Lp-
24 (Scheme 1) was carried out by using standard organic synthesis
procedures, as described previously for similar compounds.” Lp-24
was labelled with the fluorophore FAM and fully characterised by
analytical HPLC, mass spectrometry, fluorescence spectroscopy, UV
analysis and "H NMR spectroscopy.

Synthetic procedure: A solution of methanesulfonyl chloride
(0.19 mL, 2.40 mmol) was added dropwise to a solution of 2-(choles-
teryloxycarbonyl)aminoethanol 1% 1 (0.45 g, 0.96 mmol) and triethyl-
amine (0.40 mL, 2.88 mmol) in dichloromethane (DCM; 10 mL) at
0°C. After one hour, ice was added to the reaction mixture followed
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by addition of saturated ammonium chloride (15 mL) and extraction
with diethyl ether. Purification was carried out by flash chromatog-
raphy over silica (diethyl ether) to yield 2-(cholesteryloxycarbonyl)a-
minoethane-1-sulphonate 2 (89%). 4-amino-butan-1-ol (2 mL,
750 mmol) was added to 2 (0.43g, 0.75mmol) dissolved in
tetrahydrofuran (THF; 2.5 mL). After completion of the reaction and
purification over silica (diethyl ether), 7-cholesteryloxycarbonyl-(5,7-
aza)-heptan-1-ol 3 (75%) was isolated. '"H NMR (300 MHz, oy,): 6 =
5.27-5.33 (1H, m, H-6), 440-4.44 (1H, m, H-3'), 3.52-3.56 (2H, m,
H-6), 3.27-3.30 (2H, m, H-1), 2.75-2.80 (2H, m, H-2), 2.65-2.71 (2H,
m, H-3), 2.21-2.36 (2H, m, H-4'), 1.77-2.09 (5H, m, H-2, H-7" and
H-8'), 0.99-1.50 (28H, m, H-4, H-5, H-1/, H-9', H-11", H-12, H-14' to
H-17, H-20', H-23' to H-25'), 0.96 (3H, s, H-19'), 0.60-0.88 (3H, d, /=
70Hz, H-21"), 0.81-0.86 (6H, dd, H-26', H-27), 0.64 (3H, s,
H-18") ppm. MS (FAB, m/z): 567 [M+Nal*, 545 [M+H]*, 369 [Chol]*.

“Bocylation” of N° was achieved by addition of di-tbutyl-dicarbonate
(0.04g, 0.18 mmol) to a solution of 3 (0.10g, 0.18 mmol) and
triethylamine (0.03 mL, 0.23 mmol) in DCM (0.9 mL) and the product
was purified over silica (diethylether) to give 7-cholesteryloxycar-
bonyl-(5,7-aza)-(5-Boc)-heptan-1-ol (95%). Mesylation of this com-
pound was carried out as described above on a 1.15 mmol scale to
give 4 in 88% yield after purification over silica (diethyl ether).
Conversion to the azide derivative was achieved by reacting 4
(1409, 1.97 mmol) with sodium azide (0.63g, 9.74 mmol) and
sodium iodide (0.30g, 1.95mmol) under nitrogen in anhydrous
DMF at 80°C, followed by purification over silica (petroleum/diethyl
ether, 1:1) to yield 1.24 g pure product (95 %). Reduction of this azide
compound with the free amine was achieved by reacting the azide
(0.8 g, 1.2 mmol) with trimethylphosphine (106 mg, 1.4 mmol) in THF
(9.4 mL) followed by treatment with aqueous ammonia (1 mL) for
one hour and purification over silica (chloroform/methanol, 3:1) to
afford  7-cholesteryloxycarbonyl-(1,7-diamino)-(5-aza-tert.-butyloxy-
carbonyl)-heptane 5 (Lp-24[5-Boc]; 75%) as a white solid. Coupling
of Lp-24(5-Boc) 5 (20 mg, 32 umol) with FAM (10 mg, 26 umol) was
carried out in the presence of O-(benzotriazol-1-yl)-N,N,N',N'-tetra-
methyluronium hexafluorophosphate (HBTU; 20 mg, 52 umol) and
N,N,-diisopropylethylamine (DIEA; 4.6 pL, 80 pmol) in DMF (1 mL). All
solvent was evaporated and replaced by trifluoroacetic acid (TFA)/
water (9:1, 2 mL) and the product was purified by semipreparative
HPLC (C,g). The fraction containing the product was lyophilised to
give 2mg (8%) pure product, FAM-Lp-24 6. HPLC (0-100%
acetonitrile, 20 mins): tg=15.08 min, single peak (A1 =214 nm). MS
(MALDI, m/z): 900.85; 'H NMR (270 MHz, oy,): 6=10.1 (1H, s, —OH),
8.5-6.5, 9H, aromatics of FAM), 5.36-5.39 (1H, m, H-6'), 4.45-4.55
(1H, m, H-3'), 3.21-3.32 (6H, m, H-1, H-2, H-3), 2.74 (2H, t, J=6.5 Hz,
H-6), 2.22 -2.35 (2H, m, H-4), 1.84-2.03 (5H, m, H-2', H-7’, H-8'), 1.47
(9H, s, Me of tBu), 1.06 - 1.57 (25H, m, H-4, H-5, H-1/, H-9', H-11", H-12/,
H-14" to H-17/, H-20', H-22' to H-25'), 0.96 (3H, s, H-19'), 0.92 (3H, d,
J=6.5Hz, H-26'), 090 (3H, d, J=6.5Hz, H-27"), 0.68 (3H, s,
H-18") ppm.

Liposomes: A lipid film consisting of DC-Chol:DOPE (60:40; m/m)
was formed in a round-bottomed flask by removal of the DCM under
reduced pressure. After one hour of drying under vacuum, the lipids
were suspended in N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES; 4 mm, pH 7) under sonication (20 minutes) at a final
concentration of 4.5 mgmL~". Unilamellar vesicles were prepared by
extruding the lipids through two 100nm membranes (10X,
Millipore, Ireland). The content of organophosphorus was deter-
mined as described by Stewart.’® Determination of the size and
estimation of the homogeneity of the resulting liposomes was
carried out by photon correlation spectroscopy. Fluorescent FAM-Lp-
24 was incorporated into these liposomes by adding a solution of
FAM-Lp-24 3 mL, 1 mgmL~", 4 mm HEPES, pH 7) to the liposomes
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described above (15 pL, 4.5 mgmL-") while thoroughly vortexing the
mixture. Fluorescence quenching of 32 % compared to quenching by
free FAM-Lp-24 proved incorporation into liposomes had occurred.

Peptides: The adenoviral core peptide mu (MRRAHHRRR-
RASHRRMRGG) and the SV40 NLS-containing peptide (H-
RRRPKKKRKVSRRR-NH,)% were synthesised according to standard
9-fluorenylmethoxycarbonyl (Fmoc) based Merrifield solid-phase
peptide chemistry on Wang and Rink amide resin, respectively.5”!
In order to avoid failure sequences being produced by incomplete
coupling steps, pseudoproline dipeptides were incorporated where
appropriate.”8-°" TAMRA and FAM were coupled on resin to N,-Met
and N,-Arg, respectively, by using standard peptide protocols.
Peptide purification was carried out on a Hitachi semipreparative
HPLC system at a flow rate of 20 mLmin~', with a LiChrospher C;q
(300 A, 5 um) column. All peptides were desalted on Sephadex G25 M
(PD 10) columns (Amersham —Pharmacia) prior to use. Analytical
HPLC was run on a Hitachi system with a Purospher RP-18
endcapped column (5um) at a flow rate of 1 mLmin~', gradient
0-100% acetonitrile (20 mins). All peptides were fully characterised
by mass spectrometry (FAB or MALDI) and analytical HPLC (Hitachi)
before use.

DNA: The plasmid pUMVC1 was obtained from the University of
Michigan Vector Core (http://www.med.umich.edu/vcore/Plasmids/)
and amplified/purified by Bayou Biolabs, Qharahan, LA, USA. Label-
ling with cyanine dyes Cy5 and Cy3 was carried out according to a
modified published procedure by a nick-translation technique. We
found it unnecessary to relax the pDNA with MgCl, prior to
performing the nick-translation procedure.®8 UV absorption of the
Cy5 or Cy3 labelled pDNA proved insufficient to visualise the pDNA
under a UV source without post-run staining with ethidium bromide.
A UV/Vis wavelength scan between 200 and 700 nm revealed two
maxima: 1,=260nm (adenin bases) and A1,=649nm (Cy5) or
568 nm (Cy3). Plasmid pEGFP-C1 (4.7 kb) was purchased from
Clontech (Palo Alto, CA, USA) and used without further purification.

Pegylation of LMD: Fluorescein-PEG>°®-NHS was purchased from
Shearwater (Huntsville, AL, USA). Post-coating onto LMD was carried
out as described by Wagner and co-workers for a similar system.*4

Preparation of LMD, LND and LD: All LMD and LND particles were
prepared at the optimised lipid:peptide:pDNA ratio of 12:0.6:1 (w/w/
w) and LD vector systems at 12:1 (lipid:pDNA, w/w).5¥ To this end,
pDNA (1 mgmL~") was rapidly added to a solution of mu peptide
(0.1 mgmL~") in HEPES (4 mm, pH 7) under vortexing to form the MD
complex. This complex was added dropwise to the liposomes
(4.5 mgmL"") under heavy vortexing to form LMD particles at a
concentration of 50 ugmL-" (pDNA), a slightly modified version of
the procedure previously reported. LND particles were prepared in
an equivalent manner.* 353 The fluorescent and/or dye-labelled
particles were prepared in the same way as the nonfluorescent
systems described above, except that the peptide, DNA and
liposomes were replaced with equimolar amounts of fluorescent-
or dye-labelled entity.

Fluorescence spectroscopy: Fluorescence determinations were
carried out at 20°C on a Shimazu RF-5301 spectrofluorimeter with
a water-cooled cryostate (Grant LTD 6). An excitation wavelength
near the UV absorbance maximum for the fluorophore was chosen
and results were recorded at medium scanning speed at a sampling
interval of 0.2 nm and with a slit width of 5 nm (FAM and TAMRA) or
15 nm (Cy5) for all excitation and emission spectra.

Photon correlation spectroscopy: The particle sizes of the LMD,
LND and LD systems were measured by using dynamic light
scattering on a Coulter N4 plus. All measurements were performed
at 20°C at an angle of 90° with an equilibration time of 1 min and
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running times of 300 sec at concentrations of 5 ugmL~" pDNA in
HEPES (4 mm, pH 7). The refractive index of the buffer was set to
1.333. Unimodal analysis was used to calculate the mean particle size.

Cell culture: Foetal human tracheal epithelial 56 FHTE8o~ cells
provided by Dr Dieter Gruenert® were cultured in 50% Dulbecco’s
modified Eagle’s medium (DMEM) 50% Ham F12, supplemented
with 10% foetal calf serum (FCS; normal supplemented medium).
Hela cells were maintained in DMEM supplemented with 10% FCS.
Cells were seeded on 12-well culture plates for transfection experi-
ments and on Labteck slides for confocal microscopy analysis, and
grown until semi-confluent”? Cells were growth arrested by
incubation with aphidicolin (5 pgmL~") for 16 h.©3

Transfection:

Dividing cells: LMD, LND and LD vector systems were prepared as
described above at a final concentration of 50 ugmL~" pDNA. For
LMD vectors, labelled liposomes of composition DOPE:DC-Chol:-
FAM-Lp-24 =40:57:3 (m/m/m) were used, whereas LND vectors were
prepared with nonlabelled liposomes. The lipid:peptide:DNA ratio
was 12:0.6:1 (w/w/w) for each vector system. For transfections, each
vector (30 pL, 50 pgmL~") was diluted with OptiMEM (870 ulL; Gibco
BRL) and added to three wells (300 uL each) of a 12-well plate
containing semiconfluent tracheal cells. The plate was incubated for
times indicated in the text. The plates were washed with DMEM and
incubated for 48 h at 37°C in normal growth medium. The pDNA
dose per well was 0.5 pug. The activity was detected with a
chemiluminescent reporter assay kit (Galacto-Light, Tropix Inc., Paris,
F). The protein concentration of cell lysates was determined by using
the Bradford method and activities were expressed as relative light
units per milligram protein.% Cells transfected by using lipofect-
AMINE (Gibco BRL) were transfected as indicated by the manufacturer.

The expression and distribution of S-galactosidase in situ was
visualised as follows: transfected cells were fixed in 1% form-
aldehyde/PBS and stained (0.4mgmL~" X-gal, 4 mm potassium
ferrocyanide, 4 mm potassium ferricyanide, 0.1 mm MgCl,) overnight
at room temperature, protected from light. After staining the cells
were rinsed in PBS and stored in 1% formaldehyde/PBS.

Growth-arrested cells: Cells were grown until semiconfluent. The
medium was replaced by normal growth medium (10% FCS)
containing aphidicolin (Sigma, UK; 5ugmL™") before incubating
the cells for 16 h. Transfections were carried out as described above.

Electrophoretic migration assay: Electrophoretic mobility shift
assays on 1% agarose gels were performed at peptide:pDNA ratios
between 0.1 and 2.5. Both labelled and native peptides were
investigated. The peptide/pDNA complexes were prepared by rapid
addition of pDNA to a solution of peptide (0.1 mgmL~") in HEPES
(pH 7, 4 mm). The sizes of the resulting complexes were determined
by PCS as described above.

Confocal laser scanning microscopy: Tracheal cells were grown in
glass wells for 48 h in normal supplemented medium and then
thoroughly washed (3 x 300 pL) with the same medium. LMD (10 pL,
50 pgmL~" pDNA) was diluted with OptiMEM (90 pulL) then added to
the cells. TAMRA-mu (3.5 ugmL~", 100 uL) was used as a negative
control and pUMVC1(Cy5) (5 pgmL~", 100 pL) as the positive control.
After each well’s designated incubation time at 37 °C, the respective
wells were rinsed three times with PBS (3 x 300 pL) then treated with
a solution of polyformaldehyde (4%) and left for 20 minutes. The
supernatant was removed and the wells washed with PBS and
treated with NH,Cl (50 mm, 4 x 5 min). Wells were incubated for ten
minutes with RNAse A (1 mgmL~" in PBS) then the nuclei were
labelled by treatment with propidium iodide (3 ugmL~" in PBS) for
three minutes. Next, the wells were incubated in 1,4-diazabicy-

ChemBioChem 2003, 4, 286 -298





Nonviral Gene Delivery Vectors

clo[2.2.2]octane (10mgmL~" in PBS) for ten minutes at room
temperature before addition of glycergel. Glass cover slips were
fixed between the wells on narrow strips of scotch tape and the
slides were incubated at 4°C in order to allow the glycergel to
solidify. Confocal microscopy was performed with a TCS SP Leica
(Lasertechnichk GmbH) microscope, equipped with a 40 x objective
(plan apo corrections; numerical aperture = 1.25). An argon - krypton
ion laser adjusted to 568 and 647 nm was used for propidium iodide
and Cy5 excitation, as previously described. ¢ 5%

In order to improve pDNA detection, which is hampered by the low
sensitivity of the Cy5 dye, the pDNA was labelled with Cy3 (emitting
in red). LMD(Cy3) vectors were prepared with labelled pDNA(Cy3) as
the sole marker. LD(Cy5) particles were separately formed at the
same lipid:pDNA ratio (12:1, w/w) as LMD(Cy5). Transfection and
preparation of cover slides were carried out as described above with
the exception that propidium iodide was replaced by 4',6-diamidino-
2-phenylindole, which stains the nuclei blue. In order to ensure that
cellular uptake of vectors does not interfere with intracellular
trafficking, the cells were washed extensively with PBS after two
minutes incubation to clear off remaining extracellular vector before
addition of natural growth medium (DMEM). The cells were then fixed
as described above after the indicated times. Analyses were carried
out at 1 =488 nm (95 %) on an LSM 510 Zeiss instrument with an 8-bit
scan mode plane, stack sizes of 1024 x 1024 (130.3 x 130.3 mm), a
pixel time of 1.12 ms and a plan apochromate objective (100 x , 1.4 oil
Ph3). The filter used was a Ch1 (LP 560), pinhole 224 pm.

Production of recombinant expression plasmid vectors: Construc-
tion of a cloning vector based upon pUMVC1 was achieved by using
site-specific mutagenesis to exclude the NLS sequence of SV40 large
Tantigen and replace it with an Nae1 restriction enzyme site with the
primer sequence 5-TTCCGGAATTCCGCAGCCGGCAGGACTTTCCTT-
CAG-3’ (Sigma-Genosys, UK). High fidelity Pfu DNA polymerase was
used in the PCR reaction in order to prevent errors due to the length
of template to be amplified. Template DNA and the PCR product
were separated by restriction digestion followed by agarose gel
electrophoresis, extraction and purification (Qiagen). The following
oligonucleotides (with complementary strands) were then blunt-end
cloned into the Nael site:

SV40 NLS: 5-AGAGGAAGAGGCCGGCCACCACCTAAAAAGAAGA-
GAAAGGTAGAAGACCCCAAGGGGCCCGGCAGAATAG-3

Mu: 5-AGAGGAAGAGGCCGGCCAATGCGGCGGGCCCACCACCGGC-
GGCGGCGGGCCTCCCACCGGCGGATGCGGGGCGGCGGGLCCCGGCA-
GAATAG-3’

Mu reordered: 5-AGAGGAAGAGGCCGGCCAATGCACCGGCACC-
GGGGCCGGGCCGCCTCCCGGCGGCGGCGGCACCGGCGGATGGGC-
GGGCCCGGCAGAATAG-3'

Mu Reverse: 5'-CTATTCTGCCGGGCCCGCCGCCCCGCATCCGCCGGT-
GGGAGGCCCGCCGCCGCCGGTGGTGGGCCCGCCGCATTGGCCGGCC-
TCTTCCTCT-3'

The plasmids were then transferred into Escherischia coli DH5a
competent cells (Invitrogen Life Technologies) and screened by
restriction digest analysis by using the enzyme Earl (New England
Biolabs) to identify recombinant plasmids and the orientation of the
inserted fragment. Positive clones were then grown up in the
presence of kanamycin and plasmid constructs were extracted
(Qiagen). Each construct (2 ug) was then used to transfect semi-
confluent Hela cells by using lipofectAMINE (Gibco BRL) in a 1:12
(w/w) DNA:liposome ratio. Transfection was allowed to take place for
a period of 4 h and cells were left to express for 16 h. Visualisation of
expression and localisation was achieved by fixation and staining as
described earlier.?”
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On the Generation of Catalytic Antibodies
by Transition State Analogues

Montserrat Barbany,® Hugo Gutiérrez-de-Teran,? Ferran Sanz,*@

Jordi Villa-Freixa,*™® and Arieh Warshel*®!

The effective design of catalytic antibodies represents a major
conceptual and practical challenge. It is implicitly assumed that a
proper transition state analogue (TSA) can elicit a catalytic
antibody (CA) that will catalyze the given reaction in a similar
way to an enzyme that would evolve (or was evolved) to catalyze
this reaction. However, in most cases it was found that the TSA used
produced CAs with relatively low rate enhancement as compared
to the corresponding enzymes, when these exist. The present work
explores the origin of this problem, by developing two approaches
that examine the similarity of the TSA and the corresponding
transition state (TS). These analyses are used to assess the
proficiency of the CA generated by the given TSA. Both approaches
focus on electrostatic effects that have been found to play a major
role in enzymatic reactions. The first method uses molecular
interaction potentials to look for the similarity between the TSA
and the TS and, in principle, to help in designing new haptens by
using 3D quantitative struture - activity relationships. The second
and more quantitative approach generates a grid of Langevin

1. Introduction

The idea of using antibodies to catalyze chemical reactions can
be traced back to Jencks!™ and, in some respects, to the catalytic
concept of Pauling.? The practical implementation of this idea
by the generation of catalytic antibodies (CAs) has opened a
major research field (see, for example, refs. [3-10]) and led to
major excitement in the chemical and biochemical communities.
It appears that (at least in principle) the CA approach can offer a
highly efficient and specific way for organic synthesis and that
the development of CAs will provide a powerful tool for
understanding enzyme catalysis. The crucial point in the CA
hypothesis is the assumption that it should be possible to design
a transition state analogue (TSA) for the reaction to be catalyzed.
This TSA can then be used as a hapten to elicit the CA.

It seems reasonable to assume and to hope that CAs can be as
effective as the corresponding enzymes. This is based on the
idea that it is possible to elicit antibodies with optimal binding to
specific haptens (see, however, ref. [11]). Thus, if we can find a
“perfect” TSA we should, in principle, be able to elicit a CA that
will bind the true transition state (TS) almost as strongly as the
enzyme does. Since the binding energy of the TS is given by k../
K, (see, for example, ref. [12]; k., = rate constant for the reaction
step in the enzyme, K,,=) we should be able to optimize (k../
Kw/knon (Which has been defined by Radzicka and Wolfenden!'3!
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dipoles, which are polarized by the TSA, and then uses the grid to
bind the TS. Comparison of the resulting binding energy with the
binding energy of the TS to the grid that was polarized by the TS
provides an estimate of the proficiency of the given CA. Our
methods are used in examining the origin of the difference between
the catalytic power of the 1F7 CA and chorismate mutase. It is
demonstrated that the relatively small changes in charge and
structure between the TS and TSA are sufficient to account for the
difference in proficiency between the CA and the enzyme.
Apparently the environment that was preorganized to stabilize
the TSA charge distribution does not provide a sufficient stabiliza-
tion to the TS. The general implications of our findings and the
difficulties in designing a perfect TSA are discussed. Finally, the
possible use of our approach in screening for an optimal TSA is
pointed out.

KEYWORDS:

catalytic antibodies - Langevin dipoles - molecular interaction
potentials - structure —activity relationships - transition states

as the enzyme “proficiency”; k..,,= rate constant of the
uncatalyzed reaction). Now, in principle one would like to
optimize the value of k., (as is the case in many enzymes) and
not only k./Ky. Unfortunately, this requires ground state (GS)
destabilization and it is hard to “teach” the CA to destabilize the
GS by using a TSA. Thus, we can only hope that the stabilization
of the TS will result in an optimal k,, value. Note in this respect
that, in many enzymatic systems, the optimization of the k /Ky
value frequently results also in the optimization of the k.,
value."! At any rate, despite the hope that CAs will be able to
produce k_/Kj, values as large as the corresponding enzymes, it
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is commonly found that the proficiency of the CAs is relatively
low when compared to the enhancement obtained by en-
zymes.”! Thus, it is important to find out why the TSA concept
has not satisfied the early expectations and what can be done (in
principle) to improve the situation. Possible reasons for the
difficulties with the TSAs-elicit-CAs (TSA/CA) concept have been
eloquently considered before.”? The reasons mentioned in-
clude difficulties in designing the proper haptens, limitations on
the biological process that produces antibodies, and breakdown
in the relationship between substrate binding and catalysis.
While these general points cover a wide range of possibilities
there are no quantitative demonstrations of the importance of
different limitations and thus no clear way to estimate a priori
the limits on the rate enhancement expected from a given TSA.

The purpose of the present work is to examine the funda-
mental problems with the search for haptens, which we believe
to be the most serious challenge in the TSA/CA concept. In fact,
we have suggested before!™ that it is impossible to design an
optimal TSA for most enzymatic reactions since these reactions
involve several TSs with similar activation barriers, and no single
TSA can elicit CAs that will stabilize several TSs in a similar way.
Here, however, we will focus on the simple problem of systems
with a single high-energy TS.

A previous attempt to address the search for optimal haptens
was reported by Tantillo and Houk![® who addressed the
similarity of the structures and charge distributions of TSs and
TSAs for ester hydrolysis reactions. This study evaluated the
molecular electrostatic potentials (MESPs) on the van der Waals
surfaces of the TSA and the TSs of the hydrolysis reaction. It was
pointed out that the phosphonate haptens used do not
reproduce a perfect mimic of the TSs and that a better CA
may be obtained by hapten redesign.

While the approach of Tantillo and Houk is insightful, it does
not provide a quantitative measure of the difference between
the TS and TSA nor an estimate of the proficiency of the CA that
will be elicited by the given TSA. In order to quantify the TSA/CA
concept we need a model that will allow one to compare the
proficiency of an ideal CA (the CA that was fully evolved to
provide the best binding to a TSA) to the proficiency of a
hypothetical enzyme that was evolved to stabilize the corre-
sponding TS. This should be done for the common case where
we do not have information about the CA. Our search for such a
model focuses on electrostatic and structural complementarity
for several reasons. First, it appears from accumulating simu-
lation studies that electrostatic effects are the primary source of
enzymatic catalysis (see, for example, refs.[12, 14, 15]). Other
factors such as entropic effects might still contribute to increase
the rate of catalysis, but this effect is usually overestimated.'”!
Furthermore, entropic effects cannot help in increasing the k,/
Kj, value relative to the uncatalyzed reaction (the motion is more
restricted in the TS of the CA than in the TS in water). Thus, it
appears that the largest catalytic effects are related to the
electrostatic complementarity of the preorganized polar active
site.l'> 8 Second, although the binding step usually involves
hydrophobic effects, these effects cannot help in a significant
way in the chemical step, which involves mainly changes in the
charge distribution of the reactant region. Here we assume that
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a perfect CA binds the nonreacting parts of the TS of the
substrate as well as the corresponding enzyme does for the TS.
Thus we can focus on the difference in binding of the reacting
part of the TS and the corresponding parts of the TSA.

In this work we follow the above considerations and develop
two general approaches that should provide measures of the
maximum proficiency of an optimal CA that would be elicited by
a given TSA. The first approach looks for an optimal “hapteno-
phore” in analogy to what is done in quantitative structure—
activity relationships (QSAR) with pharmacophores (see, for
example, ref. [19]). That is, we try to find the difference between
the TS and TSA in terms of the corresponding steric and
electrostatic features. This approach should allow one, in
principle, to search for a haptenophore that will lead to a TSA
able to elicit the optimal CA. The second approach is based on
building a “virtual” active site that provides the best solvation to
the TSA and then trying to evaluate the solvation of the real TS in
this active site. The two approaches allow us to “predict” the
reduced proficiency of the CA and, thus, should provide a way of
assessing the quality of different TSA candidates and for
elucidating fundamental difficulties with the TSA/CA concept.
Section 2 describe the methods used, Section 3 presents the
results obtained on a test case of the Claisen rearrangement
reaction of chorismate to prephenate, and Section 4 discusses
the relevance of these results in the generation of TSAs for CA
generation.

2. Methods

Our first approach is based on the assumption that the
electrostatic potential generated by the TSA will lead to a CA
site with a complementary field. Thus, the actual TS will try to
align itself by optimizing its interaction with the field of the CA
generated from the TSA. Obviously, the closer the potentials of
the TSA and the TS are, the more effective the CA will be. With
this in mind, we try to quantify the similarities between the
electrostatic potentials from the TS and TSA. Complementary
information from classical molecular interaction potentials will
also be used to rationalize the steric and hydrophobic differ-
ences between TS and TSA. We describe below the computa-
tional procedures used to assess the similarity between the TS
and TSA electrostatic potentials.

As a starting point for our calculations we generate the
structures of the TS and TSA by gas-phase ab initio calculations.
This is done here at the HF/6-31+G* level of theory as
implemented in the GAUSSIAN 98 set of programs.?” One can
improve the structures by including solvation effects but these
effects are not so crucial in cases of compact structures (such as
those considered here) as in studies of more “loose” TS/TSA
systems. 2"

The generation of a haptenophore, as is the case of a
pharmacophore in quantitative structure - activity relationships,
involves the utilization of descriptors that represent the
physicochemical properties of the molecules we are seeking.
Our approach for obtaining such descriptors follows the
procedures in 3D-QSAR studies. We first create a box around
the TS and build a grid of points where we will evaluate the
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molecular field, by using both quantum and classical mechanics,
and represent molecular interaction potentials (MIP) with a given
probe. In particular, the MESP at a particular position r,
equivalent to a proton probe in that position, is calculated from
the electronic distribution, p(r), and from the N nuclei according
to Equation (1), where Z, is the charge on nucleus a, located at
R

(2

Nz, NdPr
Oresp(r) = Z 7J]O(I’) ! (1)

a |r_Ra| |r7r,‘

The integral in [Eqg.(1)] runs over all space. The MESP is
calculated with the quantum package GAMESS.?? In addition,
several classical probes are used to evaluate MIPs with the
program GRID.”®! The two programs are interfaced by the
program MIPSm, 2! a computational package designed to
analyze and compare 3D distributions of the MIPs of series of
biomolecules. In particular, MIPSim can obtain similarity indices
and calculate superpositions of molecules based on a single MIP
or a combination of them.

Two types of calculations are carried out. In the first, a grid of
27 x 27 x 24 points (17 496 points), spaced 0.5 A apart, is created
around both the TS and the TSA, and the MIP (either quantum or
classical) is evaluated on them. The classical MIPs are evaluated
with probes OH and DRY, available in the program GRID. These
probes reproduce the potentials of, respectively, a phenolic
hydroxy group and a hydrophobic molecule. The MESP, obtained
at the HF/6-31 + G* level of theory, is used as the quantum MIP.
Since the exploration of the MESP requires a spread electronic
description around the charged carboxylate groups, diffuse
functions should be included in the basis set. A conjugated
gradient optimization is performed by the module MIPMin of
MIPSim in order to find the minima of the MIP, so additional MIP
values are computed as requested by the algorithm. MIP analysis
is also performed on the regions of interest for reactivity, namely
along the breaking and forming bonds in the TS and their
counterparts in the TSA structure.

A second set of calculations involves the superposition of
molecules based on their MIPs. The three probes (MESP, OH, and
DRY) may be combined in different ways within MIPSm (see
below) in order to generate superpositions of the two systems
(TS and TSA). The optimal superposition of the TS and the TSA is
obtained as follows. A grid of 23 x 23 x 23 points (12 167 points),
spaced 0.7 A apart, is created around the two molecules, and the
MIP is evaluated on them. One of the molecules (the actual TS) is
considered as fixed and the other (the TSA) as mobile, being
allowed to rotate and translate until a good superposition, based
on similarity indexes obtained from the molecular fields, is
achieved. In MIPSim the potentials around the molecules are
calculated only once at the beginning of the calculation, and
thus, we need some procedure to avoid noncoincident box
problems during the superposition process. This is done by first
selecting some points of the MIP that will be used for the
superposition. It is, in principle, possible to select only points
that are in the van der Waals surface of the molecule;® however,
in MIPSim we make use of user-defined regions, and in particular,
we can use the whole grid of points. At every orientation of the
mobile molecule and for every MIP k, the similarity index is
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calculated by a Gaussian coefficient of the form given in
Equation (2), where V¥ is the ith potential value for molecule X
and r; is the distance between the two points.?* 23

nA nB

Z Z ViViexp(—ar})

=1 j=1 2)

nA  nA nB nB

Z Z ViViexp(—ar), Z Z VEViexp(—ar?)

i=1 j=1 i=1 j=1

Sk =

The parameter a is taken as 0.5. Following this procedure we
can evaluate a different similarity index for every “probe” we are
interested in. Equation (3) computes the final similarity index in
the general case in MIPSim.

Nprobes
Z Wik
S = 3)

Nprobes
Wi
k=1

In Equation (3), w, is the weight of every particular similarity
index s,. However, in this work we have used weights of 0 for all
probes except for the MESP, as we will discuss in the next section.
The optimal relative orientation is obtained by a conjugated
gradients optimization of S as a function of the three rotations
and three translations of the mobile molecule. The flexibility of
the molecules is not considered in the present treatment. The
superposition calculations were done using the MIPComp module
in MIPSim.

While the above method provides a powerful way of analyzing
the differences between the TS and TSA, our aim is to quantify
the difference between the proficiency of the CA and the
corresponding enzyme. In order to address this issue we
developed a second approach that generated an actual
complementary environment to the TSA. This generation is
done by using the Langevin dipoles (LD) approach (see, for
example, ref. [12]) to reproduce the solvation free energy of the
TS in different preorganized environments. The LD approach
generates a grid of dipoles around different solutes and
estimates the corresponding solvation free energy. Usually the
dipoles are allowed to reorient upon introduction of a given
solute and this involves investment of reorganization energy,
as is the situation in water. However, we can also force the grid
to be preorganized to a given charge distribution and, thus,
simulate a perfect preorganized enzyme. With this in mind,
we can express the activation free energies of the reactions in
the CA and in the perfect enzyme by Equations (4a) and (4b),
where AG,(X), is the solvation energy of a solute, X, in an
environment, Y, that was polarized (preorganized) to solvate the
solute Y.

AGE ~ AGyo(TS)rsp+ A — AGyoi(S)w (4a)

Agp*erfect ~ AGsol(TS)TS + A— AGsol(s)w (4 b)

A is the activation free energy in the gas phase (assuming for
simplicity that the activation energy can be obtained by adding
the solvation energies of the TS and the reactant state (RS) to the
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gas-phase activation barrier). Finally, AG,,(S), is the solvation
free energy of the substrate (S) in water. Note that we view the
“solvation energy” here as a formal way of expression of the free
energy of moving the given solute from the gas phase to the
indicated site. A similar cycle could have been obtained by
moving the TS from water to the protein site. At any rate, the
difference between the proficiency of the CA and the corre-
sponding enzyme is given now by Equation (5).

Agédy—Ag ;Ferfect ~ AGg(TS)rsp — AGyqy(TS)rs (5)

Although this model cannot reproduce the details of the
actual enzyme and CA, it does capture key physical requirements
of the CA concept. For example, it is clear that if the TSA will have
the same charge distribution and shape as the TS, we will have a
perfect CA. Conversely, if the TSA charge distribution is
significantly different from the charge distribution of the TS we
will have a poor CA.

In principle we should include in AG,,(TS)s, the steric
interaction between the TS atoms and the TSA-generated grid
or allow the TS to find an optimal orientation in this grid. In the
present work, however, we use a simplified procedure and place
the TS residual charges at the positions of the corresponding
TSA atoms in the evaluation of AG,,(TS)sa.

3. Results

In order to examine our approach we chose the Claisen
rearrangement of chorismate to prephenate. This extensively
studied reaction (see, for example, ref. [9]) involves a single TS
and thus can serve as a clear test case. Scheme 1 shows the
relevant structures in the mechanism of the Claisen reaction. This
reaction is both enzyme catalyzed?*%! and antibody cata-
lyzed.?>31 The structures of both the enzyme chorismate
mutase (CM) in several organisms (for example, ref.[32-34])
and the CA (1F7)B% have been solved. For this reaction, Ag;; =
242 kcalmol =128 AgiE =15.4kcalmol'B2% and Agd,=
9.9 kcalmol~" (for CM in Bacillus subtilis),*%! where Ag* in both
proteins corresponds to the k/K;, value. The determination of
the 3D structure of 1F7 provided an insight into the differences
between the active sites of the enzyme and the CA and, thus,
offers a chance to understand the difference between the
proficiencies of the two systems.?® The CA 1F7 was elicited
against the endo oxabicyclic TSA (4 in Scheme 1),5% which has
actually been proven to be a potent inhibitor for chorismate
mutase. The interesting feature of this TSA is its close structural
similarity to the TS; it is only disrupted by two additional
hydrogen atoms in 4 and different hybridization of several
carbon atoms in the central moiety. Thus, although there are
qualitative indications that the TS and the TSA are different,3”
there is no rationalization for the fact that the CA is not as
proficient as the corresponding enzyme. This important issue
has not been resolved despite insightful theoretical studies of
the enzyme and the CA (for example, refs.[38-40]).

280

F. Sanz, J. Villa-Freixa et al.

6

0,
Lo ™
0”7 >coy
H

1 2 3

OH

Scheme 1. Claisen rearrangement of chorismate (1) to prephenate (3). The the
transition state (TS) for the reaction 2 and the transition state analogue (TSA) 4
chosen for this study are shown.

The geometries of the TSA and the TS were obtained from ab
initio calculations at the HF/6-31+4 G* level and are shown in
Figure 1. The figure highlights the lengths obtained for the C—O

1.401

. “ﬁ;h 7
|
Q.

Figure 1. Relevant geometric parameters obtained at the HF/6 - 31 + G* level for
the TS and the TSA shown in Scheme 1.

bond that is being broken and the C—C bond that is being
created in the reaction. The TS structure (structure 2) was
characterized as a saddle point by a normal mode analysis. The
results are similar to those obtained in previous ab initio
calculations” and show a generally good structural similarity
between the TS and TSA. However, it is apparent that the
distances in Figure 1 are different in the TS and the TSA. This will
have a significant effect in the generation of the haptenophore,
as we will see below.

Figure 2 shows the quantum MESP for the TS and TSA and
Figure 3 shows the molecular fields for the two GRID probes
used in this work (OH and DRY). In evaluating the classical
molecular fields we had to assign a specific type for each atom.
In the case of the TSA, this was done automatically by GRID, but
for the TS we had to add manually the atom types that better
describe the atoms involved in the bond-breaking/bond-making
process according to the GRID force field (see Figure 1 in the
Supporting Information).
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g 7 152

Figure 2. Quantum molecular electrostatic potential (MESP) for the TS and TSA. The
isocontour Gyesp=— 180 kcalmol~' is shown. Some minima (in kcalmol~') that appear in the

MESP of the TS and not in the TSA are also depicted in the figure.

Figure 3. Classical molecular fields obtained with GRID probes OH (dark gray) and DRY (light
gray) for the TS and TSA. The isocontours are shown for ¢oy=— 5 kcalmol~" and ¢pp,=

—0.2 kcalmol-'.

Figures 2 and 3 do not show apparent differences between
the molecular fields of the TS and TSA. This indicates that both
the shape and the general electrostatic trends of the TS are
apparently well reproduced by the suggested TSA. The way 1F7
recognizes the TSA is expected to be similar to the way CM
recognizes the TS. Now, despite the similarities, our task is to try
to understand and quantify the difference between the TS and
TSA, and for this we will focus on the respective MESPs.

In order to better describe the differences between the TS and
TSA we used the module MIPComp in MIPSim and superposed
the two structures according to the potential generated by these
structures. In particular, we used the MESP to align the two
molecules based only on how they are recognized by the CA or
the enzyme. Thus, in the calculations presented here, we
selected for comparison of the two molecular fields only those
points in the grid with ¢yesp <— 200 kcalmol=". In this way, we
ensured that the two structures (TS and TSA) are superposed
based on the most apparent features of their electrostatic
potential (these are the MESPs generated by the carboxylate
groups). These features will be those first recognized by the
complementary CA. The search for the optimal alignment was
done by the following protocol: first, we randomly generated
ten rotations and translations starting from the initial config-
uration; next, the function in Equation (3) was optimized by the
conjugated gradient approach. In our algorithm, trajectories in
the rotations - translations space are collected, and when a given
optimization crosses a saved trajectory, the current path is
rejected. In this way, a final set of five relative orientations (tests)
between the TS and TSA was collected and the final similarity
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index for the optimal orientation (test 1) was 0.991.
Figure 4 shows the difference between the two MESPs
obtained after superposing the structures of test 1.

As seen from Figure 4, the superposition of the TS
and TSA, based on the positions and charge distribu-
tion of their carboxylate groups, yields an almost
perfect match. However, a part of the impression of
perfect superposition is due to the overwhelming
effect of the two carboxylates that are common to
both the TS and TSA. Thus, we have to look more
carefully at the three regions in the isocontours of
Figure 4. Region | corresponds to differences in ori-
entation of the hydroxy group, which can be neglect-
ed because of the almost free rotation of the C—OH
bond. Region Il corresponds to the positions of the
superimposed carboxylate groups. Finally, regionllI
corresponds to the differential MESP in the central
region. The differences are due to the electron density
in the bond-breaking/bond-making pattern in the TS
with respect to the TSA. In order to avoid problems
arising from the wrong superposition of the molecules
we show in Figure 5 the main characteristics of the
MESP along these two bonds in the TS and the TSA.
These differences may account for the difference in
proficiency between chorismate mutase and 1F7 in
the reaction studied.

While the MEP approach is very useful in providing a
visual insight about the difference between the TS and

Figure 4. Superposition of the quantum mechanical MESP grid for the TS and
TSA. The superposition was performed with the MIPComp module of the program
MIPSim maximizing the similarity between the potential fields of the two
molecules. Only the very negative values of the MESP (¢ <— 200 kcal mol~") were
selected for the similarity calculations in order to superpose the MESP around the
carboxylate groups, our reference anchoring points (see text). Isocontours in the
figure represent the differences between the potential fields for the actual TS and
the TSA. The isocontours represent regions where ¢rs— drs = — 100 kcal mol~'
(solid surfaces) and ¢rs— b5y = 100 kcal mol~' (wire frame surfaces). The
meaning of regions |, Il and Il is described in the text.
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Figure 5. The geometries and MESPs (in kcal mol~") for critical points®¥ for
breaking the C—0 bond and forming the C—C bond in the TS and the
corresponding bonds in the TSA. The bond being broken is represented on the left
and the bond being formed is represented on the right. Carbon atoms are light
gray and oxygen atoms is dark gray. The critical points (shown in black) are
characterized by V dyesp =0 and a Hessian matrix of ¢yesp With two negative
eigenvalues® >3, The value of ¢ at the critical point is shown in italics and the
distances from it to each atom are shown in roman characters. The calculations
were performed with MIPSim.?%

TSA it is important to try to convert this difference into a more
quantitative “scoring” function. This important task was ad-
dressed by considering the LD complementarity approach
described in Section 2. We started by considering the TS and
TSA of Figure 1. Since these systems differ in the number of
hydrogen atoms we added the charges on these atoms to the
charges of the appropriate heavy atoms. Next we generated
relaxed LD grids""? for the TS and TSA and then used the
potential generated by each grid to evaluate the solvation
energy of the TS and TSA. The results, summarized in Table 1 and
Figure 6, provided the terms needed for the evaluation of [Eq. (5)].

As seen from the table, and as is illustrated schematically in
Figure 6, the TS is stabilized more than the TSA. More
importantly, the qualitative trend in the difference between
the proficiencies of the CA and the enzyme is obtained from

Table 1. Estimating the solvation free energies of the TS and TSA in the
dipolar grids generated by different charge distributions.’”

Charge distribution™ Preorganization! Structure!! AG,
TSA TSA TSA 0.0
TS TSA TSA —08
TS TS TS —44

[a] In kcal mol~" with respect to AG,,(TS)rss Of the TSA structure (this is, the
free energy obtained for “solvating” the TSA structure and charge
distribution in a grid of Langevin dipoles generated by the designated
structure and charge distribution). [b] The charge distribution of the given
solute. [c] The specific preorganization (or polarization) is designed by the
charge distribution that polarized the given LD environment. [d] The
geometry used for the atoms of the given solute charge distribution. Note
that we used the TSA structure in evaluating AG (TS)ysa. This choice reflects
the considerations described in the last paragraph of Section 2.
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Figure 6. A schematic representation of the results shown in Table 1. The
notation charge distribution describes the solute charge distribution. The notation
solvent polarization describes the polarization of the corresponding LD (shown
schematically by dipoles). This polarization is designated by the solute charge
distribution that generated the given LD (TSA or TS). The value of AG,, is given
in kcalmol~'. The size of the spheres correlates with the magnitude of the
hypothetical corresponding charge. The size of the rectangle represents the
differences in structure of the TSA (small rectangle) and the TS (large rectangle)
and further emphasizes the larger charge separation in the TS than in the TSA.

[Eq. (5)]. That is, using the difference between the last entry in
the last column of the table (—4.4 kcalmol~") and the second
entry in the last column (—0.8 kcalmol~'), we obtain Agd, —
AG et = 3.6 kcalmol~'. This value is in qualitative agreement
with the observed difference in proficiency (6 kcalmol="). This
means that our approach can convert seemingly very small
changes in charge distribution and structure between the TSA
and the TS into meaningful differences in proficiencies. Appa-
rently, the LD grid that was polarized (and preorganized) to bind
the TSA cannot bind the TS as effectively as a grid that was
preorganized to bind the TS. The same effect must be true for
the CA and the corresponding enzyme.

Before concluding this point it might be useful to comment on
the fact that the difference between the activation free energies
of the reactions catalyzed by CM and 1F7 is due to the
corresponding difference in activation entropy (see, for example,
ref. [41]). It is not entirely clear what this trend means, since
enzymes usually reduce the activation entropy. Thus, it is
possible that the observed entropic effects reflect differences
in solvation entropies and in conformational flexibility of the
protein.'"”! Furthermore, the activation entropy appears to be
very different for different enzymes®®® and is likely to be different
for different temperatures.™ This supports our view that
because of entropy/enthalpy compensation*? the total activa-
tion free energy is much more relevant than its individual
components. Thus our LD modeling of the CA complementarity
is aimed at the corresponding “solvation” free energy.

4. Concluding Remarks

This work tries to rationalize why the rate enhancement by a CA
elicited from a given TSA does not approach the rate enhance-
ment produced by the enzymatic counterpart when this is
available. This is done by indirect pharmacophore-like ap-
proaches that only take into account the molecular interaction
potentials of each substrate (TS and TSA) without considering
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the structural information from the enzyme and CA. The choice
of the indirect approach is deliberate. In this way we are able to
show a general procedure useful for cases where no structural
information of the biomolecules is available.

An initial qualitative study of the relative importance of these
energy contributions has been carried out through the classical
GRID molecular interaction potentials and through quantum
mechanical molecular electrostatic potentials. The GRID poten-
tials show the relative importance of the hydrophobic region of
the cyclohexenyl part of the TS, which in the enzyme is occupied
by Phe57. This interaction is not present in the TSA, due to the
additional hydrogen atom of this structure. This result, however,
makes GRID potentials only partially discriminative between the
affinities of different haptens to a given protein. This is because
GRID potentials, due to their intrinsic classical nature, are unable
to identify the changes in polarity during the bond-breaking/
bond-making reaction process. In this study, however, we tried
to minimize this problem by changing the atom types of the
atoms involved in such processes in the TS (see Figure 1 in the
Supporting Information). An alternative to the classical poten-
tials is the use of quantum mechanical MESP, which has been
extensively used in studies of molecular recognition (see, for
example, refs.[16, 25, 43]). The use of the MESP in reactivity
studies allows us to take into account the features of the
potential in places that are inaccessible by classical probes (that
is, bonds that are being broken or formed). This gives an
additional insight on the way an enzyme works and provides
hints on the design of better inhibitors. This indirect approach
can help to overcome the lack of structural
information that the organic chemist faces when
developing CAs (a related enzyme is rarely available
for the reactions of interest). Once the structure of
the TS is known for reactions with a single barrier,
the GRID potential, in combination with automated
procedures,* can be used for a fast screening of
large databases in search of better TSAs. This
approach has been proven to be successful in drug
design!*! by focusing on the molecular recognition
between enzymes and their substrates. A further
refinement step, on the first set of candidates
selected in this way, may be introduced for the
design of haptens that will elicit optimal CAs. This
can be done by quantum MESP calculations like
those described here in order to find the best
charge distribution within the bonds that are being
transformed in the reactive process.

The qualitative nature of the MIPSim approach is
upgraded to a semiquantitative level by using the
LD approach of [Eq. (5)]. This approach provides a
direct way of testing the implicit assumption of the
CA concept, by generating an environment that is
fully complementary to the TSA and examining its
interaction with the TS. In order to illustrate the LD
approach we considered the widely studied case of
the Claisen rearrangement and showed that the
environment generated to complement the charge
distribution of the TSA is not fully complementary
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to the TS. In particular, we demonstrated that a relatively small
difference between the charge distributions of the TSA and TS
leads to significant differences in the preorganization (polar-
ization) of the corresponding complementary environment. This
makes it hard to develop a hapten that will elicit a perfect CA,
since it is usually impossible to find a TSA with identical charge
distribution to that of the relevant TS.

Another difficulty in the TSA/CA concept is associated with the
fact that even when the TSA and TS charge distributions are
relatively similar there is no information in these charge
distributions about the RS charge distribution. Thus, there is
no direct information about the k,, value (and the correspond-
ing AgZ,) so that the CA might evolve to give a relatively small
k., value. However, this is probably not the most crucial problem
since the environment that will evolve to stabilize the TS is
unlikely to over-stabilize the RS.

Perhaps the most serious problem with the TSA/CA concept is
due to the fact that many reactions involve several important
transition states with similar activation barriers (see, for example,
refs. [46, 47]). This situation becomes very common in enzymatic
reactions (when an enzyme stabilizes the highest barrier it makes
its height similar to that of the lower barrier). Now, while an
enzyme active site is able to evolve to stabilize simultaneously
the highest transition states, it is simply impossible to find a
single TSA that will display at the same time the charge
distributions of several different TSs. Thus, it is impossible to use
a hapten that will elicit a perfect CA for a multistep reaction with
several activation barriers of a similar height.
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Figure 7. A representation of the difficulties with the “bait and switch” concept and with any
case with several TSs. The figure considers a hypothetical attempt to elicit a CA for the
reaction of serine protease by the bait and switch approach. The upper figure presents the CA
which includes the catalytic histidine (designated by “+”). The second row presents the
environment in serine proteases (Ez) which are evolved to stabilize two TSs (for the acylation
and deacylation steps). The lower figure shows that the environment elicited in the upper
figure is far from being optimal for the two TSs.
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A useful way to illustrate the above problem is to consider the
so-called “bait and switch” approach.*® This innovative ap-
proach involves the placement of point charges on the hapten
to elicit charged functional groups. Now let us consider the use
of the approach to design a CA that works like serine proteases.
Here one may try to use a hapten of the type presented in
Figure 7. This hapten may elicit a histidine as a general base
(Figure 7). However, even the best resulting CA will not provide
as much stabilization to the TS as the corresponding enzyme.
That is, as demonstrated in ref. ', serine proteases evolved to
stabilize the [His™t™] TS (where t~ is the oxyanion tetrahedral
intermediate). On the other hand the CA would evolve to
stabilize the very different charge distribution of the [+ — —]
system presented by the hapten plus the elicited histidine. Thus,
the two complementary environments are quite different. Now,
an even more serious problem arises when we consider the fact
that the same CA should also stabilize the second transition state
which presents to the active site a new ion pair with a different
charge separation than that in TS,.1

The present study illustrates the difficulties in the use of TSAs
to elicit CAs. It was shown that even in the case when the TSAs
and TSs are quite similar and have similar binding energies the
interaction between the reactive part and its surrounding is
different for the CA and the corresponding perfect enzyme. This
explains cases where there is no correlation between the high
affinity of the hapten and the rate enhancement of the
corresponding CA.B %1 The difficulty in knowing a priori how
effective a given TSA will be is probably the reason why a large
part of the search for CAs now involves screenings rather than
the original TSA concept.”®>" Nevertheless, the search for
improved TSAs can be helped by the present approaches.
Hopefully it should be possible to screen the feasible synthetic
candidates of already existing molecules by the GRID and LD
approaches and to assess which candidate will elicit the best
complementary environment.

Finally, it seems to us that the present approach should
provide an effective way of developing and refining drugs. That
is, our general ability to assess the similarity between TSAs and
the corresponding TSs can be used to screen different inhibitors
of specific enzymes (rather than CAs) and to identify the best
TSAs that would be potent inhibitors.2
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Direct Observations of the Cleavage Reaction
of an L-DPPC Monolayer Catalyzed by
Phospholipase A, and Inhibited by an Indole
Inhibitor at the Air/Water Interface**

Xiuhong Zhai,™®! Junbai Li,*™® Gerald Brezesinski,™ Qiang He,?
Helmuth Méhwald,*®! Luhua Lai,' Ying Liu, Liang Liu, and Ying Gao'

The enzymatic hydrolysis of an -dipalmitoylphosphatidylcholine
(.-DPPC) monolayer at the air/water interface, catalyzed by
phospholipase A, (PLA,), serves as a model for biospecific
interfacial reactions. The cleavage of .-DPPC was investigated by
Brewster angle microscopy. Different types of domain defects were
observed to form in the coexisting liquid expanded and liquid
condensed phases during the hydrolysis reaction. The adsorption of
the enzyme was quantitatively recorded as the increase of the
surface pressure over a fixed molecular area with time. In the case
of 1-DPPC, the surface pressure first increases and then starts to
decrease, which indicates that a soluble product (lysolipid) is
produced during the catalytic cleavage reaction. The increase and
decrease of the surface pressure, which corresponds to the change
of shape and number density of domains, indicated the occurrence

Introduction

Phospholipase A, (PLA,) is a calcium-dependent enzyme that
exists in an extensive number of organisms. The enzymatic
reaction of PLA, with the interface of a membrane consists of a
molecular recognition process and a cleavage reaction." PLA,
stereoselectively hydrolyzes the sn-2 ester linkage of enantio-
meric L-phospholipids to release fatty acids and lysophospholi-
pids (Figure 1a). The activity of PLA, is 10000-fold greater at the
interface of aggregated substrates, such as phospholipid
monolayers at the air/water interface, compared to the reaction
with the same substrate in its monomeric form.” In aqueous
solution, PLA, has an a-helix-rich conformation (Figure 1b). A
conformation change may occur during the enzymatic reaction
as the enzyme reaches the interface.

Brewster angle microscopy offers a new prospect for direct
visualization of the texture of Langmuir monolayers.®! This
technique allows characterization of the long-range orienta-
tional order of the assembly of a phospholipid monolayer that
arises from the optical anisotropy induced by tilted aliphatic
chains.™ In the present work, this method is used to visualize
the enzymatic cleavage reaction of L-DPPC monolayers and to
verify the capacity of a selected inhibitor to inhibit the enzyme
activity.

ChemBioChem 2003, 4, 299-305 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the following processes: adsorption of PLA,, cleavage reaction,
and rearrangement of substrate and product molecules at the
interface. Addition of a PLA, inhibitor to the lipid monolayer leads
to a fast surface pressure increase after enzyme injection. The
surface pressure reaches a maximum value and then does not
change for a long time. During this period, no change in the
domain shape and number density was observed, which indicates
that the enzyme is inhibited for a certain period of time. The
experimental results provide the possibility of a direct way to prove
inhibitor activity.

KEYWORDS:

Brewster angle microscopy - enzymes - hydrolysis - inhibitors
- phospholipids

Results and Discussion

Adsorption and penetration of PLA,

The enzyme-catalyzed hydrolysis of phospholipid monolayers
consists of three main steps: enzyme adsorption and penetra-
tion, hydrolysis, and dissolution of the reaction products into the
bulk phase. These three processes can be separated by studying
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Figure 2. Surface pressure of a o-DPPC monolayer as a function of time after
OH injection of PLA, at initial surface pressures of (a) II,=8 mNm~" and (b) I1,=
’/OH 12mNm~', and after spreading a p-DPPC monolayer onto the surface of a PLA,
/C\ solution subphase and fast compression to (c) II,=8 mNm~' and (d) I1,=
'_\? H <)\H 12mNm-".
0=T_0. ' L-DPPC O=—P—0- “Lysolipid  monolayer after full expansion and recompression.s The
enzyme starts to be squeezed out above 10 MNm~'. Almost
no change in surface pressure can be observed if the experiment
starts at a higher initial surface pressure (12 mNm~"). The reason
i for such behavior is the different penetration ability of PLA, at
4
H;C/]Ti\‘:}‘b Al T\CHJ the higher pressure. If the monolayer is in a highly packed
CHy = CH; condensed state, PLA, is not able to penetrate into the

monolayer phase.

The second method used for the additon of PLA, was to
spread p-DPPC onto a PLA, solution. Immediately after spread-
ing, the phospholipid monolayer was compressed to the initial
surface pressure and the surface pressure was again measured as
a function of time over a fixed molecular area. The IT-t curves
(Figure 2c) do not show any remarkable increase in pressure
even if the initial surface pressure is 8 MmN m~'. However, the IT-t
curves observed on PLA, solution and those observed on the
pure buffer solution at I7,=8 and 12mNm~', respectively
(Figure 3), indicate a very weak PLA, adsorption and penetration

14 -
13k
12 W i
. . 1} d
Figure 1. a) Chemical structures of --DPPC and the products of the PLA,- l
catalyzed hydrolysis reaction. b) Ribbon representation of PLA,. 10t
1/ mMm L
al
a
well-defined monolayers of enantiomeric phospholipids. PLA, is B c
stereoselective and cannot hydrolyze p-dipalmitoyl-phosphati- 7L
dylcholine (o-DPPC). The p-enantiomer can therefore be used to 6 . . ) . . .
study the adsorption and penetration processes. Different ] 30 60 a0 120 150 180
methods were used to add PLA, to the p-DPPC system. One t/min—-

method used was injection of PLA, into the subphase at different
initial monolayer pressures. If the phospholipid area is kept fixed, Figure 3. Surface pressure as a function of time after spreading a b-DPPC

the surface pressure increases after PLA. iniection as long as the monolayer onto the surface of a PLA, solution subphase and fast compression to
p 21N 9 (a) II,=8 MNm~" and (b) I1,= 12 mNm~', and after spreading onto a buffer

initial surface pressure is not too high (8 mMNm™', see Figure 2a).  ¢ytion subphase and fast compression to (c) TI,—8 mNm-' and (d) TT,—
The maximum pressure is similar to that observed for a p-DPPC ~ 12mNm-".
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after one hour. At lower surface pressure, close to the phase
transition pressure, the different methods (injection or spread-
ing) lead to different increases in the surface pressure. A possible
explanation for such a phenomenon is that PLA, adsorption
depends on local concentrations in the subphase. Injection of
PLA, leads to initially inhomogeneous concentration profiles,
and a locally high concentration of PLA, could accelerate the
adsorption and penetration process.

In the case of L.-DPPC, our measurements show that PLA,
injection first causes an increase of surface pressure (Figure 4).
The surface pressure increase directly after enzyme injection
corresponds to adsorption and penetration of PLA, into the

16
14l
12
10

ot 8

2 L L [ L 1 |
0 30 60 a0 120 150 180

t/min

Figure 4. Surface pressure of an .-DPPC monolayer as a function of time after
injection of PLA, at initial surface pressures of (a) TI,=8 mNm~" and (b) I1,=
12mNm~', and after spreading of .--DPPC onto the surface of a PLA, solution
subphase and fast compression to (c) Il,=8 mNm~" and (d) IT,=12mNm~".

phospholipid monolayer. The adsorption rate depends on the
initial pressure of the monolayer, we deduce that the process is
faster at higher surface pressure. Brewster angle microscopy
(BAM) experiments (Figure 5) show that a detectable cleavage

Figure 5. BAM images of an .-DPPC monolayer cleaved by PLA,. The images
were taken 0 (a), 3 (b), 10 (c), 20 (d), 30 (e), 60 (f), 120 (g), and 180 (h) minutes after
the hydrolysis reaction was started at I1,=75mNm~".
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reaction®® starts after a few minutes (lag period). A comparison of
Figure 4 and 5 indicates that the surface pressure increase takes
at least 30 minutes, and after 30 minutes most of the domains
are already cleaved and new domains with a different contrast
effect are formed (Figure 5e). The lysophospholipid reaction
product is at least partially soluble in the subphase. Therefore,
the surface pressure increase as a result of enzyme penetration is
limited because of dissolution of the lysophospholipid. However,
the maximum pressure value is similar to or even higher than
that in the p-DPPC system. This result indicates that the enzyme
penetration is much faster and more pronounced than the
dissolution of the reaction product. When the phospholipid
solution is spread onto the PLA, subphase, there is again no
enzyme penetration into the monolayer and the reaction leads
immediately to the expected pressure decrease.

Direct observation of the cleavage reaction

Polarization-modulated infrared reflection absorption spectro-
scopy (PM-IRRAS) measurements of an (-DPPC monolayer
revealed that PLA, has maximum activity in the presence of
both the liquid expanded and liquid condensed (LE and LC)
coexisting phases.”? BAM experiments in this phase-transition
region show that the cleavage reaction starts at the interface
between the liquid-expanded phase and a condensed phase and
proceeds into the condensed phase.® Packing defects are
preferred places for the reaction. Depending on the sample
history, the reaction starts either inside the domain or at the
edge. Domains with inner damage, such as the “pizza” type
domains, were observed 2 -3 minutes after PLA, injection. This
result demonstrated that in this case the reaction preferentially
starts in the center of an LC domain.

Figure 5a—-h shows the changes that occur in the L-DPPC
domains after injection of the enzyme at an initial surface
pressure of 75 mNm~". Three minutes after PLA, injection, two
kinds of typical domain shapes were observed: C and O shapes
(Figure 5b). The surface area of the domains decreases as a result
of the cleavage reaction. The size of the C-shaped domains
decreases drastically during the reaction but no change in shape
occurs. The direction of hydrolysis in the C-shaped domains is
assumed to be along the curvature of the domains. From this

.| assumption, we deduce that the orientation of the molecules in

the domain arms changes continuously and consequently
follows the curvature of each arm.”! The enzyme appears to
preferentially catalyze hydrolysis in parts of condensed domains
with the same molecular chain orientation. Figure 5d also shows
O-shaped domains. This observation indicates that the enzyme
has cleaved the central part of the domains, where the lipid
molecules are less ordered because of the presence of defects.
Finally, the domains can connect to each other and form a
network structure.

A new kind of domain is observed about 30 minutes after
enzyme injection (Figure 5e). The shapes of these domains are
very different from those of -DPPC domains. They have a
relatively high reflectivity and are much brighter. The number of
such domains increases with time. This process can be ascribed
to the fact that either a product (fatty acid), the enzyme, or the
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product-enzyme complex form their own domains. Such a
phenomenon has also been observed in fluorescence micro-
scopy investigations of the adsorption of a particular lung
protein onto L-DPPC monolayers.'” After 120 minutes, the new
domains have aggregated and exhibit a star shape (Figure 5 g).
The domains are surrounded by a fluid phase as a result of
decreased surface pressure. To understand this transformation of
the domains, we have to take into consideration the change of
the line tension at the domain boundary caused by the presence
of the enzyme,"™ and that the monolayer is now a mixture of
substrate and reaction products. The monolayer structure was
investigated by grazing incidence X-ray diffraction (GIXD) and is
greatly affected by PLA, adsorption.”! We used the p-enantiomer
to show that the tilt angle of the aliphatic chains drastically
decreases as a result of an enzyme-induced increase of the lipid
packing density. This result indicates that the head-group
structure (orientation and hydration), which determines the
molecular area in condensed DPPC monolayers, changes
because of interactions with the enzyme. GIXD measurement
of the r-enantiomer takes too long to allow observation of
changes due to adsorption. As discussed above, the reaction is
evident after a short lag phase and leads to changes in the
composition and therefore changes in the structure of the
monolayer. Figure 6 shows a contour plot of diffracted intensity
as a function of the in-plane and out-of-plane components of the
scattering vector (Q) taken 2h after starting the hydrolysis
reaction at 20 MmN m~". The diffraction pattern is rather complex.
The typical reflections of a DPPC lattice, which is close to
orthorhombic, can be seen. The tilt angle, as calculated from the
Q,, and Q, data, is 31°. A tilt angle of 32.5° was observed in pure
DPPC monolayers on the same buffer at 20 MNm~'53 These
results show that the remaining DPPC is only slightly influenced
by the presence of PLA,. Additionally, a reflection that can be
attributed to the hexagonal structure (condensed phase) of a
phase-separated fatty acid appears at 1.525A~", which corre-
sponds to a cross-sectional area of 19.6 A2 At such temperatures
and pressures, palmitic acid exhibits a phase with a next-nearest-
neighbor (NNN) tilt and a cross-sectional area slightly above
20 A212 |nteraction with either Ca" ions or PLA, leads to tighter
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Figure 6. Contour plot of the corrected X-ray intensity versus in-plane and out-
of-plane scattering vector components Q,, and Q, of an 1-DPPC monolayer after
the hydrolysis reaction. The GIXD measurement was performed at 20 mNm~".
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packing and the disappearance of the chain tilt. An additional
Bragg peak at 1.415A~" (d=4.44 A) shows that a third phase
structure is present in the monolayer after the hydrolysis
reaction. This structure must arise from a mixture of educt and
product (most probably the lysolipid because the fatty acid
forms its own phase-separated structure) under the influence of
PLA,. However, a single Bragg peak at nonzero Q, values (Q,=
0.25 A-") cannot describe a monolayer structure. Therefore,
either the second peak of an orthorhombic lattice is hidden by
other peaks at zero Q, (nearest neighbor tilted phase) or we
expect to find another peak at Q,=0.5 A" (NNN tilted phase),
which did not appear in our measurements. When the first
possibility is assumed to be the case, we find cross-sectional
areas between 21.2 and 21.8 A2 which seem to be too large.
Further experiments are needed to clarify this point.

To prove that the cleavage reaction mainly occurred in the LC
phase, the monolayer was compressed to a higher surface
pressure. Figure7 shows the BAM images taken during the
reaction with an initial surface pressure of 14 mNm~". At this

Y

Figure 7. BAM images of an .-DPPC monolayer cleaved by PLA,. The images
were taken 0 (a), 40 (b), 80 (c), 100 (d), 120 (e), and 200 (f) minutes after the
hydrolysis reaction was started at TI,=14mNm~".

pressure, the monolayer forms a homogeneous LC phase
(Figure 7 a). After enzyme injection, morphology changes caused
by the cleavage reaction were observed (Figure 7b). Unlike the
reaction in the two coexisting LC and LE phases, the cleavage
reaction at this higher pressure took place at random positions in
the monolayer. A homogeneous film was converted into a
network film. The holes in the monolayer enlarge gradually and
have irregular edges (Figure 7 ). At this higher pressure, enzyme
and products began to form their own domains 80 minutes after
injection (Figure 7 c-f).

ChemBioChem 2003, 4, 299 - 305
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Effect of a PLA, inhibitor on the cleavage reaction

The indole inhibitor 5-methoxy-2-methyl-1-(phenylmethyl)-1H-
indole-3-acetamide is a typical inhibitor synthesized for human
nonpancreatic secretory phospholipase A, and has an ICs, value
(concentration required for 50 % inhibition) of 0.84 +0.17 pm.l"3!
The inhibitor and .-DPPC were dissolved in chloroform in molar
ratios of 5:1, 15:1, and 30:1, respectively, and then spread onto
the air/subphase interface. The reason for such a procedure is
the very low solubility of the inhibitor in the buffer used. Pure -
DPPC exhibits typical condensed-phase domains in the two-
phase coexistence region at surface pressures between 6 and
8 mNm~'. The addition of inhibitor spreads the pressure over
larger molecular areas and leads to an increase of the phase
transition pressure (Figure 8). The pure inhibitor does not form a

60
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a " i 1 L L
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Area per molecule / A*—
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Figure 8. Surface-pressure - area isotherms of pure .-DPPC (a) and of mixtures of
inhibitor and 1-DPPC at molar ratios of 5:1 (b), 15:1 (c), and 30:1 (d), respectively.

stable monolayer on the buffer used in our PLA, experiments. In
the isotherms presented in Figure 8, only the number of DPPC
molecules has been taken into consideration for the calculation
of the molecular area. The molecular area in the mixtures is
shifted to larger values. Clearly, the surface area of the trough is
partly occupied by the inhibitor. However, this area increase is
much smaller than expected, which indicates that only a certain
amount of the inhibitor remains on the surface as a result of
interaction with DPPC molecules. Some inhibitor molecules must
be dissolved or squeezed into the subphase. The remaining
amount is clearly miscible with DPPC in the liquid-expanded
phase and shifts the transition pressure to higher values. On
compression, the inhibitor is completely squeezed out from the
DPPC monolayer and at higher lateral pressures one observes
the same molecular area as for pure DPPC. Circular domains
similar to those of pure L-DPPC appear in the plateau region,
which corresponds to the first-order phase transition of DPPC.
However, the size of these domains (see below) is smaller than
those of pure L-DPPC (Figure 5a). This observation supports our
assumption that the inhibitor is miscible with fluid-like DPPC but
not with DPPC in a condensed state.

Figure 9 shows the surface pressure as a function of time at a
30:1 molar ratio of inhibitor:.-DPPC. After PLA, injection into the
subphase, the surface pressure increased very quickly in the first

ChemBioChem 2003, 4, 299 - 305
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Figure 9. Surface pressure as a function of time after injection of PLA,. a) Mixture
of inhibitor and (-DPPC at a molar ratio of 30:1, I1,= 12 mNm~'; b) mixture of p-
DPPC and 1-DPPC at a molar ratio of 30:1, I1y=8 mNm~'; ¢) mixture of o-DPPC
and (-DPPC at a molar ratio of 30:1, Ily,=12mNm~".

12 minutes. The domain shape remains unchanged for a long
time after the injection of PLA, (Figure 10b-c). The surface
pressure increase is slightly larger than that observed with pure
L-DPPC (15mNm~" instead of 14 mNm~') and indicates that
PLA, can penetrate into the mixed monolayer. In the case of the
mixed monolayer, the surface pressure remains constant for
more than one hour after reaching this maximum value. At the
end of this plateau region in the IT -t curve, the domains change
shape, which indicates the start of the cleavage reaction. In
contrast, the hydrolysis reaction was observed to start after a few

Lo =

Figure 10. BAM images of a mixed monolayer of inhibitor/.-DPPC (30:1) after
injection of PLA,. The images were taken 0 (a), 6 (b), 55 (c), 60 (d), 67 (e), 74 (f), 77
(g), 78 (h), 90 (i), 150 (j), and 180 (k) minutes after the hydrolysis reaction was
started at TI,=12mNm~".
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minutes in pure L-DPPC monolayers (Figure 5b). This difference
in time could be an indication of a certain degree of inhibition or
simply connected with the drastically decreased amount of
accessible L-DPPC molecules in the mixture. In order to
distinguish these two possibilities, o-DPPC and L-DPPC were
mixed in the same molar ratio of 30:1 and spread on the surface.
The enzyme was injected in exactly the same way. The pressure —
time curve produced is clearly different (Figure 9) from that of
the L-DPPC/inhibitor mixture. There is only a little increase of the
surface pressure after injection of PLA,. p-DPPC is completely
miscible with .-DPPC and cannot be cleaved. Therefore, the
addition of p-DPPC leads only to a dilution of .-DPPC and
reduces the reaction speed. The small concentration of L-DPPC in
these mixtures means that the pressure decrease with time is
mainly caused by relaxation of monolayer defects and only
partly by the hydrolysis reaction, as can be seen by BAM. In
contrast, the inhibitor can interact with PLA, in such a way as to
cause the reaction to start much later. After 100 minutes, the two
I1-t curves have the same slope. How can one explain these
findings? PLA, interacts preferentially with the inhibitor both at
the surface and in the bulk solution. Figure 11 shows how the
inhibitor can interact with the enzyme. A molecular design based
on the combination of hydrogen bonds between inhibitor and
enzyme shows possible connection modes (Figure 11a). Such an
interaction may restrict the configuration variations of PLA,
(Figure 11b) and result in a reduction of its activity.
Interactions between the inhibitor and PLA, could accelerate
PLA, adsorption onto the surface and lead to the fast pressure
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increase observed. The plateau in the I7-t curve (Figure 9) could
then indicate a dynamic equilibrium between PLA, adsorption
and desorption of the PLA,/inhibitor complex. During this time,
all the enzyme molecules reaching the surface are deactivated
by the inhibitor and are therefore unable to catalyze the
hydrolysis reaction. After 60 minutes, the first defective domains
appeared (Figure 10d), which indicates the start of the hydrolysis
reaction. During the next 30 minutes, all domains were partially
cleaved. Mainly C-type domains (Figure 10e-g) appear during
the hydrolysis. The surface pressure decrease reveals that a
reaction product is soluble. The appearance of new domains
with a much higher reflectivity could indicate that aggregates of
PLA, and the fatty acid reaction product or aggregates of PLA,
and the inhibitor are formed in the monolayer (Figure 10j-k).
Since these domains appear at the end of the reaction and are
very similar to those in Figure 5g-h, it seems more probable
that the phase-separated fatty acid interacts with PLA, or Ca"
ions and forms these domains. Finally, the domains fuse to form
larger domains surrounded by a fluid monolayer consisting of
DPPC, lysolipid, and possibly remaining unreacted inhibitor.

Conclusions

The experiments reported herein use BAM to provide a visual-
ization of the dynamic reactions that occur between PLA, and
the different enantiomers of DPPC, as well as between PLA, and
a mixture of L-DPPC with an inhibitor. Plots of pressure as a
function of time show that the enzyme PLA, interacts much

b) [

.';' L ¢

X
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J

Figure 11. a) Molecular design of a possible inhibitor binding pattern with PLA,. The hydrogen bonds between the indole inhibitor and Naja naja PLA, are shown
(finished with the Rasmol program; red balls represent oxygen atoms and blue balls represent nitrogen atoms). b) The position of the indole inhibitor in the active site of
PLA, (modeled with the QUANTA program). The enzyme structure used in (a) and (b) has the Protein Data Bank (PDB) code 1POB and is the structure of PLA, of the
Taiwan Cobra (Naja naja atra). ¢) Chemical structure of the indole inhibitor 5-methoxy-2-methyl-1-(phenylmethyl)-1H-indole-3-acetamide.
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more strongly with L-DPPC than with b-DPPC monolayers. The
reactions with the two enantiomers are clearly different. The
processes studied also depend on how the enzyme is introduced
into the system (injection or spreading). This observation
indicates that local concentration gradients play an important
role.

The indole inhibitor used is to a certain extent miscible with
liquid-like L-DPPC, but not with condensed DPPC. The transition
pressure of DPPC is shifted to higher values in the mixtures,
depending on the mixing ratio. The domains appearing in the
transition range are smaller compared to those in the pure
system but have the same shape. At high pressure, the inhibitor
is squeezed-out from the DPPC monolayer. The inhibitor
accelerates PLA, adsorption onto and penetration into the
monolayer as a result of specific interactions and this process
leads to a fast surface pressure increase. The indole inhibitor has
a limited ability to inhibit the activity of PLA,. The reaction starts
much later than in pure L-DPPC or in .-DPPC/p-DPPC mixtures
with the same molar fraction of L-DPPC as in experiments with
the inhibitor.

Experimental Section

Materials: .-DPPC, p-DPPC, and phospholipase A, (from Crotalus
atrox venom) were purchased from Sigma and used without further
purification. The inhibitor, 5-methoxy-2-methyl-1-(phenylmethyl)-
1H-indole-3-acetamide (see Figure 11c) was synthesized based on
a procedure described in ref. [12] and has been characterized by NMR
and IR. The inhibitor is soluble in chloroform and has a very low
solubility in water. Chloroform of at least 99 % purity was purchased
from ACROS. The water in all experiments was purified by use of a
Milli-Q system.

Methods:

Langmuir monolayers: Monolayers of the pure enantiomers or of
lipid mixtures were prepared from phospholipid/chloroform solu-
tions (1 mm) on a buffer subphase (pH 8.9) containing NaCl (150 mw),
CaCl, (5 mwm), and tris(hydroxymethyl)aminomethane (10 mwm). After
evaporation of the solvent, pressure —area isotherms were measured
on a Langmuir trough (R&K, Wiesbaden, Germany) equipped with a
Wilhelmy-type pressure measuring system. In all experiments, the
compression rate was 2.5 A2molecule~" min~". To follow the cleavage
reaction, the monolayer was compressed to a suitable initial pressure
and the enzyme was injected into the subphase with a tiny syringe,
or a monolayer was spread onto the PLA, subphase and quickly
compressed to the initial pressure. The final PLA, concentration was
0.12 unitsmL~". The temperature was 20 £ 0.1 °C. Changes in area or
pressure as well as of monolayer morphology were simultaneously
recorded.

Brewster angle microscopy: A commercial BAM instrument (Optrel,
Germany) was mounted onto the computer-interfaced Langmuir
trough. The reflected light was detected by an analyzer and a CCD
camera. The output signal was recorded on a high-quality video
recorder. The images were captured afterwards through a frame
grabber and processed by using the software of COMPIC to adjust
the contrast and to correct the image distortion that results from
observation at the Brewster angle.

Synchrotron X-ray diffraction: GIXD experiments were performed
by using the liquid-surface diffractometer on the undulator beamline
BW1 at the Hamburger Synchrotronstrahlungslabor at the Deutsches
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Elektronen-Synchrotron (Hamburg, Germany). A monochromatic
synchrotron beam strikes the air/water interface at grazing incidence
angle o;=0.85a,, where a. is the critical angle for total external
reflection. The diffracted intensity is detected by a linear position-
sensitive detector (PSD; OED-100-M, Braun, Garching, Germany) as a
function of the vertical scattering angle a;. A Soller collimator is
located in front of the PSD and provides the resolution for the
horizontal scattering angle 26,,. The horizontal (in-plane) component
of the scattering vector Q is given by Q,,~ (4m/A)sin(0,,) and the
vertical (out-of-plane) component is given by Q,~ (2mt/A)sin(ay),
where 1 is the X-ray wavelength.'¥ The diffracted intensities were
corrected for polarization, effective area, and the Lorentz factor.
Model peaks taken to be Lorentzian in the in-plane direction and
Gaussian in the out-of-plane direction were fitted to the corrected
intensities. From the peak positions we could obtain the lattice
parameters and the tilt angle.
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Noncovalent Binding of a Reaction Intermediate
by a Designed Helix-Loop-Helix
Motif—Implications for Catalyst Design

Malin Allert® and Lars Baltzer*&

In our search for a catalyst for the transamination reaction of
aspartic acid to form oxaloacetate, twenty-five forty-two-residue
sequences were designed to fold into helix-loop-helix dimers and
form binding sites for the key intermediate along the reaction
pathway, the aldimine. This intermediate is formed from aspartic
acid and the cofactor pyridoxal phosphate. The design of the
binding sites followed a strategy in which exclusively noncovalent
forces were used for binding the aldimine. Histidine residues were
incorporated to catalyse the rate-limiting 1,3 proton transfer
reaction that converts the aldimine into the ketimine, an
intermediate that is subsequently hydrolysed to form oxaloacetate
and pyridoxamine phosphate. The two most efficient catalysts,
T-4 and T-16, selected from the pool of sequences by a simple
screening procedure, were shown by CD and NMR spectroscopies
to bind the aldimine intermediate with dissociation constants
in the millimolar range. The mean residue ellipticity of T-4 in
aqueous solution at pH 74 and a concentration of 0.75 mm was
— 18500 deg cm? dmol~". Upon addition of 6 mm t-aspartic acid
and 1.5 mm pyridoxal phosphate to form the aldimine, the mean

Introduction

New enzymes can be envisioned to be of great fundamental as
well as of great practical value, but their design from scratch
remains a demanding endeavour. Although several enzymatic
reactions appear to be fairly well understood, introduction of the
corresponding, or new, catalytic functions into designed or re-
engineered protein scaffolds at the level of refinement that
characterises native enzymes, is not easily achieved. Several
polypeptide model systems,3 catalytic antibodies®*” and re-
engineered enzymes®? have been designed and shown to
exhibit properties that partly mimic those of native enzymes, for
example, they show large rate enhancements, follow saturation
kinetics and discriminate between substrates. The analysis of the
properties of these molecules has provided much insight into
catalysis and important steps have been taken towards tailor-
made enzymes. However, an understanding of how to design
new enzymes from scratch has not emerged.

The de novo design of proteins provides the opportunity to
test fundamental functions in model systems that do not have
the complexity of native proteins.>3 1029 Designed catalysts
have been reported for decarboxylation, 2" 22 chemical liga-
tion,12>-271 amidation, hydrolysis,?-32 transesterification?” and
transamination reactions.®¥ In the majority of these reactions,

306

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

residue ellipticity changed to — 19900 deg cm?dmol~'". The corre-
sponding mean residue ellipticities of T-16 were —21200
degcm?dmol~" and — 24000 degcm?dmol~'. These results show
that the helical content increased in the presence of the aldimine,
and that the folded polypeptides bound the aldimine. The 'H NMR
relaxation time of the imine CH proton of the aldimine was affected
by the presence of T-4 as was the 3'P NMR resonance linewidth. The
catalytic efficiencies of T-4 and T-16 were compared to that of
imidazole and found to be more than three orders of magnitude
larger. The designed binding sites were thus shown to be capable of
binding the aldimine in close proximity to His residues, by
noncovalent forces, into conformations that proved to be catalyti-
cally active. The results show for the first time the design of well-
defined catalytic sites that bind a reaction intermediate with
enzyme-like affinities under equilibrium conditions and represent
an important advance in de novo catalyst design.

KEYWORDS:

structures - noncovalent

transamination

helical
protein design -

enzyme
interactions -

catalysis -

saturation kinetics were observed under turnover conditions, the
hallmark of native enzymes, and rate enhancements of more
than three orders of magnitude were achieved.!" 2226 29 |t is fair
to say that the reactions catalysed so far in model systems are
less complex than those that normally take place in the living
cell. The studied reactions go through intermediates that are
covalently linked to the catalyst, or have rate-limiting steps early
in the reaction pathway, and bypass one aspect of biocatalysis
that is especially difficult to mimic, namely the specific but
differential binding of substrates, several intermediates and
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Designing Catalytic Binding Sites

transition states by noncovalent forces. The acylated histidine
side chain in His-mediated ester hydrolysis®? and the imines in
oxaloacetate decarboxylation! 22 are illustrative examples of
intermediates that are covalently bound to the catalyst. In the
self-replication of helical peptides, catalysis has been achieved
by bringing the reactants together for the first and rate-limiting
bond-forming step and thus the binding of subsequent
intermediates along the reaction pathway did not affect the
catalytic efficiency.”>-? Since multistep reactions with clearly
identifiable intermediates are the rule rather than the exception
in enzyme catalysis, the development of an understanding of
how to construct sites that bind small molecules represents an
important goal in catalyst design.

An important reaction in biocatalysis is the transamination of
amino acids to form the corresponding a-keto acids
(Scheme 1).343¢1 The reaction is reversible and is the key
sequence in the biosynthesis of the naturally occurring amino
acids. It is of commercial value in the production of artificial
amino acids by technological fermentation processes. Imines
derived from the pyridoxal phosphate aldehyde, the so-called
aldimines, form the first two observable intermediates in the
enzymatic transformation of an amino acid. In reactions
catalysed by aspartate transaminases, the first aldimine is
formed from the cofactor pyridoxal phosphate and a lysine
residue in the active site. Upon introduction of an amino acid
into the binding pocket, the second aldimine is formed as the
amino group of the amino acid replaces the lysine residue in an
exchange reaction.?> 3¢ The transamination reaction is based on
the “electron sink” capacity of the cofactor pyridoxal phosphate
and the cofactor-amino-acid intermediates are bound to the
enzyme by noncovalent forces.

The aldimine is converted to the ketimine in a 1,3 proton
transfer reaction that under nonenzymatic conditions is the rate-

O M HN
~00C
- N -
NSy oros H NTg coo- NS
l + * 8 H : I +-
HC N HC N
Pyridoxal phosphate Aspartic acid Aldimine

(PLP)

w

+

*HN

° ]
. o)

HC N

Pyridoxamine phosphate
(PMP)

Ketimine

Scheme 1. The mechanism of the transamination reaction. The amino group of the amino acid
reacts with the aldehyde group of pyridoxal phosphate to form the aldimine. A 1,3 proton transfer
transforms the aldimine into the ketimine and the ketimine is hydrolysed to form oxaloacetate and

pyridoxamine phosphate. The reaction sequence is reversible.

ChemBioChem 2003, 4, 306-318

N v
- e :
+ T +.-
~ e N ©

Oxaloacetate

limiting step. This aldimine intermediate is a long-lived species
that is formed rapidly but consumed slowly. The reaction is
reversible and the equilibrium favours the aldimine strongly over
the ketimine. A central concept in the design of catalysts for the
transamination of amino acids is the construction of a binding
site for the aldimine in which residues that reside in the site can
catalyse the proton transfer reaction by cooperative general-
base and general-acid catalysis. The catalyst —aldimine complex
must be sufficiently populated for proton-transfer catalysis to be
efficient, and the aldimine must be bound within bond-forming
distance of the catalytically active base. Our long-term aim is to
develop novel catalysts for the transamination reaction in the
biosynthesis of artificial amino acids. The transformation of
aspartic acid to form oxaloacetate is of special interest as Asp is
readily available at low cost and is an attractive source of amino
groups. The design of a binding site for the aldimine from L-Asp
was therefore selected as the critical test of our ability to bind a
long-lived intermediate in a catalytic site and to design catalysts
for complex reactions from scratch. Catalysts for the trans-
amination reaction have previously been successfully designed;
derivatives of pyridoxal phosphate were covalently linked to a
naturally occurring lipid-binding protein (adipocyte lipid-bind-
ing protein)®’-3 and to a designed 23-residue miniprotein.=3* 40
We now report that we have designed a number of helix-loop-
helix dimers capable of binding the aldimine intermediate
formed in pyridoxal phosphate mediated amino acid trans-
amination exclusively by noncovalent forces. Weak interactions
between the proteins and the aldimine were observed by NMR
and CD spectroscopies. The precision of the binding was probed
by the incorporation into the protein scaffold of groups capable
of carrying out the 1,3 proton transfer reaction to form the
reaction products. This is the first report of a de novo designed
protein that is capable of binding a reaction intermediate of low
molecular weight exclusively by noncovalent
forces and represents an important step towards
the design of catalysts for multistep reactions.

Results

Design and characterisation of the four-helix
bundle motif

Twenty-five sequences (see the Supporting In-
formation) were designed to form helix-loop-
helix motifs and dimerise into four-helix bundles.
Residues were introduced at the surface of the
folded motifs in a systematic fashion to bind the
aldimine intermediate and to catalyse its con-
version to the ketimine (Scheme 1). Two sequen-
ces, T-4 and T-16, (Figure 1) were selected for
further investigations with regards to their
capacity for binding the aldimine intermediate,
based on their ability to catalyse the transami-
nation reaction. For comparison with T-4 and
T-16, a reference sequence, Thref (Figure 1), was
designed to fold into a four-helix bundle motif
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Figure 1. The modelled structures and the amino acid sequences of (a) T-4, (b) T-
16 and (c) Thref. The one-letter code is used to denote the amino acid residues in
the sequences, with norleucine given as Nle. Only the side chains of the residues
designed to form the binding sites are shown and only the monomer of the
peptide is represented, for clarity of presentation.
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into which Arg and His residues were introduced at different
positions from those used in T-4 and T-16. The amino acid
sequences were based on those of the de novo designed
template polypeptide SA-42#"42 and the polypeptides KO-42,
LA-42b and KA-I2%%1 developed from SA-42. In short, the
polypeptides were designed to fold into two amphiphilic helical
segments connected by a short loop. The amino acid residues in
the helical segments were selected according to their propen-
sities for helix formation. Capping residues and charged residues
capable of salt bridge formation and of helical dipole stabilisa-
tion were introduced to increase the helical stability." 44
Nonpolar residues were incorporated into the sequence to form
complementary shaped hydrophobic surfaces upon folding and
to drive the formation of the helix-loop-helix hairpin and its
dimerisation. The design of the four-helix bundle motif is
conveniently described in terms of the heptad repeat pattern
(abcdefg), (Figure 2). In the antiparallel helix-loop-helix dimer
formed from SA-42 the residues in the a and d positions form the
hydrophobic core, those in the ¢ and g positions form the “top”
and “bottom” surfaces of the dimer and the residues in the b and
e positions control dimerisation.

@
QI‘@ @
O\ D &
OB &

@ @
@( o

O (9

Figure 2. Schematic representation of the heptad repeat pattern for antiparallel
helix-loop-helix dimers. The residues in the a and d positions form the

hydrophobic core, those in the g and c positions form the exposed surface of the
motif and the residues in the b and e positions are localised at the dimer interface.

The sequences SA-42,442 KO-42,129 LA-42b"3) and KA-I“!
were previously characterised extensively by NMR and CD
spectroscopies, and the states of aggregation of SA-42 and KO-
42 were analysed by analytical ultracentrifugation. The sequen-
ces were all shown to adopt hairpin helix-loop-helix motifs that
dimerise in an antiparallel fashion to form the four-helix bundle
structure. The a and d residues of the hydrophobic core were
essentially identical for all the sequences, with the exception that
the a-amino isobutyric acid (Aib) residues of SA-42 and KO-42
were replaced by alanine residues in LA-42b and KA-I. The b and
e positions were also preserved throughout, whereas residues at
the ¢ and g positions were introduced in each sequence
according to the purpose for which the sequence was designed.
There was no evidence to suggest that changes in ¢ and g
residues changed the overall folds.

High-resolution NMR spectroscopy structures were not ob-
tained as the dimers had partly disordered hydrophobic cores
and their resonances were in fast exchange on the NMR time

ChemBioChem 2003, 4, 306-318
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scale, which results in time-averaged NOEs that could not be
used in three-dimensional structure calculations. The helical
segments could, however, be identified and so could the
antiparallel fold of the helix-loop-helix dimers (Figure 2), which
was the only fold observed in spite of the fact that several
alternative four-helix bundle folds are possible. The results were
in agreement with kinetic data from the hydrolysis of p-
nitrophenyl esters, where the introduction of an arginine and a
lysine residue into the ¢ and g positions in helix | increased the
reactivity of the cooperative HisH*-His site in the d and g
positions in helix Il. Cooperativity between ¢, d and g residues in
helix] and helixIl is only possible in the fold shown in
Figure 2.B% 49 The sequences reported herein were designed
according to the same principles, with the hydrophobic core
residues remaining essentially the same as the sequences
described above. We assumed that the similarity with the
sequences SA-42, KO-42, LA-42b and KA-I would mean that the
sequences reported here would adopt the same fold.

Detailed NMR analyses of the solution structures of the
peptides presented herein were therefore not carried out, but
the temperature dependence of the 'TH NMR spectrum of T-16 in
the interval between 278 and 318 K was determined (Figure 3).
One-dimensional NMR spectra are informative because the
folded polypeptides are macromolecules in chemical exchange
between several conformers at an intermediate rate on the NMR
time scale, as discussed previously.*" 42 The observed temper-
ature dependence of the T-16 spectrum showed that the
sequence is in fast exchange on the NMR time scale but
approaches coalescence as the temperature is decreased. This is
in agreement with the assumption that the fold and state of
aggregation of T-4 and T-16 are similar to those of the parent
peptides.

The mean residue ellipticity of a polypeptide at 222 nm is a
qualitative measure of structure and of dimer formation. A large
negative value at high peptide concentration shows that the
peptide has a high helical content, and a small negative value of
peptide ellipticity at low concentration shows that the peptide is
largely unfolded at that concentration and is dependent on
aggregation for structure formation.*" 42 The mean residue
ellipticities of the twenty-five sequences at 222 nm ranged from
— 15000 to — 26000 degcm?dmol-" at pH 7.4, 0.5 mm, and room
temperature, which is well within the range of previous designs
based on the SA-42 sequence. The concentration dependence of
the mean residue ellipticities of T-4 and T-16 were determined
(Figure 4) and demonstrated that the peptides were involved in
monomer-dimer equilibria. It cannot be excluded that they are
also involved in higher-order equilibria at high peptide concen-
trations, as observed previously for SA-42 at 5 mwm.

Design of binding sites for the aldimine intermediate

The aldimine intermediate is highly negatively charged at
neutral pH. The two carboxylic acid residues originating from
aspartic acid are almost completely dissociated above pH 5 and
of the two pK, values of the phosphate monoester, one is
probably less than 2 whereas the other is 6.3.#”! The hydroxy
group also has a low pK, value and is fully dissociated under the

ChemBioChem 2003, 4, 306-318

283 K

90 85 80 75 70 65
~— 8/ppm

Figure 3. a) The amide region and (b) the methyl region of the 'H NMR spectrum
of T-16 as a function of temperature. The concentration of T-16 was 0.5 mm in
phosphate buffer solution (90 mm)/D,0 (90:10) at pH 5.5 and 278323 K.
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Figure 4. The concentration dependence of the mean residue ellipticity at 222 nm, ©,,,, of (a) T4, (b) T-16 in aqueous solution at pH 7.5 and room temperature.

experimental conditions. The nitrogen atom of the pyridine ring
is partly protonated since the aldimine pyridinium ion has a pK,
of 6.6, whereas the imine nitrogen atom is completely proto-
nated, with a pK, above 10. The pK, values show that the
aldimine carries a total of almost four negative charges at pH 7.4
and more than two at pH 5.5. The variation of charge with pH
value was exploited in the study of aldimine binding. At higher
pH values, the aldimine was expected to bind better to the
catalyst as a result of the larger total negative charge on the
aldimine. At lower pH values, catalysis was expected to be more
efficient since the pyridinium ion would be formed to a larger
degree and the protonated and unprotonated states of the His
residues were expected to be approximately equally probable.
Binding sites on the surface of the folded motif were designed to
bind the aldimine and ketimine intermediates by introducing
positively charged arginine residues to interact with the
negatively charged substituents through electrostatic interac-
tions and hydrogen bonding. Arginine residues are known to
bind negatively charged phosphate groups and in the aspartate
transaminases arginine residues stabilise the two carboxylate
groups of the aspartate residue.“® 4" Arginine residues were
incorporated at the ¢ and g positions on the surface of the
peptides in geometries that were expected to put these residues
simultaneously within range of several charge complementary
substituents of the intermediates. In T-4, arginine residues were
introduced at positions 8, 19, 33 and 37 (Figure 1a) and in T-16
they were incorporated in positions 7, 11, 15, 30 and 33
(Figure 1b). Lysine residues were also used to form binding sites
for the aldimine but were found to favour the formation of
imines with the cofactor pyridoxal phosphate rather than
binding the aldimine formed from the amino acid in surface
exposed sites and were not used further. Lysine-containing
sequences were shown previously to have a high propensity for
imine formation with the pyridoxal phosphate cofactor when
flanked by arginine residues.’”

In naturally occurring transaminases, lysine residues catalyse
the 1,3 proton transfer reaction of the aldimine-to-ketimine
transformation.® 4% 51! |n aspartate transaminase, a lysine resi-
due in the active site binds the pyridoxal phosphate through an
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imine linkage and catalyses the 1,3 proton transfer as it is
released upon introduction of the amino acid substrate. For the
reasons presented above, lysine residues were not used for this
purpose in the catalysts reported here, although they might be
considered in a more constrained binding site. Histidine residues
were instead introduced into the T-4 and T-16 sequences in
positions where they were in close proximity both to the
a proton of the aspartate residue of the aldimine, and to the CH
proton of the imine (Scheme 2). The designed reactive site of T-4
was based on four closely grouped histidine residues in positions
11, 15, 30 and 34 and that of T-16 contained two histidine
residues in positions 8 and 34. Several histidine residues were
incorporated in T-4 as part of the design strategy because of the
difficulties involved in accurately predicting the position of the
aldimine in a designed binding site. In T-16, histidine residues
were incorporated in a more minimalistic way. The design of T-16
was inspired to a higher degree by the native enzyme aspartate
transaminase than that of T-4 and amino acids were introduced
into the sequence of T-16 that are known to stabilise the
complex between this enzyme and the aldimine intermediate.A
glutamic acid residue was introduced at position 37 of T-16 for

His
=
\/\NH Arg
- NH N=/ /
AT HNpRTe HoN_ NH
NHy _ H 9 T(
(o] +NH,
HN o~
R N
S ENH \_H
-0 o HoN
His RS O'ﬁ—O- o NHT T Arg
\+/ o- HgN
e N
3¢ H
oo
Glu

Scheme 2. A schematic representation of the designed interactions between the
aldimine intermediate and the binding residues in the folded polypeptide motif.
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Figure 5. Modelled structure of the complex formed between T-16 and aldimine.
Only side chains designed to be involved in binding the intermediate are shown.

possible stabilisation of the pyridinium ion and a tyrosine residue
at position 38 for the possible interaction with the hydroxy
group of the pyridoxal phosphate (Scheme 2).
The optimal pH value for catalysis depends on
the pK, value of the His residues as the 1,3-
proton-transfer reaction requires a base as well
as an acid. If histidine residues are to act as acid
and base the optimal pH value is one where
there are equal proportions of protonated and
unprotonated His residues, that is, the pH value
should equal that of the histidine pK,. An
illustration of the aldimine bound to the de-
signed binding site of T-16 is shown in Figure 5.

The equilibrium constant for aldimine
formation and the assignment of the NMR

proton. The resonance at 7.79 ppm is from the single proton in
the aromatic ring, that at 5.11 ppm is from the methylene
protons adjacent to the phosphate group and the resonance at
2.50 ppm is that of the methyl group. Upon mixing L-aspartic
acid and pyridoxal phosphate, the intensity of the aldehyde
proton was reduced and a new set of resonances appeared,
which were assigned to the aldimine (Figure 6).4” The resonance
at 7.65 ppm was tentatively assigned to the aldimine aromatic
ring proton because of the similarity between its chemical shift
and that of the ring proton of pyridoxal phosphate. The
resonance at 4.92 ppm arises from the aldimine methylene
group adjacent to the phosphate. The aldimine methyl group
was found at 2.43 ppm, and the resonance of the carbon-bound
imine proton appeared at 8.92 ppm (Figure 7). The resonances of
the a and 3 protons of the aspartic acid moiety were shifted
relative to those seen for free L-Asp. The 3 protons were shifted
only slightly to 2.96 and 2.91 ppm and the a proton was shifted
to 4.61 ppm. The dissociation constant of the aldimine was
estimated from the magnitude of the integral of the cofactor
aldehyde proton resonance at 10.45 ppm and that of the imine
proton of the aldimine at 8.92 ppm. The spectrum was recorded

*

spectrum .
l 1 L JLLILN
The interactions between the aldimine and the = {5 g "8 7 6 5 a4 3 I
designed binding sites of T-4 and T-16 were
-« §/ppm

monitored by NMR and CD spectroscopies. The
reaction between pyridoxal phosphate and
aspartic acid to form the aldimine is reversible
and all three species coexisted in solution under
the experimental conditions. To control the concentration
of the aldimine, the equilibrium constant for aldimine
formation was estimated from the integrals of the
resonance signals of the participating species. In the
"H NMR spectrum of L-aspartic acid in H,0/D,0 (90:10) at

Figure 6. The 'H NMR spectrum of the reaction mixture of pyridoxal phosphate (5 mm) and 1-Asp
(10 mm) in phosphate buffer solution (50 mm)/D,0 (90:10) at pH 7.4 and 298 K.

PLP Aldimine

g

pH 7.4 and room temperature, the resonance at 3.90 ppm
was assigned to the a proton according to its chemical
shift and multiplicity. The two resonances at 2.68 and
2.82 ppm were assigned to the [ protons in the same
way. In the spectrum of pyridoxal phosphate there were
only four resonances and they were assigned according
to their chemical shifts and their integrals.*! The
resonance at 10.45 ppm is from the single aldehyde
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Figure 7. Part of the 'H NMR spectrum of an aqueous solution of pyridoxal phosphate and
L-aspartic acid showing the aldehyde proton resonance of pyridoxal phosphate at

10.45 ppm and the carbon-bound imine proton resonance of the aldimine intermediate at
8.92 ppm. The carbon-bound imine proton resonance is well separated from other peaks
and was therefore selected for the T, experiments.
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after mixing 6 mm L-Asp and 1.5 mm pyridoxal phosphate, with
observation of the usual experimental precautions for accurate
integration. The dissociation constant for dissociation of the
aldimine to form pyridoxal phosphate and aspartic acid was
estimated to be approximately 15 mm. The chemical shift of the
methylene group of pyridoxamine phosphate at pH7 was
4.33 ppm.

Circular dichroism spectroscopic evidence for aldimine -
protein interactions

The interactions between the aldimine and the polypeptides T-4
and T-16 were monitored by CD spectroscopy according to the
assumption that the formation of an aldimine - polypeptide
complex would stabilise the folded structure. This assumption
was borne out in practice as an increase in the helical content of
both peptides was observed upon addition of the aldimine. The
mean residue ellipticity of T-4 (0.75 mm) at 222 nm in 2-[4-(2-
hydroxyethyl)-1-piperazinyllethanesulfonic acid (HEPES) buffer
solution (100 mm) at room temperature and pH74 was
— 18500 4 500deg cm?dmol~" (Table 1). Upon addition of L-as-

Table 1. The mean residue ellipticities at 222 nm, ©,,,, of T-4 (0.5 mwm) in the
presence of pyridoxal phosphate (1.5 mw), L-aspartic acid (6 mm) or a mixture
of pyridoxal phosphate (1.5 mm) and L-aspartic acid (6 mm) in aqueous solution
at pH 7.4 and room temperature.

Sample [O],,, [degcm?dmol ']
T-4 — 18500
T-4 + L-Asp — 18700
T-4 + PLP — 18500
T-4 + (-Asp + PLP) —19900

partic acid (6 mm) or pyridoxal phosphate (1.5mwm) to the
peptide solution (0.5 mm); the mean residue ellipticities at
222 nm were — 18700+ 500degcm?dmol~' and — 18500+
500 degcm?dmol-', respectively. In contrast, when a mixture
of L-aspartic acid (6 mm) and pyridoxal phosphate (1.5 mm) was
added, the value of the mean residue ellipticity at 222 nm was
— 19900 £ 500 deg cm? dmol -, which suggests that stabilisation
of the secondary structure occurs upon introduction of the
aldimine intermediate.

The mean residue ellipticity at 222 nm of T-16 (0.5 mm) in
phosphate buffer solution (100 mm) at room temperature and
pH 7.5 was — 21200+ 500 degcm?dmol-" (Table 2). Addition of
L-aspartic acid (10 mw) left the mean residue ellipticity at 222 nm
unchanged, within experimental error, at —21500+
500 degcm?dmol~'. Upon addition of pyridoxal phosphate
(2.5 mm) to the peptide solution the value of the mean residue
ellipticity at 222 nm became — 22800 + 500 deg cm?dmol~". The
addition of a mixture of L-aspartic acid (10 mm) and pyridoxal
phosphate (2.5 mm) to the peptide solution increased the helicity
considerably as the negative value of the mean residue ellipticity
at 222nm was increased to —24000+ 500 degcm?dmol".
Significant stabilisation of the structure due to the noncovalent
interactions between the peptide and the aldimine was
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Table 2. The mean residue ellipticities at 222 nm, ©,,,, of T-16 (0.5 mm) in the
presence of pyridoxal phosphate (1.5 mm), L-aspartic acid (6 mm) or a mixture
of pyridoxal phosphate (1.5 mm) and t-aspartic acid (6 mm) in aqueous solution
at pH 7.5 and room temperature.

Sample [@],,, [degcm?dmol~]
T-16 —21200
T-16 + L-Asp —21500
T-16 + PLP —22800
T-16 + (.-Asp + PLP) — 24000

established. For comparison, THref, which also folded into a
helix-loop-helix dimer motif and included arginine and histidine
residues, showed no increase in helical content after addition of
pyridoxal phosphate, L-aspartic acid or a mixture of pyridoxal
phosphate and L-aspartic acid under the conditions described
above.

"H NMR spectroscopy spin - lattice relaxation time
measurements of aldimine - polypeptide interactions

The chemical shifts of the aldimine were only marginally affected
by the addition of protein, which suggests that they are similar
for the free and bound forms, or that the equilibrium concen-
tration of bound aldimine is small. The interactions between the
aldimine intermediate and the polypeptides T-4 and T-16 were
therefore studied by measurement of the '"H NMR spin - lattice
relaxation time (T;) of the imine proton of the aldimine. An effect
on the T, value was expected if the aldimine was bound to the
folded four-helix bundle and in fast exchange on the NMR time
scale between the free and the bound state. This was indeed the
case, as there were significant changes in the T, value of the
imine proton in the presence of T-4 and T-16, in comparison with
the corresponding value of the free aldimine. The measurements
were carried out by using the inversion-recovery (180°-7-90°-t),
pulse sequence with a nonselective 180° pulse as well as a
selective Gaussian 180° pulse applied to the carbon-bound
imine proton of the aldimine at 8.92 ppm. The imine proton
resonance is well separated from other peaks and not obscured
by resonances from amide protons or His or Phe ring protons of
the peptide. Selective and nonselective measurements were
obtained at 288, 298 and 308 K and the results are shown in
Table 3 and Table 4. The T, value of the imine proton was affected
by the presence of T-4 as well as by that of T-16, which
demonstrates that the rotational correlation time of the aldimine
was affected by the folded polypeptides and clearly establishes
interactions with the four-helix bundles.

31P NMR measurements of aldimine - polypeptide
interactions

3IPNMR  spectroscopic measurements were undertaken to
further probe the interaction between the aldimine and the
T-4 binding site. The resonance of the aldimine shifted by
approximately 10 Hz, less than 0.1 ppm, upon addition of 3 mm
T-4, which shows that the aldimine was bound by the polypep-
tide. However, the small shifts again suggested that measure-
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Table 3. 'H NMR spin - lattice (T,) relaxation time measurements of the free
aldimine intermediate in solution and of the intermediate in the presence of
T-4.lal

T-4 + PLP + L-Asp T, (288 K) T, (298 K) T, (308 K)
selective 0.24 0.22 0.14
nonselective 0.22 0.21 0.14
PLP + L-Asp T, (288 K) T, (298 K) T, (308 K)
selective 0.52 0.48 0.41
nonselective 0.53 0.46 0.40

[a] The measurements were performed in HEPES buffer (40 mm)/D,0 (90:10)
at pH 7.4, at a peptide concentration of 0.75 mm and in the presence of
pyridoxal phosphate (1.5 mwm) and L-aspartic acid (6 mm).

Table 4. 'H NMR spin - lattice (T,) relaxation time measurements of the free
aldimine intermediate in solution and of the intermediate in the presence of
T-16.1

T-16 + PLP + L-Asp T, (288 K) T, (298 K) T, (308 K)
selective 0.72 0.65 0.57
nonselective 0.75 0.70 0.64
PLP -+ L-Asp T, (288 K) T, (298 K) T, (308 K)
selective 047 0.46 0.43
nonselective 0.49 0.46 0.43

[a] The measurements were performed in phosphate buffer (100 mm)/D,0
(90:10) at pH 7.5 at a peptide concentration of 0.75 mm and in the presence
of pyridoxal phosphate (1.5 mm) and t-aspartic acid (6 mm).

ment of the effects on relaxation would be more informative.
The relaxation mechanism of the 3'P nucleus is predominantly a
result of chemical shift anisotropy and binding of the aldimine to
a macromolecule was expected to affect its relaxation properties
in a detectable way. A solution of pyridoxal phosphate (7.5 mm)
and L-aspartic acid (30 mm) in a 90:10 mixture of HEPES buffer
(100 mm) and D,0 at pH74 and 298K was titrated with T-4

AM[TA]: 3.0 mm
N ™ N\ A A

(0.1-3.0mm) to a final concentration of 3.0 mm. The 3'P NMR
spectrum was recorded for each addition and the chemical shifts
were recorded relative to an external reference consisting of
22 mm sodium phosphate at pH 7. The resonance at 1.53 ppm
(Figure 8) is that of pyridoxal phosphate and upon addition of -
aspartic acid the aldimine phosphate resonance emerged at
1.10 ppm. The addition of T-4 to the pyridoxal phosphate and -
aspartic acid solution caused the linewidths of the pyridoxal
phosphate and the aldimine resonances to increase, with the
increase more pronounced for the aldimine. The increased line
width of the aldimine resonance in the presence of the
polypeptide is evidence for an increased correlation time that
results from binding to the macromolecule.

Kinetic measurements by UV spectroscopy

While binding was clearly demonstrated by NMR and CD
spectroscopies, the site of binding could not be established by
these measurements. The most sensitive demonstration of
specific binding of the aldimine to the designated binding sites
would be the onset of catalysis, therefore the catalytic efficien-
cies of the folded polypeptides were determined by UVand NMR
spectroscopies. The reactivities of the twenty-five designed
helix-loop-helix dimers were screened by measuring the initial
rates of pyridoxamine phosphate formation by following the
increase in absorbance at 325 nm as a function of time by UV
spectroscopy at 298 K. The measurements were carried out with
10 mm L-aspartic acid, 2.5 mm pyridoxal phosphate and peptide
concentrations of 0.5 mm. The screening reactions were carried
out at pH 6.0 and 7.4 for the histidine-containing peptides, and
at pH74 and 9.0 for the lysine-containing peptides. Little
catalysis was observed in the presence of lysine-containing
sequences, most likely because lysine residues form imines with
the cofactor PLP, as described above. T-4 and T-16 were the most
efficient catalysts and were therefore selected from the pool of
sequences for further studies of the aldimine - polypep-
tide interactions. Attempts to determine whether they
followed saturation kinetics failed, probably because the
high concentrations of L-Asp and pyridoxal phosphate
needed to generate sufficient concentrations of aldimine
affected the structures of the catalysts. The equilibrium
constant of 15 mm for the dissociation of the aldimine to
form -Asp and PLP makes it necessary to use concen-
trations of L-Asp as high as 150 mw, in combination with
16 mm PLP to generate the 15 mm aldimine required to
determine K values in the millimolar range. The
accessible concentration range of PLP is limited by its
poor solubility. The T-16-catalysed reaction appeared to
follow saturation kinetics when L-Asp concentration was
varied at a constant PLP concentration of 8 mm, but not

NS N
{T-4]1=1.0 mm
R WY N Ve Vo N TN A SN
PLP Aldimine
[T-4]=0.1 mm
[ N — e S AN e e
1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9
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Figure 8. The 3'P NMR spectrum of an aqueous solution of pyridoxal phosphate (7.5 mm)
and L-aspartic acid (30 mm) upon titration with T-4. The increased line width of the aldimine

resonance is caused by the increased correlation time that results from binding.
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P when the PLP concentration was varied at a constant (-

Asp concentration of 100 mm. These experiments were
carried out in 100 mm phosphate buffer with 0.15m NaCl
added to minimise variations in ionic strength. The
complexity of the transamination reaction and the high
concentrations of substrates needed were likely to make
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these measurements difficult to analyse. Instead,
a comparison between imidazole, T-4 and T-16
was carried out under experimental conditions
for which no kinetic model was assumed. The
rates were relative measurements of initial rates
obtained from the slopes of absorbance versus
time, obtained under identical buffer and re-
agent concentration, and pH and temperature
conditions. Initial rates of pyridoxamine phos-
phate formation were determined at 0.5 mm
peptide, 2.5 mm PLP and 10 mm (-Asp, pH 5.5
and 288 K, and compared to the corresponding
rates for the imidazole-catalysed reaction. The
initial rates under these conditions were 1.4 x

2.4x10 ° -
22 -
20
1.8 -

1.8

vis™

1.4 -

1.2

1.0 -

0.8 -

L. Baltzer and M. Allert

107¢s7 for the T-4-catalysed reaction and 2.2 x Y
10-% s~ for the T-16-catalysed reaction. Addition 0.0
of 540 mm imidazole was required to obtain the
initial rate of pyridoxamine phosphate forma-
tion observed in the presence of 0.5mm T-4,
(Figure 9) and the catalytic efficiency of T-4 was
thus more than three orders of magnitude larger
than that of imidazole. An imidazole concen-
tration of 1.2m was needed to match the
catalytic efficiency of T-16, which indicates that
the efficiency of T-16 is 2.4 x 10%times larger
than that of imidazole. The pH value of 5.5 was
chosen in an attempt to optimise the conditions
for stabilisation of the transition state in the rate-
limiting 1,3 proton transfer reaction. At pH 5.5,
the pyridinium ion is expected to be formed to a
large extent, and the concentration of proto-
nated and unprotonated His residues should be
close to optimal. Further support for the con-
clusion that the His residues are responsible for
the 1,3 proton transfer reaction was provided by
the pH profile of the transamination reaction,
which was determined by measurements of
T-16-catalysed transamination rates as a func-
tion of pH. T-16 (0.5 mm) was used to catalyse the
transamination of the aldimine generated from
8.0 mm PLP and 150 mm -Asp in 100 mm phos-
phate buffer containing 0.15m NaCl at 288 K. The
observed pH dependence did not fit with the
pK, value of the aldimine pyridinium ion but did
fit with that of the His residues of the catalyst
(Figure 9).

Kinetic measurements by 'H NMR
spectroscopy

The reactivities of T-4 and T-16 were also followed by 'H NMR
spectroscopy by calculating the initial rates of pyridoxamine
phosphate formation from the increase in intensity of the
resonance of the methylene protons at 4.33 ppm as a function of
time. The kinetic measurements were performed at 298 K in the
presence of 10 mm L-aspartic acid, 2.5 mm pyridoxal phosphate
and 0.5 mm peptide at pH 6.0 and 7.4. These measurements were
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Figure 9. a) Initial rates (absorbance versus time) of imidazole-catalysed transamination of L-Asp to
form oxaloacetate, versus imidazole concentration in phosphate buffer (100 mm) at pH 5.5 and 288 K.
The concentration of PLP was 2.5 mm and that of 1.-Asp was 10 mm. b) The pH profile of initial rates of
T-16-catalysed transamination of -Asp to form oxaloacetate. The concentration of T-16 was 0.5 mm,
that of PLP was 8.0 mm and that of t-Asp was 150 mm. The reactions were carried out at 288 K in
phosphate buffer (100 mm) containing NaCl (0.15m). Initial rates were computed from absorbance
versus time plots by using an extinction coefficient of 8372m~"cm~".

made to ensure that pyridoxamine phosphate was formed in the
course of the reaction measured by UV spectroscopy.

Discussion

The rational design of binding sites for small molecules in
aqueous solution is an important endeavour because it tests our
understanding of biomolecular recognition and interactions, and
because there are many applications in the field of biomedical
and biotechnological research. The difficulties are mainly caused
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by the fact that the binding energies that arise from interactions
between a receptor and a ligand are small in aqueous solution
because of the complex solvation phenomena involving the
binding residues. In addition, interactions between proteins and
small compounds are inherently weak as a result of the limited
number of functional groups and the small contact area
involved, and multiple interactions of high precision are required
to provide sufficient overall affinity. Efficient binding of small
molecules is nevertheless common in nature; binding sites are
specifically tailored for their purpose and enzymes bind
substrates, transition states and intermediates with high and
differential affinity. Our understanding of protein structure has
not yet reached a level where several functional groups can be
positioned in geometrical relationships by rational design with a
precision that mimics the fine-tuned active sites of enzymes. The
design of a binding site in a four-helix bundle model protein was
undertaken to further our understanding of the requirements for
recognition and binding of the aldimine, and to construct a
binding site for catalysis of the transamination reaction.

The design was based on the fact that aldimine is a highly
negatively charged species, and that a four-helix bundle with
multiple positive charges, that is, with several arginine residues,
should be the starting point in the search for optimum
recognition and binding. The sequence of T-16 contains six
Asp or Glu residues, seven Arg residues and two His residues,
which gives a total charge at approximately neutral pH of + 1 to
+ 2. T-4 contained five Asp or Glu residues, five Arg residues and
five His residues. The design of a binding site based mainly on
charge - charge interactions requires several cooperative bind-
ing interactions since the free energy of salt-bridge formation is
small. For comparison, the free energy of dissociation of a
solvent-exposed Glu-Lys salt bridge has been reported to be
0.5 kcalmol="." In catalysis, the transition state along the
reaction coordinate should be bound strongly, whereas sub-
strates and low-energy intermediates should be bound with only
modest affinities. Since we attempted to construct only mod-
erately efficient binding sites, the detection strategies used had
to be carefully considered. The transamination reaction is most
often studied by UV spectroscopy; the cofactor pyridoxal
phosphate absorbs at 389 nm and pyridoxamine phosphate
absorbs at 325 nm.?* The absorbtion maxima of the intermedi-
ates remain, unfortunately, to be unequivocally assigned and
various suggestions have been reported.3% 5" 53571 YV spectros-
copy was therefore not used to study the binding of the
intermediates. Instead CD and NMR spectroscopic techniques
were employed.

The CD spectrum of a polypeptide provides a measure of its
secondary structure. Since binding of the aldimine to the
designed binding sites was expected to stabilise the folded four-
helix bundles, the CD spectra of T-4, T-16 and THref were
recorded in the presence of L-Asp, pyridoxal phosphate and a
mixture of both. T-4 and T-16 showed increasingly negative
mean residue ellipticities at 222 nm upon addition of the
aldimine intermediate (Tables 1 and 2), which provided strong
evidence for binding. For T-16, some stabilisation was obtained
by the addition of only the pyridoxal phosphate cofactor. This is
not surprising as pyridoxal phosphate is part of the aldimine
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moiety and some interaction between the cofactor and the
polypeptide was to be expected. Upon addition of the aldimine
to T-16, stabilisation of the structure was observed as a
change in mean residue ellipticity from —21200 to
—24000 degcm?dmol~'. Although part of the change was due
to the interaction with the cofactor, this observation shows
significant stabilisation of the structure by noncovalent inter-
action between the aldimine and the polypeptide scaffold. An
equilibrium constant could not be determined from the
experimental data because the mean residue ellipticity of the
T-16 - aldimine complex could not be obtained. Nevertheless, an
increase in helicity of more than 10% suggested that a large
fraction of the total concentration of T-16 was involved in a
complex with the aldimine because unrealistic values of the
mean residue ellipticity of the complex would otherwise have to
be assumed. The mean residue ellipticity of T-16 in the absence
of aldimine (—21200 degcm?dmol~') was within the range of
most four-helix bundle structures in the SA-42 series of
sequences. The largest negative value measured for any of the
sequences was — 26 000 degcm?dmol~". An order-of-magnitude
calculation therefore indicates that no less than 20%, and
probably more, of the T-16 was complexed by the aldimine. The
dissociation constant of the T-16-aldimine complex was
estimated very approximately to be in the millimolar range by
using the estimated value of the dissociation constant of the
aldimine (15 mm) and the experimental concentrations of T-16
(0.5 mm), L-Asp (2.5 mm) and pyridoxal phosphate (10 mm). The
mean residue ellipticity of the reference peptide THref was
unaffected by the addition of L-Asp, the cofactor or a mixture of
the two. The interactions between the binding sites and the
aldimine are therefore specific and not due to salt effects on
polypeptide structure.

Further insights into the interactions were obtained from the
"HNMR spectrum of the aldimine and of the aldimine in the
presence of the polypeptides. The interactions between the
aldimine and the polypeptide scaffolds were not strong enough
to give rise to separate resonances for free and bound aldimine.
The exchange between the free and the bound states was fast
on the NMR time scale and the observed resonances of the
aldimine were the weighted averages and did not provide
detailed structural information about the complex. The chemical
shifts were only affected to a small degree by the addition of the
polypeptides, although these small changes demonstrated the
presence of interactions between the polypeptides and the
aldimine. Since the effects on the mean residue ellipticities
suggested that the interactions were significant, we concluded
that the chemical shifts do not change much upon binding. A
probable explanation is that several binding conformations are
populated, with the result that an averaged chemical shift close
to that of the free aldimine is observed. Relaxation time
measurements were instead used to establish the binding of
the intermediate since relaxation times depend on the rotational
correlation time of the nuclei and therefore on molecular
size.5% 58 59 The sequences consist of 42 residues with molecular
weights of approximately 4700. The weight of the dimer, which
is the predominant species in solution at 0.75 mwm, is 9400. As
there is a considerable difference in molecular weight between
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the aldimine (360 gmol~") and the aldimine - polypeptide com-
plex, the longitudinal relaxation time, T,, of the aldimine
intermediate was expected to be sensitive to the formation of
the complex and this was found to be the case. The T, value of
the imine CH proton of the free aldimine, found by using a
nonselective as well as a selective pulse sequence, was 0.55s in
aqueous solution at pH 7.5 and 288 K. In the presence of T-16, the
T, value of the CH proton increased to 0.7 s, whereas this value
was reduced to 0.2s in the presence of T-4. The relative
magnitudes depend on the binding constants as well as on the
molecular weights of the protein receptors, but are also
influenced by the dynamics of the binding site. Free aldimine
in the absence of the polypeptide tumbles rapidly and is
characterised by short rotational correlation times. When the
aldimine is bound to T-4 or T-16, the rotational correlation time
changes to that of the macromolecule and under conditions of
fast exchange between the free and bound states, the effective
relaxation is influenced by the residence times and by the
dynamics in the bound state. The difference in the T, value
between free and bound aldimine demonstrates that there is an
interaction between the two components, even if it cannot be
quantified. The absolute value of the change in T, has little
quantitative meaning since dynamics in the binding site may
affect the effective rotational correlation time. An increase as
well as a decrease in the T, value may therefore result from
complexation of a small molecule by a protein.

The 3'P NMR spectrum of the aldimine was also informative
with regards to peptide —aldimine interactions. The linewidth of
the 3'P NMR resonance of the aldimine at 1.10 ppm increased in
the presence of peptide T-4, as did that of the pyridoxal
phosphate resonance at 1.53 ppm, although the increase in
linewidth of the aldimine resonance was larger. The increased
line width of the aldimine resonance is a measure of a reduced T,
value and is due to the increased rotational correlation time that
results from binding of the aldimine and cofactor to the
macromolecule (Figure 7).5% 59

While the CD and NMR spectroscopic measurements provided
clear evidence for binding, the small chemical shifts provided
little guidance in determining the nature and location of the
binding site. Kinetic measurements were instead used to probe
whether the intermediate was bound in close proximity to the
His residues. The transformation of the aldimine to the ketimine,
which was monitored by measuring the rate of appearance of
pyridoxamine phosphate, requires a proton-transfer reaction
that can only be catalysed by a general acid or a general base or
a combination of the two. T-4 and T-16 emerged as catalytically
active polypeptides from the pool of sequences designed to
bind the aldimine and since there are no lysine residues in the
sequences of T-4 and T-16, we concluded that the His residues
were the catalytically active side chains. A comparison between
initial rates of pyridoxamine phosphate formation catalysed by
T-4, T-16 or imidazole showed that the polypeptides were more
than three orders of magnitude more efficient than imidazole at
catalysing the reaction. These results provide strong evidence for
close proximity between the CH protons of the aldimine and the
histidine residues of the catalyst. A rate enhancement of more
than three orders of magnitude is not compatible with a simple
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bimolecular reaction in solution catalysed by solvent-exposed
His residues; polypeptide sequences with His residues other
than those of T-4 and T-16 showed lower or no catalytic activity.
Several of the sequences did not show any detectable catalytic
efficiency although they contained Arg as well as His residues.
The demonstration of aldimine binding by T-4 and T-16 in the
millimolar range, in combination with the efficient catalytic
activity seen, therefore demonstrates that the reaction takes
place in the designed binding sites. It is not likely that the rate
enhancement in the imidazole-catalysed reaction is an effect of
the increased ionic strenghth resulting from the high concen-
tration of imidazolium ion. The plot of reaction rate v against [Im]
is linear and the ionic strenghth resulting from 100 mm
phosphate buffer is high, even at low imidazole concentration.
However, if the increased ionic strength were to have an effect,
then the relative rate enhancements achieved by the polypep-
tide catalysts would be even higher.

Conclusion

Binding sites for aldimine intermediates have been designed for
the purpose of catalysing the transformation of aldimine into
ketimine in the pathway of the biosynthesis of amino acids. The
binding sites were designed to interact with the aldimine mainly
through noncovalent charge-charge interactions between
positively charged residues in the folded polypeptide and the
negatively charged substituents of the aldimine. The binding
sites were also equipped with His residues capable of catalysing
the rate-limiting 1,3 proton transfer step of the transamination
reaction. The design of the binding sites was successful; catalysts
T-4 and T-16 were capable of binding the aldimines with
millimolar affinity and catalyse the reaction in the reactive site
with an efficiency more than three orders of magnitude larger
than that of imidazole.

Experimental

Peptide synthesis, purification and identification: The polypep-
tides were synthesised on an automated peptide synthesiser
(Pioneer, Applied Biosystems) by using 9-fluorenylmethoxycarbonyl
(Fmoc) protection group strategies. The syntheses were performed
on a 0.1-mmol scale and the Fmoc-protected amino acids were
activated in situ by treatment with O-(7-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU; 0.5m in dimethylfor-
mamide (DMF)) and diisopropylethylamine (DIPEA; 1.0m in DMF). The
Fmoc protection groups were removed by treatment with piperidine
(20% v/v in DMF). The side-chain protection groups were tert-butoxy
(OtBu) for Asp and Glu, trityl (Trt) for His, Asn and GlIn, tert-
butoxycarbonyl (tBoc) for Lys, tert-butyl (tBu) for Tyr and 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg. Coupling
times were 60 minutes, except for Arg and difficult parts in the
sequence where 90-minute times were used. The amino terminal
was capped with acetic anhydride (0.3m in DMF). The carboxy
terminal was amidated upon cleavage from the resin by using a 5-
(aminomethyl-3,5-dimethoxyphenoxy)valeric acid linked polyethyle-
neglycol spacer on a polystyrene polymer support (Applied Bio-
systems) with a substitution level of 0.18-0.22 mmolg~'. The
peptides were cleaved from the resin and deprotected by treatment
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with a mixture containing trifluoroacetic acid (TFA)/H,O/ethanedi-
thiol/triisopropylsilane (94:2.5:2.5:1) (20mLg~") for two hours at
room temperature. After filtration and concentration of the mixture,
the peptides were precipitated by addition of cold diethyl ether,
centrifuged and lyophilised. The peptides were purified by reversed-
phase HPLC on a semipreparative C-8 column (HICHROM) and eluted
isocratically with propan-2-ol (34 % for T-4 and 33 % for T-16, v/v) in
TFA (0.1 %, v/v) at a flow rate of 8 mLmin~", followed by UV detection
at 229 nm. The purity of each peptide was determined by reversed-
phase analytical HPLC. No peak other than that of the desired
peptide was present in the chromatograms after purification. The
identities of the peptides were determined by ESI MS on a magnetic
sector spectrometer (VG ZabSpec). The obtained molecular weight
was within 1a.u. of the calculated value and no high-molecular-
weight impurities could be detected.

"H NMR spectroscopy: The 'HNMR spectra were recorded on a
Varian Inova 600-MHz NMR spectrometer. The concentrations of T-4
and T-16 in the solutions were estimated by weight, assuming a
water content of 30 %, and subsequently determined by quantitative
amino acid analysis. Pyridoxal phosphate and L-aspartic acid were
purchased from Sigma - Aldrich and used as supplied. The solutions
for determining the T, value of the aldimine in the presence of T-4
were prepared in HEPES buffer (40 mm)/D,0 (90:10) solution and
contained T-4 (0.75 mwm), pyridoxal phosphate (1.5 mm) and L-Asp
(6 mm). The measurements were performed at pH 7.4 and at 288, 298
and 308 K. The pH value was adjusted with HCl and NaOH and the
solutions were carefully deoxygenated by purging with nitrogen gas.
Solutions for determining relaxation rates in the presence of T-16
were prepared in phosphate buffer (100 mm)/D,0 (90:10) solution
and contained T-16 (0.75 mwm), pyridoxal phosphate (1.5 mwm) and L-
Asp (6 mm). The measurements were performed at pH 7.5 and at 288,
298 and 308 K. The pH value was adjusted with HCl and NaOH and
the solutions were carefully deoxygenated by purging with nitrogen
gas.

Spin - lattice relaxation times of the carbon-bound imine proton at
8.92 ppm were measured by using the (180°-7-90°-t), pulse
sequence. The 7 values for the selective and nonselective experi-
ments were: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55,
0.6, 0.65, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5, 1.8, 2.0, 2.5, 3.0, 4.0, 6.0 and
8.0 seconds. For the selective experiments a Gaussian 180° pulse was
generated by using the Varian pulse sequence sh2pul, modified to
include presaturation. The selective spin-lattice relaxation rates
were calculated with standard Varian software. The maximum
experimental error in the relaxation rate measurements was £0.1 s.

Kinetic measurements of pyridoxamine phosphate formation were
carried out under the following experimental conditions: 0.5 mm T-4
or T-16 at pH 7.4 and 6.0, at 298 K, in the presence of L-Asp (10 mm)
and pyridoxal phosphate (2.5 mwm) in aqueous buffer solution/D,0
(90:10).

3P NMR spectroscopy: The 3'P NMR spectra were recorded on a
400-MHz Varian Unity NMR spectrometer at pH 74 and 298 K. The
solutions were prepared in HEPES buffer (100 mm)/D,0 (90:10) and
the pH value was adjusted with HCl and NaOH. T-4 was added in
portions (0.1-3.0 mm) to the pyridoxal phosphate (7.5 mwm) and L-
aspartic acid (30 mm) solution. A potassium phosphate solution
(22 mm; pH 7) was used as an external standard.

Circular dichroism spectroscopy: CD spectra were recorded on a
Jasco J-720 spectropolarimeter, routinely calibrated with b-(+)-
camphor-10-sulfonic acid. The spectra were measured at room
temperature in the wavelength interval 280-190 nm in 0.1- or 0.5-
mm cuvettes. The peptide concentrations were estimated by weight,
assuming a water content of 30%, and subsequently determined by
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quantitative amino acid analysis. Stock solutions of T-4, T-16, L-
aspartic acid and pyridoxal phosphate were used for accuracy.

Kinetic measurements by UV spectroscopy: The kinetic experi-
ments were carried out with spectrophotometers (Varian Cary 1 or 5)
equipped with temperature controllers (Varian). Initial rates were
determined by measuring the absorbance at 325 nm as a function of
time with a peptide concentration of 0.5 mm, a pyridoxal phosphate
concentration of 2.5 mm and an L-aspartic acid concentration of
10 mm. The extinction coefficient at 325 nm was 8372m~' cm~". Stock
solutions of peptides, pyridoxal phosphate, L-aspartic acid and
imidazole were prepared in phosphate buffer solution (100 mm) and
the pH value was adjusted when necessary to 5.5, 6.0, 7.4 or 9.0. The
concentrations of the peptide stock solutions were determined by
quantitative amino acid analysis. In a typical kinetic experiment,
275 ul solution was used in a 1-mm quartz cuvette. The peptide and
L-aspartic acid solution was temperature equilibrated for at least
30 minutes before addition of the pyridoxal phosphate solution. The
measurements were started after brief shaking of the cuvette and re-
introduction into the thermostated cell compartment and the
reactions were followed for five hours. The initial rates were
determined by fitting the equation for a straight line to the
experimental data.

The initial rates at different imidazole concentrations (0- 1.0m) were
determined under the same reaction conditions as described above.

The initial rates as a function of pH value were determined at 0.5 mm
T-16, 8.0 mm PLP and 150 mm t-Asp in phosphate buffer (100 mm)
containing NaCl (0.15m) at 288 K.
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Synthesis of Novel Acceptor Substrates
for the Dolichyl Phosphate Mannose Synthase

from Yeast

Ines Sprung, Laurence Carmés, Gregory M. Watt, and Sabine L. Flitsch*&!

Dolichols are polyisoprenoid lipid components of mammalian
membranes consisting of an average of 20 head-to-tail linked
isoprene units of which the first isoprene is fully saturated. The
unusual size of these lipids is intriguing and poses questions about
the role of dolichol structure in biological processes. In order to
probe structure and function we have synthesised potential
dolichyl analogues that retain only the first two isoprene units
and carry a second functional group within the terminal lipid
chain. Such analogues were evaluated as substrates for a key
enzyme in the dolichyl-dependent pathway of glycan biosynthesis,

Introduction

Lipids bearing polyisoprenoid side chains are ubiquitous mem-
brane constituents that play an important role in glycan
biosynthesis."! Glycosylated phosphoisoprenoids such as do-
lichyl phosphate mannose (Dol-P-Man) and undecaprenyl! di-
phosphate N-acetylglucosamine can act as glycosyl donor
substrates in a similar manner to sugar nucleotides. Glycosylated
phosphopolyisoprenoid lipids can also serve as carriers of
oligosaccharide units in biosynthetic pathways of glycopolymers
such as glycoproteins of higher organisms and cell-surface-
associated polysaccharides of bacteria. The unusual length of
polyisoprenoids such as dolichol is intriguing and has led to
proposals that dolichyl-linked intermediates are specifically
recognised through dolichyl-binding sites in biosynthetic gly-
can-processing enzymes.”?!

A difficulty in addressing the specific role of polyisoprenoid
structure in biological processes has been the lack of pure lipid
for biochemical studies. Polyisoprenoids are not very abundant
in natural sources and their chemical synthesis is lengthy. We and
others have therefore looked for more accessible lipids than
dolichyl phosphate (1) that would still be accepted by glycan-
processing enzymes and have reported a number of such lipids,
in particular phytanyl phosphate (2; Scheme 1).

Our choice of enzyme for such studies of substrate analogues
has been Dol-P-Man synthase (Scheme 2). Located in endoplas-
mic reticulum membrane in eucaryotes it catalyses the mannosyl
transfer from guanosine diphosphate —mannose (GDP - Man) to
the membrane-located lipid dolichyl phosphate (1). Dol-P-Man is
the essential cofactor in several biosynthetic pathways, including
those of glycoproteins (N- and O-glycan) and glycosyl phospha-
tidylinositol anchors.® Thus, Dol-P-Man synthase catalyses a key

ChemBioChem 2003, 4, 319-332 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dolichyl phosphate mannose (Dol-P-Man) synthase. It was shown
that some functional groups, including labels such as biotin, could
be tolerated. When the synthetic analogues were attached to a
solid support they were still substrates for the Dol-P-Man system
and thus allowed the enzymatic solid-phase synthesis of glyco-
lipids.

KEYWORDS:

Dol-P-Man synthase - enzymatic synthesis - glycoproteins -
lipid phosphates - oligosaccharides
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Scheme 1. Lipid phosphates tested as acceptor substrates for Dol-P-Man
synthase.
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Scheme 2. Mannosyltransferase reaction of Dol-P-Man synthase.
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reaction in glycan biosynthesis. This is the first reason for
choosing this enzyme. Secondly, the enzyme should be fairly
sensitive to lipid structure, since the lipid substituent is close to
the site of modification in the substrate. One might assume that
for reactions later in the pathway, where an outer carbohydrate
residue that is quite removed from the lipid is glycosylated by the
enzyme, sensitivity towards lipid structure is less pronounced.
Thirdly, the lipid substrates for the Dol-P-Man synthase are
chemically more accessible than those of more complex glycolipid
intermediates, and fourthly, the chemical reaction that is catalysed
by this enzyme, the -mannosylation of a phosphate (Scheme 2),
is chemically one of the most challenging linkages to make."

Phytanyl phosphate (2) was previously shown to be a
reasonable substrate for the Dol-P-Man synthase and could be
used with about 60-70% efficiency compared to the natural
substrate dolichyl phosphate (1). Phytanyl phosphate (2)
analogues were also successfully used as substrates for the -
1,4-mannosyltransferase from yeast™ ¢ and the a-1,3-mannosyl-
transferase AceA from Acetobacter xylinum.”! In all cases the
soluble substrate analogue without the polyisoprenoid was not
a substrate for the enzyme, and it appears that there is some
minimal requirement for the lipid.

One drawback of using phytanyl derivatives as substrate
analogues has been that the saturated hydrocarbon chain is not
amenable to further selective functionalisation or modification.
We have therefore looked at other lipid analogues bearing
functional groups that could be used to probe lipid/protein
interactions or could act as attachment sites for labels,® ! to
solid supports'"® and in microarrays.' So far, fluorescent labels
have been introduced into dolichol itself® but the low
availability of dolichol might limit such an approach. The focus
of the present studies was therefore the design and synthesis of
lipid analogues that would be easily accessible.!'?

Results and Discussion
Lipid design

In addition to phytanyl phosphate (2) we have previously
reported the synthesis of dihydrocitronellyl phosphate (3),
3-methyloctadecanyl phosphate (4) and tetradecanyl phosphate
(5) and their evaluation against the Dol-P-Man synthase from
yeast.”) Conclusions of these studies were that the 3-methyl
group is necessary for substrate recognition (since 5 was not a
substrate) and that a minimum chain length was required (since
3 was not a substrate). The stereochemical preference at
position 3 had been shown previously to be only small.l'¥
Based on these previous studies, the four phosphate lipids 18,
29, 31 and 35 (Schemes 3-5) were chosen as targets for the
present investigation because they retain the diisoprenoid unit
close to the phosphate ester, which appeared to be most
important for enzyme binding.”®! By first testing 18, we would
establish that a functional group (the imide) was tolerated by the
enzyme system. Furthermore, we envisaged 18 to be a starting
material for further functionalisation with labels such as biotin
(compounds 38 and 41; Scheme 6) and for final attachement to
solid support (45; Scheme 7). Compounds 29, 31 and 35 were
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designed to test if functionality was tolerated close to the
diisoprenyl group. Such compounds would also be more
accessible to synthesis.

Chemical synthesis of acceptor analogue 18

The key intermediate for target 18 was protected diol 12. This
was accessible by a published route by selenium dioxide/tert-
butylperoxide allylic oxidation of 10, which had been obtained
from citronellol (9; Scheme 3). The oxidation yielded a mixture of
the conjugated aldehyde 11 and the allyl alcohol 12, in poor
yield (12 and 27 %). Subsequent reduction of 11 allowed us to
obtain 12 in an overall yield of 31 %." The conversion of 12 into
the bromide 13 was accomplished via the mesylate intermediate
with lithium bromide, and subsequent treatment with triphe-
nylphosphine yielded the phosphonium salt 14 in 97 % vyield.

Aldehyde 8 was accessible from commercially available
bromododecanol (6) by treatment with potassium phthalimide
to give the alcohol 7. The oxidation of the alcohol group with
tetrapropylammonium perruthenate and 4-methylmorpholine
N-oxide yielded the aldehyde 8 in 44 % yield. Since the workup is
fairly simple and the oxidation gave an acceptable yield it was
preferred to the dimethyl sulfoxide oxidation.

The Wittig reaction of aldehyde 8 and phosphonium salt 14
delivered a 1:1 Z/E isomeric mixture of the unsaturated
compound 15 in 52% yield. The subsequent hydrogenation of
15 resulted in saturation of the carbon chain as well as in the
deprotection of the alcohol group to give the alcohol 16.
Phosphorylation was achieved with di-tert-butyl-diisopropyl-
phosphoramidite followed by oxidation with meta-chloroperoxy-
benzoic acid to obtain the phospholipid 17, and final depro-
tection of 17 with trifluoroacetic acid delivered the first of our
potential substrates 18 for Dol-P-Man synthase.

Chemical synthesis of acceptor analogues 29, 31 and 35

Squaric acid diamides were introduced by Tietze and co-
workers'™ as very convenient linkers for biomolecules. Two
amine moieties can be coupled unsymmetrically with high
efficiency in organic or aqueous systems. Thus, the squarate has
already been used as a conjugating reagent in neoglycoconju-
gate synthesis'® and in enzymatic oligosaccharide synthesis.!"”!
We therefore chose squarate as a linker and designed target 29
as a potential acceptor analogue to dolichyl and phytanyl
phosphates.

The synthesis of the lipid phosphate 29 from citronellol (9) is
outlined in Scheme 4. Citronellol (9) was benzoylated to give 19
in quantitative yield. Treatment of the olefin 19 with selenium
dioxide resulted in a mixture of the aldehyde 20 (10%) and the
alcohol 21 (9%). In order to increase the amount of desired
alcohol 21, the aldehyde 20 was reduced by NaBH, to afford 21
in an overall yield of 18%. The allylic bromide 22 was readily
prepared from 21 via the mesylate intermediate. Subsequent
treatment of 22 with potassium phthalimide resulted in 23
which upon deprotection with hydrazine would yield the
primary amine."™® Reduction of 23 by hydrogenation catalysed
by palladium on charcoal afforded 24 in 90% yield.

ChemBioChem 2003, 4, 319-332
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Scheme 3. Synthesis of lipid phosphate 18: a) Potassium phthalimide, DMF, 105 °C, 16 h, 89 %; b) TPAR, NMO, molecular sieves, CH,Cl,, RT, 16 h, 44 %; c) NaH, THF, reflux,
2 h; benzyl bromide, tetrabutylammonium iodide, THF, RT, 18 h, 58 %; d) SeO,, tBuOOH, CH,Cl,, H,O, RT, 16 h, 12% of 11, 27 % of 12; NaBH,, H,0O, CH,Cl,/EtOH (4:1), RT,
16 h, 33 % of 12; e) MeSO,Cl, NEt;, CH,Cl,, —50°C, 1 h; LiBr, THF, — 50 — — 30°C, 2 h, 71 %; f) triphenylphosphine, toluene, RT, dark, 6 days, 97 %; g) LDA, THF, RT, 45 min,
8, THF, RT, 16 h, 52%; h) H,, Pd/C, acetone/MeOH (1:1), RT, 16 h, 69 %; i) di-tert-butyl diisopropylphosphoramidite, 1H-tetrazole, THF, RT, 2 h; MCPBA, CH,Cl,, RT, 16 h,
73%; j) TFA, RT, 10 min. Phth = phthaloyl, Bn = benzyl, DMF = N,N-dimethylformamide, TPAP = tetrapropylammonium perruthenate, NMO = 4-methylmorpholine N-

oxide, THF = tetrahydrofuran, LDA = lithium diisopropylamide, MCPBA = meta-chloroperoxybenzoic acid, TFA = trifluoroacetic acid.
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Scheme 4. Synthesis of lipid phosphates 29 and 31: a) PhCOCI, pyridine, RT, 18 h, 100 %; b) SeO,, tBuOOH, CH,Cl,, H,O, RT, 18 h, 10% of 20, 9% of 21; NaBH,, H,0,
CH,CI/EtOH (4:1), RT, 16 h, 100 % of 21; ¢) MeSO,Cl, NEt;, CH,Cl,, — 50°C, 1.5 h; LiBr, THF, — 50 — — 30°C, 2.5 h, 75 %; d) potassium phthalimide, DMF, 105°C, 16 h, 80 %;
e) H,, Pd/C, MeOH, 18 h, 90 %; f) MeONa, MeOH, RT, 20 h, 43 %; g) di-tert-butyl diisopropylphosphoramidite, 1H-tetrazole, THF, RT, 1 h; MCPBA, CH,Cl,, 0°C, 1 h, 54 %;
h) N,H,-H,0, EtOH, RT, 16 h; 3,4-diethoxy-3-cyclobutene-1,2-dione, EtOH, RT, 5 min, 60 %; i) CH;(CH,);,NH,, EtOH, RT, 5 min, 65 %; j) TFA, RT, 10 min, 80 % of 29, 88 % of 31;

k) N,H,-H,O, EtOH, RT, 16 h; decanoyl! chloride, Et;N, THF, RT, 16 h, 61 %. Bz = benzoyl.

The deprotection of the benzoic acid ester 24 with NaOMe
proceeded with unexpectedly low yield (43%). Analysis of
the main side product revealed that the phthalimide had
reacted as well. Perhaps unexpectedly, the acid was formed
rather than the ester, which has precedent.l"? Attempts to re-
close the phthalimide ring by using different reagents such
as 1,1-carbonyldiimidazole,?® 2-ethoxy-N-ethoxycarbonyl-1,2-

ChemBioChem 2003, 4, 319-332

dihydroquinoline (EEDQ) or N,N'-dicyclohexylcarbidiimide
(DCO)2" did not lead to better yields of reaction. Since
enough material was available for further synthesis, the reac-
tion sequence was continued at this stage. However, in
subsequent work concerned with the synthesis of 35 the benzyl
ether was found to be more appropriate and to cause less
problems.
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The phosphorylation/oxidation step of alcohol 25 following
the previously described method led to the phosphate ester
26.?2 The deprotection of the amine in 26 was achieved by
hydrazine hydrate, to give the crude amino compound, which
was used without further purification.?s! The amine was then
coupled with 3,4-diethoxy-3-cyclobutene-1,2-dione and gave
the corresponding squaric acid amide 27.'>2% Under these
conditions only the formation of the monoamide 27 was
observed and not the synthesis of the symmetrical squaric acid
diamide. The reaction of 27 with dodecylamine led to the
unsymmetrical squaric acid diamide 28. Deprotection of the
phosphate ester 28 with trifluoroacetic acid (TFA) finally
delivered the target substrate 29.

For comparison with 29 the lipid phosphate 31 containing an
amide function was also synthesised. This could easily be
achieved by reaction of phthalimide 26 with hydrazine hydrate
and by treating the crude product with decanoyl chloride to
afford amide 30, which was deprotected with TFA to give lipid
phosphate 31.

Since amides are known to be much better hydrogen-bond
acceptors than esters® the ester analogue 35 was also
synthesised (Scheme 5). Given the problems discussed before

34 R=8u
o
35 R=H
Scheme 5. Synthesis of lipid phosphate 35: a) Decanoyl chloride, pyridine,
0°C—RT, 18 h, 72%; b) H,, Pd/C, MeOH, RT, 3 days, 31%; c) di-tert-butyl

diisopropylphosphoramidite, 1H-tetrazole, THF, RT, 1 h; MCPBA, CH,Cl,, 0°C, 18 h,
36 %; d) TFA, RT, 10 min, 85 %.

for 25, benzyl ether protection of the terminal alcohol group was
chosen. The reaction of alcohol 12 with decanoyl chloride
afforded ester 32. Hydrogenation of 32 led to reduction of the
double bond and to the deprotection of the alcohol group in
one step to give ester 33. By phosphorylation/oxidation of 33
and subsequent deprotection of 34 with TFA, 35 was obtained.

Assay of acceptor substrates for Dol-P-Man synthase

Compounds 18, 29, 31 and 35 were tested as substrates by
incubation with crude microsomal fraction of Saccharomyces
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cerevisiae and radiolabelled C-GDP-mannose as reported
before.™! The relative level of transfer of the radiolabelled
mannose in the lipid, and thus its suitability as a substrate, was
determined by comparison with phytanyl phosphate (2), which
shows 60-70% of incorporation of the natural substrate,
dolichyl phosphate (1).

The results, as shown in Table 1, show that compound 18 with
62 % of incorporation appears to be a good substrate for Dol-P-
Man synthase. The conclusion is that polar groups at the w-
position in 18 can be tolerated.

Table 1. Incorporation of mannose into acceptor substrates 18, 29, 31 and 35
relative to phytanyl phosphate (2).

Substrate Radioactivity [%]®
2 100

18 62+16

29 3+1

31 3+£1

35 61+10

no substrate 1+0

[a] Relative to phytanyl phosphate (2).

When the functional group was introduced closer to the
phosphate headgroup (position C-8 rather than C-20) tolerance
depended very much on the type of functionality. Compounds
29 and 31 bearing squarate and amide functions at C-8 show no
activity as substrates. On the other hand, with an ester at
position C-8 (compound 35) the activity is equivalent to that of
18.

Compounds 29 and 31 were also tested as potential inhibitors
by looking at activity of the Dol-P-Man synthase towards
phytanyl phosphate (2) in the presence and absence of 29 and
31 (data not shown). No inhibitory effect was observed.

Chemical synthesis of biotinylated acceptor analogues 38 and
41

The biological data from phthalimide 18 were very encouraging
and suggested that other functional groups, in particular labels
for biological work, would be tolerated. Indeed, the phthalimide
group had been chosen in the first instance because depro-
tection would generate an amine that could easily be deriva-
tised.

Thus, 17 was deprotected by treatment with hydrazine
hydrate, and the resulting amine 36 was used in further
reactions without purification because of its incompatibility
with standard chromatographic methods.

Biotin forms a very tight complex with the protein avidin and
is therefore commonly used in biological assays as a label.2%!
Thus, amine 36 was derivatised by reaction with biotinyl-N-
hydroxysuccinimide ester to give 37, which upon deprotection
with TFA provided phosphate 38. Compound 41 with an
additional spacer group was made from 40 in a similar way
(Scheme 6).
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Scheme 6. Synthesis of biotinyl compounds 38 and 41 and biotin - avidin conjugates 39 and 42: a) N,H,- H,O, EtOH, RT, 14 h; b) N-hydroxysuccinimidobiotin, DMF, RT,
16 h, 63 %; c) TFA, RT, 10 min; d) monomeric avidin — agarose, buffer (50 mm Tris-HCI, 5 mm MgCl,, 10 mm mercaptoethanol, 0.5 % Triton-X-100 (v/v), pH 7.5), e) biotinyl-N-
g-aminocaproyl-N-hydroxysuccinimide ester, DMF, RT, 16 h, 52 %. Tris = tris(hydroxymethyl)Jaminomethane.

Assay of biotinylated substrates 38 and 41 with Dol-P-Man
synthase

The results of the enzymatic assay for 38 and 41 are shown in
Table 2. Both biotinylated compounds 38 and 41 were only
modest substrates for Dol-P-Man synthase with relative incor-
porations of 12% and 11% respectively compared to phytanyl

Table 2. Incorporation of mannose into acceptor substrates 38 and 41
relative to phytanyl phosphate (2).

Substrate Radioactivity [%]®!
2 100

38 12+3

41 1M+6

no substrate 241

[a] Relative to phytanyl phosphate (2).

phosphate (2). Nevertheless they were clearly accepted by the
enzyme, which prompted us to continue with looking at the
enzymatic reactions on solid phase after binding to immobilised
avidin. The biotinyl lipids 38 and 41 were linked to monomeric
avidin attached to agarose by incubation at 37 °C followed by
washing of the resin to remove all unlinked substrate. These
immobilised substrate preparations 39 and 42 (Scheme 6) were
then subjected to assay conditions as before. Incorporation of
radiolabelled mannose from GDP-mannose into the immobi-
lised substrate was determined in two ways: firstly by washing
the resin thoroughly and then directly subjecting the resin to
scintillation counting (Table 3, first two entries). Activity could
clearly be seen for both substrates (38 and 41) compared to the
control (avidin only, entry 3). Secondly, the product was specifi-
cally eluted by treatment with biotin resulting in entries 4-6.
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Table 3. Incorporation of mannose into acceptor substrates 38 and 41 linked
to avidin - agarose.

Radioactivity [%]®

avidin - biotinyl product of 38 100
avidin - biotinyl product of 41 83+12
no substrate 18+9
cleaved biotinyl product of 38 44412
cleaved biotinyl product of 41 4148
no substrate 8+5

[a] Relative to avidin - biotinyl product of 38.

Again, clear incorporation above the control could be seen.
However, the yield of eluted product appeared to be only 41 -
44 %.

The poor recovery could be due to the inefficient elution of
biotinylated product with biotin. As recommended,?” further
cleavage of biotinyl compounds with a 0.1 wm glycine solution at
pH 2 was therefore attempted but did not yield any further
radiolabelled eluent.

Chemical synthesis of thiol 45

The results with immobilised biotinylated substrates encouraged
us to look at covalently (rather than noncovalently) immobilised
lipids. It was envisaged that, with a suitable choice of linker, the
cleavage of the lipid from solid support could be more efficient.
Therefore, in an alternative approach to the biotin-avidin
concept, a previously reported disulfide link was chosen to
attach the lipid phosphate to the solid support.'’? The disulfide
link not only allows a straightforward attachment but also a mild
way of cleavage of the enzymatic product.?®
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The thiol group was conveniently introduced by reacting 36
with y-thiobutyrolactone (Scheme 7). The reaction of 43 with
activated thiopropyl sepharose 6B led to immobilised 44, which
still contained the phosphate protecting groups. The loading of
the resin was estimated by determining the concentration of
remaining 43 in the filtrate to be about 10 umolmL~" (33 -56%
of available functional groups on resin, as stated by the
manufacturer). Deprotection of the phosphate group in 44 with
TFA yielded immobilised phospholipid 45.

36

E

OtBu
l »

QOYS—SWHWO_P_OR
11
OH O

44 R=1tBu

0
45 R=H

Scheme 7. Synthesis of thiopropyl sepharose conjugate 45: a) y-Thiobutyrolac-
tone, 0.5m NaHCO;, dithiothreitol, EtOH, N,, 50°C, 6 h, 22 %; b) thiopropyl
sepharose 6B, EtOH/H,0 (2:1), 33-56 %, c) TFA, RT, 10 min.

Enzymatic mannosylation of 45 on the solid phase

Compound 45 was incubated as before with crude microsomal
Dol-P-Man synthase and a twofold excess of radiolabelled GDP -
mannose. Transfer of radiolabels (that is, formation of 46;
Scheme 8) was again measured by counting radioactivity directly

S. L. Flitsch et al.

on the solid support (Table 4, first entry) and after cleavage of the
lipid with thioethanol. The latter should yield a mixture of thiols
47 - 50. The data clearly showed that mannosyl transfer onto the
immobilised lipid has occurred (Table 4, entries 1 and 2). How-
ever, the cleavage yield was still only 50%, with the other half
remaining on the support after thioethanol treatment (Table 4,
entry 3).

Table 4. Incorporation of mannose into thiopropyl sepharose conjugate 45
and cleavage of products 47 and 48 from resin.

Radioactivity [%]™
46 100
cleaved products 47 and 48 50+5
resin after cleavage 38+20

[a] Relative to 46.

To obtain further confirmation that mannosyltransfer to the
solid-supported lipid substrate had indeed been catalysed by
the crude Dol-P-Man synthase, a more detailed analysis was
carried out on the incubation products of 45 by liquid
chromatography coupled with mass spectrometry (LC-MS).
The products were released from the solid support with
thioethanol and subjected to LC-MS (Figure 1). The mannosy-
lated products 47 and 48 (molecular weights (MW): 761 and 685)
were clearly visible next to lipid precursors 49 and 50 (MW: 599
and 523).

Conclusion

The aim of the present study was to find bifunctional lipid
substrates for the Dol-P-Man synthase. A number of novel lipid
phosphates (18, 29, 31 and 35) were synthesised and tested
against crude preparation of the enzyme.
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Scheme 8. Enzymatic assay of 45 for Dol-P-Man synthase: a) Dol-P-Man synthase (yeast microsomes), GDP - mannose, GDP - [U-"*CJmannose, buffer (50 mm Tris-HCl,
5mm MgCl,, 0.5% Triton-X-100 (v/v), pH 7.5), 37°C, 21 h; b) mercaptoethanol (aq), 50°C, 16 h.
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Figure 1. LC-MS analysis for masses 523, 599, 685 and 761 after enzymatic
reaction on 45 followed by cleavage of products and starting materials from the
solid support.

The tolerance for second functional groups in the lipid
substrate was found to be dependent on the nature of the group
and the distance from the phosphate headgroup. Thus, in the
C-8 position of the lipid an ester was tolerated (as in 35) but an
amide or squarate group was not (31 and 29, respectively). One
might speculate that this effect is due to the more hydrophobic
nature of the ester moiety and to the higher propensity for
hydrogen bonding in 31 and 29. However, when further
removed from the phosphate headgroup (as in 18, 38 and 41)
imide and amide groups were tolerated.

We have also shown that the enzyme can act on a solid support
(as in substrate 45) although the yields need to be improved if
this methodology is to be used in solid-phase synthesis.

These results will provide us with useful tools for the study of
polyisoprenoid-dependent glycosyltransferases. Labelled sub-
strates such as 38 and 41 can be used in fast enzyme assays that
will help us to find and characterise novel glycosyltransferases
and develop inhibitors. The results on the solid support indicate
that affinity-based assays and purification methods are possible.
Finally, these results open up the possibility of solid-phase
synthesis of saccharides with either purified or (semi)crude
enzyme preparations.

Experimental Section

General: All chemicals were purchased from Sigma - Aldrich or Acros
Organics. Solvents and reagents were used as supplied except
tetrahydrofuran (THF) and CH,Cl,, which were freshly distilled under
anhydrous  conditions.  Radiolabelled = GDP -[U-"*CImannose
(305 mCimmol~-T) was purchased from Amersham Pharmacia Biotech
(Buckinghamshire, UK); Ultima Gold scintillation fluid was from
Packard Bioscience (Meriden, USA). 'H and '*C NMR analysis were
recorded with a Bruker AC250, a Varian Gemini 200 or a Bruker
WH 360 instrument. Chemical shifts (3) are reported in parts per
million (ppm) downfield from Me,Si. Coupling constants (J) are
reported in Hertz (Hz). IR spectra were recorded as films on sodium
chloride plates on a Perkin Elmer Paragon 1000 FT-IR spectropho-
tometer, only noteworthy absorptions are listed. High-resolution
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mass spectra (HRMS) were recorded on a Kratos MS50TS instrument
and measured by fast atomic bombardment (FAB); the masses are
quoted in Daltons. LC-MS was done on a Water Alliance 2790 LC
with Micromass Platform Il mass spectrometer operated in electro-
spray + ve/-ve mode.

Flash column chromatography was carried out using either the
appropriate sized parallel-sided column filled with silica gel 60 (35—
70 um, Fisher) or by using a FLASH12i chromatography system with
prepacked cartridges from Biotage (Hertford, UK). Analytical thin
layer chromatography (TLC) was carried out on aluminium-backed
plates coated with SiO, (silica gel 60 F,s,, Merck). Components were
detected by UV (254nm) and/or visualised with ammonium
molybdate reagent.

The fermentation of yeast was carried out in a 5.0L Benchtop
Fermenter Bioflo 3000 from New Brunswick Scientific (Hatfield, UK).
For preparation of microsomes a French press, 'ZPlus’ 1.1 KW
Benchtop Cell Disrupter, from Constant Systems Ltd. (Northampton-
shire, UK) was used. Enzyme assays were carried out in a PierceTherm
heating/stirring module from Pierce and Warriner (Chester, UK). The
radioactivity was measured by a liquid scintillation analyzer, Tri-
Carb 2100TR, from Packard (Pangbourne, UK).

Phytanyl phosphate (2) was prepared as described previously.©

12-N-Phthalimidododecanol (7): Potassium phthalimide (7.04g,
38 mmol) was stirred in anhydrous N,N-dimethylformamide (DMF;
80mL), and a solution of 12-bromo-1-dodecanol (6; 10.00g,
38 mmol) in anhydrous DMF (80 mL) was added by syringe. The
reaction mixture was stirred at 105 °C for 16 h. It was then cooled to
room temperature and diluted with water (100 mL) while the colour
changed from brown to white. The aqueous layer was extracted with
CH,Cl, (3 x 100 mL); the combined organic layers were dried over
MgSO, and concentrated under reduced pressure to obtain a yellow
oil which crystallised after some time. The residue was purified by
flash column chromatography (petroleum ether/ethyl acetate, 2:1)
to obtain 7 as a white solid (11.19g, 89%). M.p.: 76°C; 'HNMR
(200 MHz, CDClLy): =115 (m, 19H; CH,, OH), 1.55 (m, 2H;
CH,CH,OH), 3.65 (m, 4H; CH,O, CH,N), 7.55, 7.85 (m, 4H, Phth) ppm;
13CNMR (63 MHz, CDCl,): 6 =25.6, 26.7, 28.4, 28.9, 29.3, 29.3, 32.6,
379 (11 x CH,), 62.9 (CH,0), 122.9, 133.7 (4 x CH Phth), 131.9 (2 x C
Phth), 168.3 (2 x CON) ppm; IR (Nujol): #= 3550 (O—H), 1700 (C=0),
1500 (C=C)cm~' ppm; HRMS: calcd. for CyH;oNO; [M+HIt m/z:
332.2226; found: 332.2226.

12-N-Phthalimidododecanal (8): Tetrapropylammonium perruthen-
ate (TPAP; 0.60g, 1.7 mmol) was added to a stirred mixture of 7
(11.19.g, 33.8 mmol), 4-methylmorpholine N-oxide (NMO; 6.85g,
50.6 mmol) and molecular sieves 4 A (16.80 g) in anhydrous CH,Cl,
(110 mL). The reaction mixture was stirred for 16 h and the same
amounts of TPAP, NMO and molecular sieves were added again to
complete the reaction. The reaction mixture was filtered through
celite and washed thoroughly with CH,Cl,. The solution containing
TPAP was concentrated under reduced pressure to obtain a thick
black oil. The crude material was purified by flash column
chromatography (petroleum ether/ethyl acetate, 7:1) to obtain 8 as
a white solid (4.85 g, 44 %). M.p. 72°C; '"H NMR (200 MHz, CDCl,): 6 =
1.3 (m, 14H; CH,), 1.65 (m, 4H; CH,), 2.40 (m, 2H; CH,CHO), 3.65 (t,
3J(HH)=72Hz, 2H; CH,N), 765, 7.85 (m, 4H; Phth), 9.75 (s, 1H;
CHO) ppm; 3C NMR (63 MHz, CDCl,): 6 =21.9, 26.7, 28.5, 29.2, 29.3,
29.6, 37.9, 43.8 (11 x CH,), 123.0, 133.7, (4 x CH Phth), 132.0 (2 xC
Phth), 168.4 (2 x CON), 202.9 (CHO) ppm; IR (Nujol): 7= 1720 (C=0),
1500 (C=C) cm~"; HRMS: calcd. for C,oH,sNO; [M+H]* m/z: 330.2069;
found: 330.2069.

1-Benzyloxy-3,7-dimethyloct-6-ene (10): 2! A 60% NaH dispersion
in mineral oil (3.38 g, 0.141 mol) was washed with hexane (2 x 20 mL)
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and anhydrous THF (20 mL). Citronellol (9; 20.00 g, 0.128 mol) in
anhydrous THF (50 mL) was added to the NaH suspension in
anhydrous THF (30 mL). The suspension was heated under reflux for
2 h and then cooled to room temperature. Benzylbromide (21.89 g,
0.128 mol) in anhydrous THF (25 mL) was added to the orange
reaction mixture followed by tetrabutylammonium iodide (1.26 g,
3.42 mmol). The reaction mixture was heated under reflux for 18 h
while the colour changed to white. After cooling to room temper-
ature the reaction was quenched with a minimum quantity of water
and the THF was evaporated under reduced pressure. Afterwards
diethyl ether (100 mL) was added, the layers were separated and the
aqueous layer was further extracted with diethyl ether (2 x 100 mL).
The combined organic layers were dried over MgSO, and concen-
trated under reduced pressure. The residue was purified by flash
column chromatography (petroleum ether/ethyl acetate, 100:1) to
obtain 10 as a colourless oil (18.31 g, 58 %). "H NMR (200 MHz, CDCl,):
0=0.90 (d, 3J(H,H) =6.6 Hz, 3H; CH,), 1.10-2.10 (m, 9H; CH,), 1.60,
1.69 (2 x s, 6H; CH,), 3.42-3.56 (dt, 3J(H,H)= 7.7 Hz, *J(H,H) = 1.2 Hz,
2H; CH,0BnN), 4.51 (s, 2H; OCH,Ph), 5.04-5.16 (m, 1H; CH=C), 7.22-
738 (m, 5H; Bn) ppm; 3CNMR (63 MHz, CDCL,): 6 =175, 19.4 (2 x
CHs), 25.3 (CH,), 25.6 (CH,), 29.4 (CH), 36.6, 37.1, 68.6, 72.8 (4 x CH,),
124.7,127.3, 1275, 128.2, 128.7, 128.9 (CH=C, 5 x CH Bn), 131.0, 138.5
(CH=C, C Bn) ppm; IR (Nujol): #= 1500 (C=C) cm~'; HRMS: calcd. for
Ci7H,,0 [M+HI* m/z: 247.2062; found: 247.2066.

8-Benzyloxy-2,6-dimethyl-oct-2-en-1-al  (11)/8-Benzyloxy-2,6-di-
methyl-oct-2-en-1-ol (12):3% tBuOOH (15.14g, 168.0 mmol) was
added to selenium dioxide (0.25 g, 2.2 mmol) in CH,Cl, (30 mL). The
reaction mixture was stirred for 1 min and 10 (18.31 g, 74.4 mmol) in
CH,Cl, (20 mL) was added. Water (3 mL) was added and the biphasic
mixture was stirred vigorously for 16 h. The reaction mixture was
cooled in an ice bath and a saturated solution of Na,S,0; (75 mL) was
added until the peroxide test was negative. The organic solvent was
evaporated under reduced pressure. The remaining aqueous layer
was extracted with diethyl ether (3 x 75 mL), the combined organic
layers were washed with brine and dried over MgSO,. The solution
was filtered and concentrated under reduced pressure. The residue
was purified by flash column chromatography (petroleum ether/
ethyl acetate, gradient from 9:1 to 5:1) to obtain 11 as a yellow oil
(2.31 9, 12%) and 12 as a pale yellow oil (5.25 g, 27 %).

A solution of NaBH, (0.39 g, 10.0 mmol) in cold water (10 mL) was
added dropwise to the aldehyde 11 (2.31 g, 8.9 mmol) dissolved in
EtOH/CH.CI, (15 mL, 4:1). The reaction mixture was stirred for 16 h.
The organic solvents were evaporated under reduced pressure and
the resulting residue was dissolved in diethyl ether (10 mL). The
organic and aqueous layers were separated. The organic layer was
washed carefully with 0.1m HCl and the aqueous layer was extracted
with diethyl ether (2 x 10 mL). The combined organic layers were
washed with water, dried over MgSO,, filtered and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (petroleum ether/ethyl acetate, gradient from 9:1
to 1:1) to obtain 12 as a colourless oil (0.77 g, 33%) in an overall yield
of 31%.

1-Benzyloxy-3,7-dimethyl-8-oxooct-6-ene (11): 'HNMR (250 MHz,
CDCly): 6=0.93 (d, 3J(HH)=6.4Hz, 3H; CH;), 1.22-1.72 (m, 5H;
CH,, CH), 1.74 (s, 3H; CH;), 2.35 (m, 2H; CH,), 3.50 (m, 2H; OCH,), 4.50
(s, 2H; OCH,Ph), 6.46 (td, 3J(H,H) = 7.3 Hz, *J(H,H) = 1.3 Hz, 1H; C=CH),
7.26-7.35 (m, 5H; CH Bn), 9.38 (s, 1H; CHO) ppm; '*C NMR (63 MHz,
CDCly): 0=14.0, 19.1 (2 x CH,), 26.3 (CH,), 29.5 (CH), 35.3, 36.3 (2 x
CH,), 68.1, 71.4 (2 x OCH,), 1274, 128.1 (5x CH Bn), 138.9, 170.9
(C=CH, C Bn), 154.9 (C=CH), 195.2 (C=0) ppm; IR: 7= 1700 (C=0),
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1650 (C=C) cm~'; HRMS: calcd. for Ci;,H,,0,, [MI* m/z: 260.1778;
found: 260.1798.

8-Benzyloxy-2,6-dimethyloct-2-en-1-ol  (12): 'HNMR (250 MHz,
CDCly): 6=0.88 (d, 3J(HH)=6.5Hz, 3H; CH;), 1.14-1.74 (m, 6H;
CH,, CH, OH), 1.64 (s, 3H; CH,), 2.05 (m, 2H; CH,), 3.49 (m, 2H; CH,0),
3.96 (s, 2H; CH,0), 4.49 (s, 2H; OCH,Ph), 5.38 (m, 1H; C=CH), 7.24 -
736 (m, 5H; CH Bn) ppm; *CNMR (63 MHz, CDCl;): 6 =13.5, 19.3
(2 x CH,), 24.9 (CH,), 29.3 (CH), 36.5, 36.6 (2 x CH,), 68.4, 68.8, 72.7
(3 x OCH,), 126.3, 1273, 127.5, 128.2 ((=CH, 5 x CH Bn), 134.4, 138.4
(C=CH, CBn) ppm; IR: 7= 3390 (O—H), 1650 (C=C) cm~'; HRMS: calcd.
for C;;H,,0,, [IM+H]* m/z: 263.2011; found: 263.2002.

8-Benzyloxy-1-bromo-2,6-dimethyl-2-octene (13): A solution of
alcohol 12 (5.57 g, 21 mmol) in anhydrous CH,Cl, (80 mL) was stirred
under nitrogen at —50°C. Triethylamine (4.25g, 42 mmol) was
added to the reaction mixture and after 5 min stirring MeSO,Cl
(4.12 g, 36 mmol) was added, causing an exothermic reaction and a
temperature rise to — 20 °C. The solution was cooled again to — 50 °C
and stirred under nitrogen for 1 h while a white solid was formed. A
solution of LiBr (6.43 g, 74 mmol) in anhydrous THF (35 mL) was
added to the reaction mixture resulting in another temperature rise
to —20°C. The reaction mixture was stirred for 2 h at this temper-
ature whereafter it warmed up gradually to room temperature. The
reaction mixture was quenched by pouring it into ice water (150 mL);
the aqueous layer was extracted with CH,Cl, (3 x 100 mL). The
combined organic layers were washed with brine and water, dried
over MgSO,, filtered and concentrated under reduced pressure. The
residue was purified by flash column chromatography (petroleum
ether/ethyl acetate, 20:1) to obtain 13 as a colourless oil (4.85g,
71%). '"HNMR (200 MHz, CDCl,): 6 =0.85 (m, 3H; CHs), 1.30 (m, 7H;
CH,), 1.75 (s, 3H; CHs), 3.42-3.50 (m, 2H; CH,OBn), 3.90 (s, 2H;
CH,Br), 4.50 (s, 2H; OCH,Ph), 5.50 (m, 1H; CH=C), 7.22-738 (m, 5H;
CH Bn) ppm; 3C NMR (63 MHz, CDCl,): 6 = 14.2, 20.4 (2 x CHs), 25.4
(CH,), 30.1 (CH), 36.6, 37.7, 43.9 (3 x CH,), 69.2, 73.2 (2 x CH,0), 127.1,
131.2, 133.6 (CH=C, 5 x CH Bn), 1274, 140.7 ((=CH, C Bn) ppm; IR
(Nujol): 7 = 1500 (C=C) cm~'; HRMS: calcd. for C;,H,,BrO [M+HI* m/z:
323.1010, 325.0991; found: 323.1010, 325.0908.

8-Benzyloxy-2,6-dimethyl-2-octenyltriphenylphosphonium bro-
mide (14): Triphenylphosphine (9.95 g, 38 mmol) was added to a
solution of 13 (6.16 g, 19 mmol) in anhydrous toluene (80 mL), and
the reaction mixture was stirred in the dark for 6 days. The milky
suspension was filtered and the sticky white solid was washed with
toluene (3 x 40 mL). The residue of the solvent was evaporated
under reduced pressure to obtain 14 as a white silvery solid (9.62 g,
97 %). M.p. 105°C; 'HNMR (400 MHz, CDCl;): 6 =0.80 (d, 3J(H,H) =
6.3 Hz, 3H; CH,), 0.84-1.71 (m, 7H; CH,), 1.60 (s, 3H; CH,), 3.42-3.48
(m, 2H; CH,0Bn), 4.49 (s, 2H; OCH,Ph), 4.63 (d, 2J(H,P) = 14.9 Hz, 2 H;
CH,PPh;Br), 529 (m, 1H; CH=C), 7.15-787 (m, 20H; Bn) ppm;
13CNMR (63 MHz, CDCly): 6=18.8, 19.7 (2 x CH;), 26.3 (CH,), 29.9
(CH), 34.6 (d, 'J(C,P) =46 Hz; CH,PPh;Br), 36.6, 36.9 (2 x CH,), 68.9,
734 (2xCH,0), 1189 (d, J(CP)=85Hz; 3 x C—P), 122.2 (C=CH),
125.7, 1279, 128.1, 128.6, 128.8, 129.4, 130.6, 130.7, 134.5, 134.6,
135.3, 135.4, 137.4, 137.3, 139.0 (CH=C, 5 x CH Bn, 15 x CH Ph) ppm;
3P NMR (101 MHz, CDCl,): 6 = 21.0 (s, CH,PPh;Br) ppm; HRMS: calcd.
for C35H,OP [MI* m/z: 507.2817; found: 507.2817.

1-Benzyloxy-3,7-dimethyl-20-N-phthalimido-6,8-eicosadiene (15):
A solution of lithium diisopropylamide (LDA; 12.3 mL, 2m) was added
to a solution of 14 (6.08 g, 11.7 mmol) in anhydrous THF (100 mL).
After 45 min stirring at room temperature a solution of 8 (3.84 g,
11.7 mmol) in anhydrous THF (60 mL) was added while the colour
changed from dark brown-red to orange. The reaction mixture was
stirred for 16 h whereafter it was diluted with diethyl ether (100 mL)
and washed with water. The aqueous layer was extracted with
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diethyl ether (3 x 100 mL); the combined organic layers were
washed with brine and dried over MgSO,. The solvent was
evaporated under reduced pressure. The residue was purified by
flash column chromatography (petroleum ether/ethyl acetate, 9:1)
to obtain 15 as a Z/E mixture (1:1) of a pale yellow oil (3.38 g, 52 %).
'"H NMR (400 MHz, CDCl;): 6 =0.87 (m, 3H; CH,), 1.14-2.21 (m, 30H;
CH,), 3.46-3.51 (m, 2H; CH,0Bn), 3.66 (t, 3J(H,H) =73 Hz, 2H; CH,N),
4.48 (s, 2H; OCH,Bn), 5.22-5.59 (m, 2H; CH=CH), 5.77 (d, *J(H,H) =
11.8 Hz, 0.5H; CH=CH), 6.02 (d, 3J(HH)=15.5Hz, 0.5H; CH=CH),
723-733 (m, 5H; Bn), 765-784 (m, 4H; Phth) ppm; *CNMR
(63 MHz, CDCly): 6=12.3, 16.5 (2 x CH;), 19.4 (2 x CH;), 29.4, 29.5
(2 x CH), 25.4, 26.7, 28.5, 28.6, 29.0, 29.1, 29.4, 29.6, 30.2, 32.8, 36.5,
36.8, 37.9 (28 x CH,), 68.5, 72.7 (4 x CH,0), 123.0, 127.3, 1274, 128.2,
129.5, 130.3, 130.5, 132.6, 133.7, 134.5 (6 x CH=C(H), 18 x CH Bn/
Phth), 132.0, 132.4, 133.6, 138.5 (C=CH), 168.3 (4 x CON) ppm; HRMS:
calcd. for C3;Hs;NO; [M+H]" m/z: 558.3947; found: 558.3946.

3,7-Dimethyl-20-N-phthalimidoeicosanol (16): A solution of 15
(3.38g, 6.0mmol) in acetone/MeOH (120 mL, 1:1) was added to
palladium on charcoal (10wt%, 338 mg) in MeOH (60 mL). The
reaction mixture was stirred under a slight pressure of hydrogen for
16 h. The reaction mixture was filtered through celite, which was
washed thoroughly with acetone. The filtrate was concentrated and
the residue dissolved in CH,Cl,, washed with water, dried over
MgSO, and concentrated under reduced pressure. The residue was
purified by flash column chromatography (petroleum ether/ethyl
acetate, 4:1) to obtain 16 as a white solid (1.97 g, 69 %). M.p. 35°C;
'H NMR (400 mHz, CDCl5): 6 =0.83 (d, *J(H,H) =6.5 Hz, 3H; CH,), 0.88
(d, 3J(H,H) =6.6 Hz, 3H; CH;), 1.23-1.54 (m, 34H; CH,, CH), 3.66 (m,
4H; CH,0, CH,N), 7.83, 770 (m, 4H; Phth) ppm; *C NMR (63 MHz,
CDCl;): 0=19.6 (2 x CH,), 24.2, 26.8, 27.0, 28.5, 29.1, 29.4, 29.6, 29.9,
36.9, 37.0, 37.2, 373, 38.0, 39.9 (17 x CH,), 29.4, 32.6 (2 x CH), 61.1
(CH,0), 123.0, 133.7 (4 x CH Phth), 132.0 (2 x C Phth), 168.4 (2 x
CON) ppm; IR (film): ¥ =3054 (O—H), 1716 (C=0) cm~'; HRMS: calcd.
for CyoHsoNO; [M+H]+ m/z: 472.3791; found: 472.3793.

3,7-Dimethyl-20-N-phthalimidoeicosanylphosphate di-tert-butyl
ester (17): 1H-tetrazole (378 mg, 5.4 mmol) and di-tert-butyl diiso-
propylphosphoramidite (748 mg, 2.7 mmol) were added to a stirred
solution of 16 (565 mg, 1.2 mmol) in anhydrous THF (20 mL). The
reaction mixture was stirred for 2 h while a white solid was formed. A
solution of meta-chloroperoxybenzoic acid (MCPBA; 1.305 g of 57 %
MCPBA, 4.3 mmol) in anhydrous CH,Cl, (20 mL) was added, and the
reaction mixture was stirred for 16 h. A 10% Na,SO; solution (70 mL)
was added and the biphasic system was stirred for 30 min. The layers
were separated by addition of some CH,Cl,. The organic layer was
washed with saturated NaHCO; solution, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by
flash column chromatography (petroleum ether/ethyl acetate, 5:1)
to obtain 17 as a colourless oil (580 mg, 73%). 'H NMR (200 MHz,
CDCl,): 6=10.82 (d, 3J(H,H) =6.2 Hz, 3H; CH5), 0.89 (d, 3J(H,H) = 6.2 Hz,
3H; CH,), 0.97-1.81 (m, 34H; CH,, CH), 1.45, 1.48 (2 x's, 18H; CH,
tBu), 3.67 (t, 3J(H,H) =73 Hz, 2H; CH,N), 3.98 (m, 2H; CH,0), 7.64 -
7.88 (m, 4H; Phth) ppm; '*C NMR (63 MHz, CDCl;): d =19.3, 19.6 (2 X
CH3), 29.7, 29.8 (6 x CH; tBu), 24.2, 26.8, 27.0, 28.5, 29.1, 29.4, 29.5,
29.6, 29.9, 36.9, 37.0, 37.1, 37.2, 38.0 (17 x CH,), 29.1, 32.7 (2 x CH),
65.1 (d, 2J(C,P) =7 Hz; CH,0OP), 81.8 (d, 2J(C,P) =7 Hz; 2 x COP), 123.0
(2 x C Phth), 132.1, 133.7 (4 x CH Phth), 168.4 (2 x CON) ppm; 3'P
(101 MHz, CDCl,): 6=—8.9 (s, CH,0PO(OtBu),) ppm; IR (film): 7=
1710 (C=0)cm~'; HRMS: calcd. for Ci;HgNOP [M+H*] m/z:
664.4706; found: 664.4704.

20-N-Phthalimido-3,7-dimethyleicosanyl dihydrogenphosphate
(18): A solution of 17 (4 mg, 6 umol) in TFA (1 mL) was stirred for
10 min. The TFA was evaporated under reduced pressure to give 18,
which was co-evaporated with toluene (3 x 3 mL). '"H NMR (250 MHz,
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CDCl,/MeOD, 1:1): 6=0.90 (d, 3J(H,H)=6.3Hz, 3H; CH,), 0.96 (d,
3J(HH)=6.4 Hz, 3H; CH,), 1.15-1.76 (m, 36 H; CH,, CH, OH), 3.74 (t,
3J(HH)=72Hz, 2H; CH,N), 4.05 (m, 2H; CH,OP), 7.81-7.93 (m, 4H;
Phth) ppm; 3'P NMR (101 mHz, CDCl,/MeOD, 1:1): 6 =0.8 (s, OPO;H,)
ppm; HRMS: calcd. for C3,HsoNNaOP [M+Na]* m/z: 574.3274; found:
574.3272.

Benzoic acid 3,7-dimethyloct-6-enyl ester (19): Benzoyl chloride
(22.3 mL, 0.19 mol) was added to a solution of citronellol (9) (25.0 g,
0.16 mol) in pyridine (150 mL) over 30 min at 0 °C whilst stirring. After
10 min a white precipitate of pyridinium hydrogen chloride was
observed. The reaction was left to stir at room temperature for 18 h
whereafter TLC (hexane/ethyl acetate, 9:1) showed that the reaction
was complete. The reaction mixture was diluted with diethyl ether
(250 mL) and washed with HCI (1m, 50 mL), with a saturated solution
of NaHCO; and finally with water. The organic layer was dried over
MgSO,, filtered and concentrated under reduced pressure to give 19
as a colourless oil, which was co-evaporated with toluene (3 x 75 mL)
to remove traces of pyridine (41.7g, 100%). 'HNMR (200 MHz,
CDCly): 6=0.97 (d, 3J(H,H) =6.4 Hz, 3H; CH;), 1.18-1.86 (m, 5H; 2 x
CH,, CHCH;,), 1.60 (s, 3H; CHs), 1.67 (s, 3H; CHs), 2.01 (m, 2H; CH,),
4.35 (m, 2H; CH,0), 5.09 (m, 1H; CH=C), 7.38 - 7.65, 8.02-8.13 (m, 5 H;
CH Bz) ppm; *C NMR (63 MHz, CDCl,): 6 =17.5, 19.3 (CH5), 25.2 (CH,),
25.5 (CH,), 29.3 (CH), 35.3, 36.8 (2 x CH,), 63.3 (CH,0), 124.4 (CH=CQ),
128.2, 129.4, 132.6 (5x CH Bz), 130.3, 131.2 (C=CH, C Bz), 166.4
(COO) ppm; IR: 7=1720 (C=0)cm~'; HRMS: calcd. for C;,H,50,,
[M+H]" m/z: 261.1855; found: 261.1850.

Benzoic acid 3,7-dimethyl-8-oxooct-6-enyl ester (20)/benzoic acid
8-hydroxy-3,7-dimethyloct-6-enyl ester (21): A mixture of 19
(30.00g, 0.11 mol) in CH,Cl, (51 mL), tBUOOH solution in decane
(5m, 51 mL, 0.25 mol) and water (2.1 mL) was added under argon to a
round-bottom flask containing SeO, (0.32 g, 2.88 mmol). The bipha-
sic mixture was stirred vigorously at room temperature for 18 h. A
saturated solution of Na,S,0; was added under cooling with ice and
the mixture was stirred for 16 h. The organic solvent was evaporated
under vacuum and the aqueous layer was extracted with diethyl
ether (3 x 100 mL). The combined organic layers were washed with
brine, dried over MgSO, and filtered. After a negative peroxide test,
the organic solvent was evaporated under reduced pressure.
Purification by flash column chromatography (heptane/ethyl ace-
tate, gradient from 9:1 to 4:1) afforded 20 (3.10g, 10%) and 21
(273 g, 9%).

Further reduction of 20 was achieved by dropwise addition of NaBH,
(047 g, 1242 mmol) in cold water to a solution of 20 (3.10g,
11.29 mmol) in EtOH/CH,Cl, (4:1, 25 mL) and stirring for 16 h. The
solution was concentrated under reduced pressure and the residue
was diluted in CH,Cl, (50 mL) and HCI (0.1 m) until the compound was
completely dissolved. The aqueous layer was removed and the
organic layer was washed with water, dried over MgSO,, filtered and
concentrated under reduced pressure to obtain 21 (3.12 g, 100 %) as
a colourless oil in an overall yield of 5.90 g (18 %).

Benzoic acid 3,7-dimethyl-8-oxooct-6-enyl ester (20): 'HNMR
(250 MHz, CDCl5): 6 =1.02 (d, 3J(H,H) =6.4 Hz, 3H; CH,), 1.17-1.88
(m, 5H; CH,, CH), 1.75 (s, 3H; CH,), 2.39 (m, 2H; CH,), 437 (m, 2H;
CH,0), 6.47 (tq, 3J(HH)=74Hz, “JH,H)=14Hz, 1H; C=CH), 739-
7.60, 8.00-8.05 (m, 5H; CH Bz), 9.37 (s, 1H; CHO) ppm; *C NMR
(63 MHz, CDCl;): =9.0, 19.1 (CH,), 26.3 (CH,), 29.5 (CH), 35.2 (2 x
CH,), 62.9 (CH,0), 128.2, 129.3, 132.8 (5 x CH Bz), 130.1, 139.2 ((=CH,
C Bz), 154.5 (CH=C), 166.5 (COO0), 195.2 (CHO) ppm; IR: ¥=1720
(C=0) cm~"; HRMS: calcd. for C;,H,;0;, [M+H]* m/z: 275.1647; found:
275.1648.

Benzoic acid 8-hydroxy-3,7-dimethyloct-6-enyl ester (21): 'H NMR
(250 MHz, CDCl3): 6 =0.96 (d, 3J(H,H)=6.4Hz, 3H; CH,), 1.20-1.83
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(m, 5H; 2 x CH,, CH), 1.64 (s, 3H; CH,), 2.04 (m, 2H; CH,), 3.51 (brs,
1H; OH), 3.96 (s, 2H; CH,0OH), 4.34 (m, 2H; CH,0), 5.38 (m, 1H; CH=C),
7.38-7.57, 8.00-8.09 (m, 5H; CH Bz) ppm; 3C NMR (63 MHz, CDCl;):
0=13.5, 19.3 (CH,), 24.8 (CH,), 29.4 (CH), 35.3, 36.4 (2 x CH,), 63.3
(CH,0), 68.7 (CH,0OH), 126.0 (CH=C), 128.2, 129.3, 132.7 (5 x CH Bz),
130.2, 134.5 (C=H, C Bz), 166.5 (COO) ppm; IR: 7=3420 (O—H), 1720
(C=0) cm~'; HRMS: calcd. for C;,H,50;, IM+HI* m/z: 277.1804; found:
277.1804.

Benzoic acid 8-bromo-3,7-dimethyloct-6-enyl ester (22): Triethyl-
amine (5.95 mL, 42.70 mmol) was added to a cooled (—50°C) and
stirred solution of 21 (5.90 g, 21.35 mmol) in CH,Cl, (87 mL). After
5min MeSO,Cl (2.80 mL, 36.30 mmol) was added and a white
precipitate was observed. The reaction mixture was stirred for 1.5 h
at this temperature whereafter a solution of LiBr (6.49 g, 74.72 mmol)
in THF (25 mL) was added. The temperature was allowed to rise to
—20°C and the reaction was stirred for 2.5 h. The reaction mixture
was poured into ice water (140 mL). The aqueous layer was extracted
with CH,Cl, (3 x 75 mL); the combined organic layers were dried over
MgSO,, filtered and concentrated under reduced pressure. Purifica-
tion of the residue by flash column chromatography (petroleum
ether/ethyl acetate, 99:1) afforded 22 as a colourless oil (5.40g,
75%). '"HNMR (250 MHz, CDCL;): 6=0.96 (d, *J(H,H)=6.4Hz, 3H;
CH,), 1.26 -1.83 (m, 5H; CH,, CH), 1.74 (s, 3H; CH;), 2.05 (m, 2H; CH,),
3.93 (s, 2H; CH,Br), 4.35 (m, 2H; CH,0), 5.58 (t, 3J(H,H)=7.0 Hz, 1H;
CH=(), 7.39-757,8.01-8.05 (m, 5H; CH Bz) ppm; *C NMR (63 MHz,
CDCly): 6 =14.4, 19.2 (CH,), 25.5 (CH,), 29.3 (CH), 35.2, 35.9, 41.6 (3 x
CH,), 63.1 (CH,0), 128.1, 129.3, 132.6 (5 x CH Bz), 131.2 ((=CH), 130.2,
132.8 ((=CH, C B2), 166.4 (C=0) ppm; IR: 7= 1718 (C=0) cm~"; HRMS:
caled. for Cy;H,,0,Br, [M+H]* m/z: 339.0960, 341.0939; found:
339.0957, 341.0940.

Benzoic acid 8-phthalimido-3,7-dimethyloct-6-enyl ester (23): A
solution of 22 (1.50 g, 4.42 mmol) in DMF (5 mL) was added under
nitrogen to potassium phthalimide (0.80 g, 4.34 mmol). The mixture
was heated for 16 h at 105 °C. The solution was diluted with water
and the product extracted with CH,Cl, (3 x 15 mL). The organic layers
were dried over MgSO,, filtered and concentrated under reduced
pressure. Purification of the residue by flash column chromatog-
raphy (petroleum ether/ethyl acetate, gradient from 19:1 to 9:1)
afforded 23 as a colourless oil (1.42g, 80%). '"HNMR (250 MHz,
CDCly): 6 =0.92 (d, 3J(H,H) = 6.3 Hz, 3H; CH,), 1.14— 1.81 (m, 5H; CH,,
CH), 1.61 (s, 3H; CH), 2.01 (m, 2H; CH,), 4.15 (s, 2H; CH,N), 4.30 (m,
2H; CH,0), 5.34 (tq, 3J(HH)=71Hz “J(HH)=13Hz, 1H; CH=C),
736-7.54, 763-7.84, 7.97-8.03 (m, 9H; Phth, Bz) ppm; *CNMR
(63 MHz, CDCly): 6 =14.4, 19.2 (2 x CH,), 25.0 (CH,), 29.5 (CH), 35.2,
36.2, 44.8 (3 x CH,), 63.2 (CH,0), 123.0, 133.7 (4 x CH Phth), 128.1,
129.3,132.6 (5 x CH Bz), 127.5 ((=CH), 128.9 ((=CH), 130.2, 131.8 (2 x
C Phth, C Bz), 166.4 (COO), 168.0 (CON) ppm; IR: 7=1770, 1720
(C=0)cm~'; HRMS: calcd. for C,sH,sNO,, [IM-+H]* m/z: 406.2018;
found: 406.2018.

Benzoic acid 8-phthalimido-3,7-dimethyloctyl ester (24): A so-
lution of 23 (1.42g, 3.50 mmol) in MeOH (38 mL) was added to
palladium on charcoal (10 wt%, 0.14 g). The reaction mixture was
stirred under a slight pressure of hydrogen at room temperature for
18 h. The suspension was filtered through celite, which was washed
thoroughly with MeOH. The solution was concentrated under
reduced pressure to give 24 in a diastereomeric mixture (1:1), as a
colourless oil (1.28 g, 90%). '"H NMR (250 MHz, CDCl,): 6 =0.87 (d,
3J(HH)=6.7 Hz, 3H; CH,), 0.92 (dd, 3J(H,H) = 6.4 Hz, J(H,H) = 1.9 Hz,
3H; CH,), 0.98-2.32 (m, 10H; CH,, CH), 3.49 (m, 2H; CH,N), 4.31 (m,
2H; CH,0), 7.39-755, 7.68-7.86, 8.01-8.05 (m, 9H; CH Phth, CH
Bz) ppm; 3C NMR (63 MHz, CDCl,): 6 =17.2, 17.3 (2 x CH), 19.3, 19.4
(2 x CH,), 23.8, 23.9 (2 x CH,), 29.7 (2 x CH), 32.3 (2 x CH), 34.4 (2 x
CH,), 35.2, 353 (2 x CH,), 36.8 (2 x CH,), 44.0 (2 x CH,), 63.3 (2 X
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CH,0), 122.9, 133.6 (8 x CH Phth), 128.1, 129.3, 132.6 (10 x CH Bz),
130.2, 131.8 (4 x C Phth, 2 xC Bz), 166.4 (2 xCOO0), 168.5 (2 x
CON) ppm; IR: #=1770, 1720 (C=0O)cm~'; HRMS: calcd. for
CysH3oNO,,, [M+HI™ m/z: 408.2174; found: 408.2175.

8-Phthalimido-3,7-dimethyloctan-1-ol (25): A solution of NaOMe in
MeOH (0.5m, 1.44mL, 0.70 mmol) was added to 24 (290 mg,
0.70 mmol). The solution was stirred for 20 h where after HCl (0.5m,
10 mL) was added. The product was extracted with ethyl acetate
(3 x5mL). The combined organic layers were dried over MgSO,,
filtered and concentrated under reduced pressure. Flash column
chromatography (petroleum ether/ethyl acetate, 7:3) of the residue
afforded 25 in a diastereomeric mixture (1:1), as a colourless oil
(94 mg, 43%). 'HNMR (250 MHz, CDCl,): 6 =0.83 (m, 6H; 2 x CH,),
1.07-2.00 (m, 11 H; CH,, CH, OH), 3.45 (m, 2H; CH,N), 3.61 (m, 2H;
CH,0), 7.65-7.82 (m, 4H; CH Phth) ppm; 3C NMR (63 MHz, CDCL,):
0=173 (2 x CH,), 19.4, 19.5 (2 x CH,), 23.8, 23.9 (2 x CH,), 29.1, 29.2
(2 x CH), 32.3, 32.4 (2 x CH), 34.3, 34.4 (2 x CH,), 36.8, 37.0 (2 x CH,),
39.6, 39.8 (2 x CH,), 44.0 (2 x CH,), 60.8, 60.9 (2 x CH,0), 123.0, 133.7
(8 x CH Phth), 131.8 (4 x C Phth), 168.6 (2 x CON) ppm; IR: 7= 3460
(O—H), 1770, 1710 (C=0) cm~"; HRMS: calcd. for C,gH,NOs, [M+H]*+
m/z: 304.1913; found: 304.1913.

Phosphoric acid di-tert-butyl 8-phthalimido-3,7-dimethyloctyl
ester (26): Di-tert-butyl diisopropylphosphoramidite (69 L,
0.22 mmol) was added to a solution of 25 (44 mg, 0.14 mmol) and
1H-tetrazole (30 mg, 0.44 mmol) in THF (0.9 mL) under argon. After
1 h stirring the reaction mixture was cooled with ice and a solution of
MCPBA (106 mg of 57 % MCPBA, 0.35 mmol) in CH,Cl, (0.9 mL) was
added. It was stirred for a further hour. An aqueous solution of
Na,SO; (10%, 5.0 mL) was added and the mixture was stirred for
5 min. The layers were separated; the organic layer was washed with
a saturated solution of NaHCO,, dried over MgSO,, filtered and
concentrated under reduced pressure. Purification of the residue by
flash column chromatography (petroleum ether/ethyl acetate, 7:3)
afforded 26 in a diastereomeric mixture (1:1), as a colourless oil
(39 mg, 54%). "HNMR (250 MHz, CDCL,): 6 =0.87 (m, 6H; 2 x CH,),
1.16-1.95 (m, 10H; CH,, CH), 1.46 (s, 18H; CH, tBu), 3.54 (m, 2H;
CH,N), 3.91-4.00 (m, 2H; CH,0), 7.67-7.74, 7.79-7.86 (m, 4H; CH
Phth) ppm; *CNMR (63 MHz, CDCl,): 6 =172 (2 x CH;), 19.1, 19.2
(2 x CH,), 23.9 (2 x CH,), 29.1 (2 x CH), 29.6, 29.7 (12 x CH; tBu), 32.4
(2 x CH), 34.4 (2 x CH,), 36.8 (2 x CH,), 37.0 (2 x CH,), 44.0 (2 x CH,),
649 (d, Y(CP)=7Hz; 2xCH,0P), 81.7 (d, 2(CP)=7Hz; 4x
POC(CH,);), 123.0, 133.7 (8 x CH Phth), 131.8 (4 x C Phth), 168.5
(2 x CON) ppm; 3'P NMR (101 MHz, CDCl;): 6 =—9.0 (s, CH,OPO(Ot-
Bu),) ppm; IR: #=1770, 1710 ((=0)cm~'; HRMS: calcd. for
Co6HasNOGP, [M-+HI+ m/z: 496.2828; found: 496.2827.

Phosphoric acid di-tert-butyl (8-(2-ethoxy-3,4-dioxocyclobut-1-
enylamino)-3,7-dimethyloctyl) ester (27): Hydrazine hydrate
(65 pL, 1.33 mmol) was added to a solution of 26 (66 mg, 0.13 mmol)
in EtOH (135 pL). The reaction mixture was stirred for 16 h while the
formation of a white precipitate was observed. The reaction mixture
was concentrated under reduced pressure and THF was added for
further precipitation. The mixture was filtered and the filtrate was
concentrated. The residue was diluted with EtOH (820 pL) and 3,4-
diethoxy-3-cyclobutene-1,2-dione (20 puL, 0.13 mmol) was added.
After 5 min TLC (petroleum ether/ethyl acetate, 9:11) showed no
remaining starting material and the formation of a new product. The
solvent was evaporated under reduced pressure and purification of
the residue by flash column chromatography (petroleum ether/ethyl
acetate, 9:11) afforded 27 in a diastereomeric mixture (1:1), as a
colourless oil (39 mg, 60%). '"H NMR (250 MHz, CDCl,): 6 =0.89 (m,
6H; 2 x CH,), 1.06-1.71 (m, 10H; CH,, CH), 1.44 (t, 3J(HH)=7.0 Hz,
3H; CH,CH,0), 1.46 (s, 18 H; CH tBu), 3.33 (m, 2H; CH,N), 3.96 (m, 2H;
CH,OP), 4.76 (q, 3J(H,H) =70 Hz, 2H; OCH,), 6.69 (m, 1H; NH) ppm;
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13C NMR (63 MHz, CDCl,): 6 = 15.7 (2 x OCH,CH,), 16.9, 17.0 (2 x CH,),
19.3, 19.5 (2 x CH,), 23.8 (2 x CH,), 29.0 (2 x CH), 29.7 (12 x CH; tBu),
33.6, 33.8 (2 x CH,), 34.1, 34.2 (2 x CH), 36.3, 36.6 (2 x CH,), 36.9 (2 x
CH,), 50.6, 50.7 (2 x CH,), 64.9 (d, 2J(C,P) =6 Hz; 2 x CH,0P), 69.4 (2 x
OCH,CH,), 82.0 (d, 2/(C,P)=7 Hz; 2 x POC(CH,);), 172.7, 176.8 (4 x
C=C), 182.8 (2 x C=0), 189.1 (2 x C=0) ppm; 3P NMR (101 MHz,
CDCly): 6=-9.0 (s; CH,OPO(OtBu),) ppm; HRMS: calcd. for
CouHasNOLP, [M+H]+ m/z: 490.2933; found: 490.2932.

Phosphoric acid di-tert-butyl (8-(2-dodecylamino-3,4-dioxocyclo-
but-1-enylamino)-3,7-dimethyloctyl) ester (28): A solution of 27
(39 mg, 82 umol) diluted in EtOH (500 pL) was added slowly to a
solution of dodecylamine (20 uL, 88 pmol) in EtOH (500 pL). After
5 min, TLC (petroleum ether/ethyl acetate, 1:4) showed no remaining
starting material and the formation of a new product. The solvent
was evaporated under reduced pressure. Purification of the residue
by flash column chromatography (petroleum ether/ethyl acetate,
1:4) afforded 28 in a diastereomeric mixture (1:1), as a colourless oil
(33 mg, 65%). 'HNMR (250 MHz, CDCl,): 6 =0.86 (m, 9H; 3 x CH,),
1.22-1.96 (m, 30H; CH,, CH), 1.46 (s, 18H; CH; tBu), 3.50-3.64 (m,
4H; 2 x CH,N), 3.96 (m, 2H; CH,OP), 7.10 (brs, 1H; NH), 7.30 (brs, 1H;
NH) ppm; *C NMR (63 MHz, CDCL,): 6 = 14.0, 17.2 (4 x CH,), 20.1, 20.2
(2 x CH,), 22.5 (4 x CH,), 22.6 (2 x CH,), 26.4 (2 x CH,), 29.0 (2 x CH),
29.2 (2 x CH,), 29.3 (2 x CH,), 29.4 (2 x CH,), 29.5 (4 x CH,), 29.7, 29.8
(12 x CH, tBu), 31.4 (2 x CH,), 31.8 (2 x CH,), 32.4 (2 x CH,), 34.0 (2 x
CH), 34.9 (2 x CH,), 35.8 (2 x CH,), 44.3 (2 x CH,N), 49.4 (2 x CH,N),
65.8 (d, 2J(C,P) =9 Hz; 2 x CH,OP), 82.9 (4 x POC(CHs),), 182.6 (2 x
C=0), 182.8 (2 x C=0) ppm; 3'P NMR (101 MHz, CDCl,): 6 =—10.5 (s,
CH,OPO(OtBu),) ppm; HRMS: calcd. for C;3HgN,O6P [IMIT m/z:
628.4580; found: 628.4580.

Phosphoric acid mono-(8-(2-dodecylamino-3,4-dioxo-cyclobut-1-
enylamino)-3,7-dimethyl-octyl) ester (29): TFA (300 uL) was added
to 28 (6 mg, 9.5 pmol). The solution was stirred for 10 min and then
concentrated under reduced pressure to give 29, which was co-
evaporated with toluene (3 x 1 mL) under reduced pressure to
remove traces of TFA. Final yield of 29 was 5mg (80%). 'H NMR
(250 MHz, CDCl,): d =0.89 (m, 9H; 3 x CH5), 1.10-1.76 (m, 34H; CH,,
CH, OH), 3.50 (m, 4H; 2 x CH,N), 3.99 (m, 2H; CH,OP) ppm; 3'P NMR
(101 MHz, dimethyl sulfoxide): 6=—0.1 (s, CH,OPO(OH),) ppm;
HRMS: calcd. for CyHsoN,OsP, [M+H]* m/z: 517.3406; found:
517.3407.

Phosphoric acid di-tert-butyl (8-decanoylamino-3,7-dimethyl-oc-
tyl) ester (30): Hydrazine hydrate (38 pL, 790 umol) was added to a
solution of 26 (39 mg, 79 umol) in EtOH (80 uL). The reaction mixture
was stirred for 16 h while the formation of a white precipitate was
observed. The reaction mixture was then concentrated under
reduced pressure and THF was added for further precipitation. The
mixture was filtered and the solution was concentrated. The residue
was diluted in THF (0.5 mL) and was added slowly to a solution of
decanoyl chloride (16 pL, 79 pmol) and Et;N (11 pL, 79 pmol) in THF
(500 pL). The solution was stirred for 16 h. Water (5 mL) was added
and the product was extracted with ethyl acetate (3 x 10 mL). The
combined organic layers were dried over MgSO,, filtered and
concentrated under reduced pressure. Purification of the residue by
flash column chromatography (petroleum ether/ethyl acetate, 1:1)
afforded 30 in a diastereomeric mixture (1:1), as a colourless oil
(25 mg, 61%). 'HNMR (250 MHz, CDCl;): 6 =0.85 (m, 9H; 3 x CH,),
1.08-1.71 (m, 24H; CH,, CH), 1.45 (s, 18 H; CH, tBu), 2.15 (t, 3J(H,H) =
76 Hz, 2H; CH,CONH), 3.00-3.18 (m, 2H; CH,N), 3.96 (m, 2H;
CH,OP), 5.72 (m, TH; NH) ppm; *CNMR (63 MHz, CDCl,): 6 =14.0
(2 x CHs), 174, 17,5 (2 x CH5), 19.2, 19.3 (2 x CH,), 22.5 (2 x CH,), 23.8
(2 x CH,), 25.8 (2 x CH,), 28.8, 29.0 (2 x CH), 29.1, 29.2 (2 x CH,), 29.3
(2 x CH,), 29.7, 29.8 (12 x CH; tBu), 31.7 (2 x CH,), 33.0, 33.1 (CH), 34.2
(2 x CH,), 344 (2 x CH,), 36.5 (2 x CH,), 36.8 (2 x CH,), 370 (2 x CH,),
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371 (2 x CH,), 45.1, 45.2 (2 x CH,N), 65.0 (d, 2J(C,P)=7 Hz; CH,OP),
81.8 (d, Z(CP)=7 Hz; POC(CH,)), 172.2 (2x C=0) ppm; *'P NMR
(101 MHz, CDCl,): 6 =—8.9 (d, 2J(C,P)=7 Hz; CH,OPO(OtBu),) ppm;
HRMS: calcd. for C,gH;oNOsP, [M+H]* m/z: 520.4131; found:
520.4130.

Phosphoric acid mono-(8-decanoylamino-3,7-dimethyl-octyl) es-
ter (31): TFA (490 pL) was added to 30 (8 mg, 15 pmol). The solution
was stirred for 10 min and then concentrated under reduced
pressure to give 31, which was co-evaporated from toluene (3 x
1 mL) under reduced pressure to remove traces of TFA. Final yield of
31 was 5.5 mg (88%). '"H NMR (250 MHz, CDCl,): 6 =0.86 (m, 9H; 3 x
CHs), 1.09-1.75 (m, 26 H; CH,, CH, OH), 2.27 (m, 2H; CH,CO,), 3.11 (m,
2H; CH,N), 4.05 (m, 2H; CH,OP), 6.50 (m, 1H; NH) ppm; 3P NMR
(101 MHz, CDCl5): 6 =2.1 (s; CH,OPO(OtBu),) ppm; HRMS: calcd. for
CyoHasNOLP, [M-+H]* m/z: 408.2879; found: 408.2879.

Decanoic acid (8-benzyloxy-2,6-dimethyloct-2-enyl) ester (32):
Decanoyl chloride (0.36 mL, 2.28 mmol) was added to a solution of
12 (0.50 g, 1.90 mmol) in pyridine (1.80 mL) under stirring at 0 °C over
5 min whereafter a white precipitate was observed. The reaction was
left to stir at room temperature for 18 h. The reaction mixture was
diluted with diethyl ether (25 mL) and was washed with HCI (1 m) then
with a saturated solution of NaHCO; and with water. The organic
layer was dried over MgSO,, filtered and concentrated under
reduced pressure. The residue was co-evaporated with toluene
(3 x 10 mL) under reduced pressure to remove traces of pyridine.
Purification of the residue by flash column chromatography
(petroleum ether/ethyl acetate, 49:1) afforded 32 as a colourless oil
(0.58 g, 72%). 'HNMR (250 MHz, CDCl,): 6 =0.87 (m, 6H; 2 x CH,),
1.17=1.71 (m, 19H; CH,, CH), 1.63 (s, 3H; CHs), 2.04 (m, 2H; CH,), 2.31
(t, 3J(HH) =75 Hz, 2H; CH,CO,), 3.49 (m, 2H; CH,0), 4.44 (s, 2H;
CH.,0), 4.49 (s, 2H; OCH,Ph), 5.43 (m, 1H; C=CH), 7.24-7.35 (m, 5H;
CH Bn) ppm; *C NMR (63 MHz, CDCl,): 6 =13.7, 14.0, 19.3 (3 x CH5),
22.5, 24.9, 25.0, 29.0, 29.1, 29.3 (6 x CH,), 29.5 (CH), 31.7, 34.2, 36.4,
36.5 (4 x CH,), 68.4, 69.9, 72.8 (3 x OCH,), 127.3, 1274, 128.2, 129.7
(C=CH, 5 x CH Bn), 129.7, 138.5 (C=CH, C Bn), 173.6 (COO) ppm; IR:
7=1740 (C=0)cm~'; HRMS: calcd. for Cy;H,05, [M+H]T m/z:
417.3369; found: 417.3368.

Decanoic acid (8-hydroxy-2,6-dimethyloctyl) ester (33): A solution
of 32 (460 mg, 1.11 mmol) in MeOH (12 mL) was added to palladium
on charcoal (10 wt %, 46 mq). The reaction mixture was stirred under
a slight pressure of hydrogen for 3 days. The suspension was then
filtered through celite, which was washed thoroughly with MeOH.
The solution was concentrated under reduced pressure. Purification
of the residue by flash column chromatography (petroleum ether/
ethyl acetate, 9:1) afforded 33 in a diastereomeric mixture (1:1), as a
colourless oil (112 mg, 31%). '"HNMR (250 MHz, CDCl,): 6 =0.85 (m,
9H; CH,), 1.02—1.49 (m, 19H; CH,, CH), 1.55 (m, 4H; CH,), 1.69 (m,
1H; CH), 2.26 (t, 3J(H,H) = 7.5 Hz, 2H; CH,CO,), 2.89 (brs, 1H; OH), 3.60
(m, 2H; CH,0), 3.68-3.94 (m, 2H; CH,0) ppm; CNMR (63 MHz,
CDCly): 6=13.9 (2 x CHy), 16.7 (2 x CH,), 19.3, 19.4 (2 x CH5), 22.5
(2 x CH,), 23.9 (2 x CH,), 24.8 (2 x CH,), 29.0 (2 x CH,), 29.1 (2 x CH,),
29.2 (2 x CH), 29.2 (2 x CH,), 31.7 (2 x CH,), 32.3 (2 x CH), 33.3, 33.4
(2 x CH,), 34.2 (2 x CH,), 37.0, 37.1 (2 x CH,), 39.6, 39.7 (2 x CH,), 60.8
(2 x CH,0), 69.0 (2 x CH,0), 174.0 (2 x COO) ppm; IR: # = 3446 (O—H),
1740 (C=0) cm~'; HRMS: calcd. for C,oH,;,05, IM+H]* m/z: 329.3056;
found: 329.3055.

Phosphoric acid di-tert-butyl (8-decanoyloxo-3,7-dimethyloctyl)
ester (34): Di-tert-butyl diisopropylphosphoramidite (180 pL,
0.57 mmol) was added to a solution of 33 (125 mg, 0.38 mmol) and
1H-tetrazole (80 mg, 1.14 mmol) in THF (2.4 mL) under argon. After
stirring for 1 h the reaction mixture was cooled with ice and a
solution of MCPBA (279 mg of 57% MCPBA, 0.92 mmol) in CH,Cl,
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(2.4 mL) was added and stirred for 18 h. A olution of Na,SO; (10%,
10.0 mL) was added and the mixture was stirred for 5 min. The layers
were separated; the organic layer was washed with a saturated
solution of NaHCO,, dried over MgSO,, filtered and concentrated
under reduced pressure. Purification of the residue by flash column
chromatography (petroleum ether/ethyl acetate, 17:3) afforded 34 in
a diastereomeric mixture (1:1), as a colourless oil (72 mg, 36%).
"H NMR (250 MHz, CDCl;): 6 =0.84 (m, 9H; CHs), 1.09-1.69 (m, 24H;
CH,, CH), 1.44 (s, 18H; CHj; tBu), 2.26 (t, *J(H,H) = 7.5 Hz, 2H; CH,CO,),
3.76-3.98 (m, 4H; CH,0P, CH,0CO) ppm; *CNMR (63 MHz, CDCl,):
0=13.9 (2 x CH,), 16.6, 16.7 (2 x CH;), 19.1, 19.2 (2 X CH;), 22.5 (2 x
CH,), 23.9 (2 x CH,), 24.9 (2 x CH,), 29.0 (2 x CH), 29.0 (2 x CH,), 29.1
(2 xCH,), 29.3 (2 x CH,), 29.6, 29.7 (12 x CH,), 31.7 (2 x CH,), 324
(2 x CH), 33.4 (2 x CH,), 34.2 (2 x CH,), 36.9, 37.0 (2 x CH,), 37.1, 37.2
(2 x CH,), 64.9 (d, 2J(HH)=6 Hz; 2 x CH,0P), 68.9, 69.0 (2 x OCH,),
81.7 (d, 2J(H,H) =7 Hz; 2 x OC(CH;)5), 174.0 (2 x C=0) ppm; *'P NMR
(101 MHz, CDCly): 6=—-8.8 (s, CH,0PO(OtBu),) ppm; IR: 7=1740
(C=0)cm~"; HRMS: calcd. for CygHssOgP, [M+H]* m/z: 521.3971;
found: 521.3972.

Phosphoric acid mono-(8-decanoyloxo-3,7-dimethyloctyl) ester
(35): TFA (1.1 mL) was added to 34 (18 mg, 34 umol). The solution
was stirred for 10 min and then concentrated under reduced
pressure to give 35, which was co-evaporated with toluene (3 x
1 mL) to remove traces of TFA. Final yield of 35 was 12 mg (85 %).
"HNMR (250 MHz, CDCl;): 0 =0.88 (m, 9H; 3 x CH;), 1.12-1.74 (m,
26H; CH,, CH, OH), 2.30 (t, 3J(H,H) =74 Hz, 2H; CH,CO,), 3.74-4.06
(m, 4H; CH,O, CH,OP) ppm; 3'P NMR (101 MHz, CDCly): 6 =2.2 (s,
CH,OPO(OH),) ppm; HRMS: calcd. for C,H,,O6P, [M+HIt m/z:
409.2719; found: 409.2719.

20-Amino-3,7-dimethyleicosanylphosphate di-tert-butyl ester
(36): Hydrazine hydrate (136 mg, 2.71 mmol) was added to 17
(180 mg, 0.271 mmol) in EtOH (8.5 mL) and the solution was stirred
for 14 h while the formation of a white precipitate was observed. The
solvent was evaporated. CH,Cl, (5 mL) was added to the residue and
the mixture was filtered, dried over MgSO, and filtered again. After
evaporation of the solvent under reduced pressure, 36 was
recovered as a pale yellow oil (150 mg), which was used in the next
step without purification. '"H NMR (200 MHz, CDCl;): 6 =0.83 (d,
3J(HH)=6.2 Hz, 3H; CH,), 0.89 (d, 3J(H,H) =6.4 Hz, 3H; CH,), 1.00-
1.81 (m, 36H; CH,, CH, NH,), 1.51, 1.48 (2 x s, 18H; CH5 tBu), 2.68 (t,
3J(H,H)=6.8 Hz, 2H; CH,N), 3.98 (m, 2H; CH,OP) ppm; 3C NMR
(63 MHz, CDCl3): 6 =19.2, 19.3 (2 x CH5), 29.7 (6 x CH; tBu), 24.1, 26.7,
26.9, 27.0, 29.0, 29.3, 29.5, 29.6, 29.7, 29.9, 30.1, 30.2, 33.3, 36.9, 37.0,
372, 419 (17 xCH,), 29.5, 32.6 (2 xCH), 65.1 (d, 2J(CP)=7Hz;
CH,OP), 81.7 (d, 2J(C,P)=8Hz, 2 x COP) ppm; 3P NMR (101 MHz,
CDCly): 0=-—8.8 (s, CH,OPO(OtBu),) ppm; HRMS: calcd. for
CsoHesNO,P [M+HI* m/z: 534.4651; found: 534.4653.

20-N-Biotinylamino-3,7-dimethyleicosanylphosphate di-tert-butyl
ester (37): A solution of 36 in anhydrous DMF (5 mL) was added to
biotin-N-hydroxysuccinimide ester (120 mg, 0.35 mmol) in anhy-
drous DMF (5 mL) and the reaction mixture was stirred for 16 h. The
solvent was evaporated under reduced pressure and the residue was
purified by flash column chromatography (CH,Cl,/EtOH, 9:1) to
obtain 37 as a white amorphous solid (168 mg, 63%). M.p. 157°C;
'H NMR (200 MHz, CDCl,): 6 =0.81 (d, 3J(H,H) =6.3 Hz, 3H; CH,), 0.87
(d, 3J(HH)=6.4Hz, 3H; CH,), 1.06-1.78 (m, 58H; CH,, CH), 1.46 (s,
18H; tBu), 2.18 (t, 3J(H,H) =74 Hz, 2H; CH,CONH), 2.73 (d, 2J(H,H) =
12.8 Hz, 1H; CH,S), 2.90 (dd, 2J(H,H)=12.8 Hz, 3J(HH)=4.8 Hz, 1H;
CH,S), 3.17 (m, 3H; CH,NH, CHS), 3.96 (m, 2H; CH,OP), 4.30, 4.49 (2 x
m, 2H; CHNH), 5.50, 6.34 (2 xs, 2H; NHCONH), 6.00 (t, 3J(H,H) =
5.4 Hz, 1H; NHCO) ppm; *C NMR (63 MHz, CDCl,): 6 =19.2, 19.5 (2 x
CH;), 29.7 (6 x CH; tBu), 24.2, 25.6, 26.9, 27.9, 28.0, 29.2, 29.5, 29.6,
29.8, 29.9, 35.9, 36.9, 37.1, 39.4, 40.4 (22 x CH,), 29.1, 32.6 (2 x CH),
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55.4 (CHS), 60.1, 61.6 (2 x CHNH), 65.1 (d, 2J(C,P) =6 Hz, CH,OP), 81.8
(d, Z(C,P)=7Hz, 2xCOP), 163.7 (NHCONH), 173.0 (CONH) ppm;
3P NMR (101 MHz, CDCl;): 6 = — 9.7 (s, CH,OPO(OtBu),) ppm; HRMS:
calcd. for C4oH,oN;04PS [M+HIt m/z: 760.5427; found: 760.5427.

20-N-Biotinylamino-3,7-dimethyleicosanyl dihydrogenphosphate
(38): TFA (1 mL) was added to 37 (5 mg, 6.6 umol) and the reaction
mixture was stirred for 10 min. The TFA was evaporated under
reduced pressure to give 38, which was co-evaporated with toluene
(3 x 3 mL). 3P NMR (101 MHz, CDCl5): 6 =—10.0 (s, CH,OPO(OH),);
HRMS: calcd. for C3,HgN;O6SP [M+HI™ m/z: 648.4175; found:
648.4177.

20-N-(Biotinyl-N-g-aminocaproyl)-amino-3,7-dimethyleicosanyl-
phosphate di-tert-butyl ester (40): A solution of 36 (35mg,
0.066 mmol) in anhydrous DMF (1 mL) was added to a stirred
solution of biotinyl-N-e-aminocaproyl-N-hydroxysuccinimide ester
(30 mg, 0.066 mmol) in anhydrous DMF (1 mL) and stirred for 16 h.
The solvent was evaporated under reduced pressure and the residue
was purified by flash column chromatography (CH,Cl,/EtOH, 9:2) to
obtain 40 as a white solid (30 mg, 52%). M.p. 165°C; "H NMR
(250 MHz, CDCl;): 6=0.86 (d, 3J(HH)=6.4Hz, 3H; CH,), 0.92 (d,
3J(H,H)=6.5 Hz, 3H; CH,), 1.23-1.79 (m, 46 H; CH,, CH), 1.50 (s, 18 H;
CH, tBu), 2.24 (m, 4H; CH,CON), 2.77 (d, 2J(H,H) = 12.7 Hz, 1H; CH,S),
2.96 (dd, 2J(H,H) =12.7 Hz, 3J(H,H) =4.9 Hz, 1H; CH,S), 3.25 (m, 5H;
CH,N, CHS), 4.01 (m, 2H; CH,0P), 4.35, 4.55 (2 x m; 2H, TH; CHN),
5.50, 6.31 (2 x s, 2H; NHCONH), 5.94, 6.31 (2 x t, 3J(H,H) =5.2 Hz, 2H;
NHCO) ppm; *C NMR (63 MHz, CDCl,): 6 =19.8, 20.1 (CH,), 30.2 (6 x
CHj; tBu), 24.7, 25.6, 25.9, 26.7, 27.4, 28.3, 29.5, 29.8, 30.1, 36.1, 36.8,
37.7, 39.5, 40.0, 40.9 (27 x CH,), 29.7, 33.2 (2 x CH), 55.9 (CHS), 60.7,
62.2 (2 x CHNH), 65.7 (d, 2J(C,P)=6Hz; CH,OP), 82.4 (d, %(C,P)=
7 Hz; 2 x OC(CH,);), 162.5 (NHCONH), 173.1, 173.2 (CONH) ppm;
3P NMR (101 MHz, CDCly): 6 = — 8.5 (s, CH,OPO(OtBu),) ppm; HRMS:
caled. for CugHeoN,O,SP [M+H]+ m/z: 873.6268; found: 873.6261.

20-N-(Biotinyl-N-e-aminocaproyl)-amino-3,7-dimethyleicosanyl
dihydrogenphosphate (41): TFA (1 mL) was added to 40 (5 mg,
5.7 umol) and the reaction mixture was stirred for 10 min. The TFA
was evaporated under reduced pressure to give 41, which was co-
evaporated with toluene (3 x 3 mL). HRMS: calcd. for C;gH,,N,O,SP
[M+H]I* m/z: 761.5016; found: 761.5025.

20-(3’-Mercaptopropionylamido)-3,7-dimethyleicosanylphos-

phate di-tert-butyl ester (43): y-Thiobutyrolactone (92 L,
1.05 mmol) and dithiothreitol (68 mg, 0.44 mmol) were added to a
solution of 36 (92 mg, 0.17 mmol) in degassed aqueous sodium
bicarbonate (0.5m, 1 mL) and EtOH (1 mL). The reaction mixture was
stirred at 50°C under a nitrogen atmosphere for 6 h. The reaction
mixture was then acidified with 1m HCl to pH 7 and CH,Cl, (5 mL) was
added. The organic layer was separated and the aqueous layer was
extracted with CH,Cl, (2 x 5 mL). The combined organic layers were
washed with water, dried over MgSO,, filtered and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (petrol ether/ethyl acetate, gradient from 5:1 to
1:1) to obtain 43 as a sticky white solid (24 mg, 22%). '"H NMR
(250 MHz, CDCl;): 6=0.81 (d, 3J(HH)=6.5Hz, 3H; CH,), 0.87 (d,
3J(HH)=6.5Hz, 3H; CH,), 1.12-1.35 (m, 35H; CH,, CH, SH), 1.46 (s,
18H; tBu), 1.93 (quintet, 3J(H,H) = 7.0 Hz, 2H; HSCH,CH,CH,CO), 2.29,
2.55,2.58 (3 x t, 3J(H,H) = 7.0 Hz, 4H; CH,CON, HSCH,), 3.20, 3.22 (2 x
t, 3J(HH)=70Hz 2H; CH,N), 3.96 (m, 2H; CH,0P), 5.60 (brs, 1H;
NH) ppm; *C NMR (63 MHz, CDCL;): 6 =19.3, 19.6 (2 x CH,), 29.8 (6 X
CHj; tBu), 24.0, 24.2, 26.8, 27.0, 29.4, 29.5, 29.7, 29.9, 34.6, 36.9, 37.0,
372, 394, (20 x CH,), 29.2, 32.6 (2 xCH), 65.1 (d, 2(C,P)=6Hz,
CH,OP), 81.8, (d, 2J(C,P)=7 Hz, 2 x OC(CH,);), 171.8 (CONH) ppm;
3P NMR (101 MHz, CDCl,): 6 = — 9.0 (s, CH,OPO(OtBu),) ppm; HRMS:
calcd. for C34H,;NOsPS [M+H]* m/z: 636.4791; found: 636.4769.
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Thiopropyl sepharose conjugate 44: Activated thiopropyl sepha-
rose 6B gel (700 mg, degree of functionalization: 18-31 umol
2-pyridyl disulfide per mL of drained gel) was re-swollen in water
(6 mL) for 15 min at room temperature whereafter the additives were
washed away with water (150 mL) added in small portions over
15 min. A solution of 43 (15.7 mg, 24.7 umol) in EtOH (5 mL) was
added to the gel resuspended in water (2.5 mL) and the reaction
mixture was rotated for 16 h. The resin was filtered and washed with
EtOH (25 mL) and water (25 mL) in small portions. The solvent of the
filtrate was evaporated and the residue was dissolved in CH,Cl,
(30 mL).

For recording of a calibration curve of 43 by LC-MS, the following
solutions of 43 in acetonitrile/water (9:1) were prepared: 0.030 mm,
0.020 mm, 0.015 mm and 0.010 mm. By means of integration of the
chromatogram of the molecular peak the number of moles in the
filtrate (30 mL) could be established. It contained 6.36 umol of 43,
which left a total yield for coupling on solid phase of 18.3 pmol (28 -
48%) with 2.1 mL of gel containing 37.8-65.1 umol active groups.

Thiopropyl sepharose conjugate, deprotected (45): TFA (6 mL) was
added to the thiopropyl sepharose conjugate 44 (18.3 umol) and the
reaction mixture was shaken for 10 min. The resin was filtered,
washed with water (60 mL), with EtOH (60 mL) and again with water
(60 mL) in small portions. The resin 45 was stored as a suspension in
water (4.5 mL) at 4°C.

Fermentation of Saccharomyces cerevisiae:®" A saturated culture
(10 mL) of Saccharomyces cerevisiae (Baker’s yeast, derived from a
single colony) in buffered mineral dextrose (BMD) medium was used
as a 2v/v% inoculum for BMD medium (500 mL). The culture was
grown at 30°C and 250 rpm for 16 h. The cells were harvested by
centrifugation (3000 rpm, 25°C, 10 min) and were resuspended in
BMD medium (200 mL). The cell suspension was then added to the
fermenter with sterilized Basal Salts medium (2 L) containing 2 w/v %
glucose. The media was adjusted to pH 5.0 with NH,OH. Sterilized
PTM;, trace salts solution (8.7 mL) and a sterilized vitamin solution
(20 mL), consisting of calcium pantothenate (120 mgmL™"), inositol
(600 mgmL-"), pyridoxine HCl (120 mgmL~") and thiamine HCI
(120 mgmL~"), were then added to the medium. The cells were
grown at 30°C with aeration and agitation and were continuously
supplemented with a sterile glucose solution (25 w/v %) containing
PTM, trace salts solution (6 mL) and vitamin solution (1 mL) over 48 h.
Cells were harvested by centrifugation at 4000 rpm for 20 min at 4°C
to yield wet cells (490 g). The cell pellet was divided into 20-g
portions and stored at —80°C.

Preparation of yeast microsomes:® A 20-g batch of cells was
thawed and resuspended in tris(hydroxymethyllaminomethane
(Tris)/Mg?** buffer (50 mm Tris-HCl, 5mm MgCl,, 10 mm mercapto-
ethanol, pH 7.5), to a total volume of 40 mL. The cells were disrupted
in a French press at 40000 psi. The cellular debris was removed by
centrifugation at 4000 rpm for 20 min at 4 °C. Centrifugation of the
supernatant at 18500 rpm for 45min at 4°C yielded pellets
containing microsomes. Aliquots were stored at —80°C prior to
assay for Dol-P-Man synthase. Protein content was measured by
Bradford assay.*

Enzymatic assay of 2, 18, 29, 31, 35, 38 and 41 for Dol-P-Man
synthase:™ Acceptor lipids (100 pw) were each incubated with crude
microsomes (1-2mg), GDP-mannose (20 um), GDP - [U-"*CIman-
nose (0.1 uCimL=") and buffer (50 mm Tris-HCl, 5 mm MgCl,, 10 mm
mercaptoethanol, 0.5% Triton-X-100 (v/v), pH 7.5, 1 mL) at 37 °C for
1 h. Aliquots (100 pL) were removed into an equal volume of CHCI,/
MeOH (1:1, v/v). The aqueous phase was removed after centrifuga-
tion. The organic phase was washed twice with water and
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incorporation of radioactivity into organic soluble material was
measured by scintillation counting.

Enzymatic assay of biotinyl compounds 38 and 41 on monomeric
avidin —agarose for Dol-P-Man synthase and cleavage of prod-
ucts: Substrates 38 and 41 (100 uvm) were linked to monomeric
avidin —agarose by incubation in buffer (50 mm Tris-HCI, 5 mm MgCl,,
10 mm mercaptoethanol, 0.5% Triton-X-100 (v/v), pH 7.5, 1 mL) at
37°C for 1 h. Resins were washed ten times with buffer and then
incubated with crude microsomes (1 -2 mg), GDP - mannose (20 uwm),
GDP - [U-"*C]lmannose (0.042 uCimL-") and buffer (1 mL) at 37°C
for 1.5 h. Suspensions were centrifuged and resins were washed
ten times with water. Cleavage was achieved by washing of
the resins with buffer containing biotin (1 mgmL™") fifteen times.
The combined buffer fractions were subjected to scintillation
counting.

Enzymatic assay with thiopropyl sepharose conjugate 45 for Dol-
P-Man synthase and cleavage of products from the solid support:
Thiopropyl sepharose conjugate 45 (500 um) was incubated with
microsomes (3-4mg), GDP-mannose (1 mm), GDP-[U-"*CIman-
nose (0.0625 uCimL~-") and buffer (50 mm Tris-HCl, 5 mm MgCl,, 0.5%
Triton-X-100 (v/v), pH 75, 2mL) at 37°C for 16 h. Incubation was
continued for 5 h after a further addition of microsomes (3 -4 mg).
Resin was washed eight times with water and divided into two equal
parts. Incorporation of radioactivity into one resin portion was
measured by scintillation counting. Cleavage was achieved by
heating of the remaining resin with aqueous mercaptoethanol
(770 mL, 10 v/v%) at 50°C for 16 h. After centrifugation, resin was
washed four times with EtOH and the combined liquid fractions were
subjected to scintillation counting.

For LC-MS analysis the assay was carried out simultaneously
without radiolabelled GDP-mannose. Combined EtOH washings
were used for measurements undiluted.

LC-MS analysis: For all measurements a C18 reversed-phase
column (150 x 2.00 mm, 3um) was used. Samples (injection volume
50 pL) were run with a water/acetonitrile gradient from 50:50 to 5:95
at a flow rate of 0.2 mLmin~". Samples for a calibration curve of 43
were prepared as described before and scanned for positive
ionisation from mass 50 to 800 (cone voltage 35, source temperature
140°C). Assay samples were scanned for negative ionisation (cone
voltage 45) under previous conditions.
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The process of methanogenesis is of utmost importance for the
carbon cycle on earth. The metabolic pathways of methanogenic
archaea that lead to the formation of methane are unique and
comprise a number of unusual enzymes and cofactors. The last
step of methanogenesis involves the formation of methane from
methyl-S-CoM (2-methylthioethane-sulfonate), the central inter-
mediate of all metabolic pathways of methanogens, and
includes the reductive demethylation of methyl-S-CoM, cata-
lysed by methyl-CoM reductase.™ The two electrons required for
this reductive process come from CoB-SH (1) and result in the
oxidative formation of the heterodisulfide CoB-5-S-CoM (3) from
CoB-SH (1) and CoM-SH (2).2

HOOC O

H203PO\H\NJI\/\/\/\SH

H  coB-SH (1)

HS~soH
CoM-SH (2)

HOOC O

H203P0\l/LNJ\/\/\/\S’S\/\so3H

H  CoB-s-5-CoM (3)

The energy-conserving step in the metabolism of methylo-
trophic methanogens is the reduction of 3 catalysed by
heterodisulfide reductase.’! In Methanosarcina species, the
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H,:heterodisulfide oxidoreductase and the F,,oH,:heterodisulfide
oxidoreductase systems are responsible for the reductive
regeneration of 1 and 2 from 3. Both the membrane-bound
hydrogenase and the F,,,H, dehydrogenase are key enzymes of
these electron transport systems.” The electrons are transferred
to the heterodisulfide reductase and finally to 3. The most
interesting question relates to the structure and function of the
electron carriers mediating this electron transfer.
Methanophenazine (4a) has recently been isolated from the
cytoplasmic membranes of Methanosarcina mazei G61.5% Bio-
chemical experiments have shown that 4a, which is available

N N\ OWW/Y
| P
4a Methanophenazine

-2e,-2H" +2e,+2H"

H
CLT ™YY
7y
H Dihydromethanophenazine
4b

through total synthesis,*®< is able to mediate the electron
transport between the membrane-bound hydrogenase, F,,,H,
dehydrogenase and heterodisulfide reductase enzymes so that
the conversion by proton-translocating electron transport
systems can be subdivided in two partial reactions (Figure 1).14 5!
Most important, these findings indicate that the role of the new
cofactor in the energy metabolism of methanogenic archaea
corresponds to that of ubiquinone in bacteria and mitochondria.

It is essential to determine the redox potential of 4a in order
to further specify its role in the electron transport of metha-
nogens. According to Figure 1 4a must have a redox potential
between the values for F,,0H,/F 0 (E°' = — 360 mV)® and H,/2H*
(E”"=—420mV), respectively, and the redox potential of 3.
Whereas we know the E° values of F,,H,/F40 and H,/2HT, the
redox potential of CoB-S-5-CoM (3) still needs to be determined.
We assumed that 4a has a redox potential similar to 2-hydroxy-
phenazine (5) because, as was shown in biological studies, 5 can
serve as model for 4a. The redox potential of 5 was established
by Mann as E”=-—255mV versus the standard hydrogen
electrode (vs. SHE) by using conventional polarography with a
dropping mercury electrode as the working electrode (WE).”!
Mann conducted his studies with mixtures of phosphate buffer
and ethanol as 5 does not dissolve sufficiently in phosphate
buffer (at pH 7). We were able to show that the addition of
ethanol leads to a considerable shift of the pH value of the
solvent system, which in turn causes a shift of the redox
potential of 5 in the negative direction. For this reason, we had
to find a method allowing measurements to be made in purely
aqueous buffer systems without the addition of any organic co-
solvents. Cyclic voltammetry with a hanging mercury drop
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Figure 1. Model of the membrane-bound electron transfer of Methanosarcina
mazei GG1 according to ref. [5b]. CoB-SH = coenzyme B (1); CoM-SH = coenzyme
M (2); F,50=coenzyme Fy,; F,,,H,=reduced form of coenzyme F,,,; MP = me-
thanophenazine (4 a); dihydro-MP = dihydromethanophenazine (4 b).

electrode (HMDE) as WE was best suited to this purpose.®!
Compound 5 in phosphate buffer at pH 7 gave a redox potential
of E”=—-191+8mV vs. SHE. More interestingly though,
measurements of methanophenazine (4a) gave a redox poten-
tial of E”=—165+6 mV vs. SHE under the same conditions
(Figure 2).

We assume that strong adsorption of phenazines onto
mercury is the reason why electrochemical measurements of
highly water-insoluble phenazines such as 4a are possible in
purely aqueous buffer systems with an HMDE.®! Two findings
support this assumption: on the one hand, the almost identical
mirror-image position of the anodic and cathodic peaks on the
potential axis, and on the other hand, an increase of the anodic
and cathodic peak currents with a growing number of voltam-
metric cycles (Figure 2). The differences between the redox
potential of 5 recorded by Mann and our own finding may
partially be attributed to adsorptive interactions that occur
between the analyte and the mercury electrode and shift the
redox potentials in the positive direction.’® On the other hand,
these differences may be due to the lower pH value of the buffer
solutions we used, which results from the avoidance of ethanol
as a co-solvent. In this context we examined the pH dependency
of the redox potential of 8 (Table 1). We found that increasing the
pH value by one unit causes a shift of the redox potential by
—64+0.6 mV (Figure 3).
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Figure 2. Cyclic voltammogram of methanophenazine (4a) in phosphate buffer
at pH 7 measured by using an HMDE (scan rate: — 100 mVs~'; 10 cycles).

Table 1. Redox potentials of phenazine ethers 4a, 6 - 12.1%
N\ OH N\ OR
ST e CUXT
P> P>
N N
5 4a, 6-12
Compound R E°" vs. SHE [mV]
4a N S —165
3
6 S S = —168
7 \/Y\/Y 165
. \/\r\/\( 170
9 A —164
10 \/\( ~166
1 ~ R —163
12 N —169
[a] Phenazine ethers 4a, 6 - 12 were synthesised by etherification of 2-hydroxy-
phenazine (5) with RX and their redox potentials were determined by cyclic
voltammetry in phosphate buffer at pH 7 by using an HMDE. X = OMs

It was previously assumed® that the terpenoid side chain of
4a mainly serves to anchor the cofactor in the cytoplasmic
membrane. For this reason, the structure of the side chain should
exert only a minor influence on the redox potentials of the
respective phenazine ethers. A variety of phenazine ethers (6 -
12) were synthesised by Williamson ether synthesis and their
redox potentials determined (Table 1).”! Our assumption is
indeed corroborated by these experiments.
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Methods

Measurements were performed by using an electro-
chemical workstation IM6 (Zahner-elektrik) equipped
with a hanging mercury drop electrode as working
electrode (drop diameter: approx. 0.52 mm; surface
area: 0.86+0.03 mm), a saturated calomel electrode
(SCE) as reference electrode and a Pt electrode as
counter electrode. All the potentials given refer to the
standard hydrogen electrode. The difference between
the SCE and SHE electrodes was taken to be 244.4 mV.
All experiments were conducted in phosphate buffer at
pH 7 under argon at room temperature.

[11 R.K. Thauer, Microbiology 1998, 144, 2377 - 2406.

Figure 3. pH dependence of the redox potential of 8. Measurements were performed in

phosphate buffer at different pH values by cyclic voltammetry with an HMDE.

Finally we determined the E°" value of CoB-5-S-CoM (3), which
was synthesised according to known procedures.? % The redox
potential of this sensitive compound could be established by
using the same experimental set-up as for the phenazines. It was
also possible to conduct measurements in phosphate buffer at
pH 7 in this case. We followed Heyrovsky’s procedure® and took
the cyclic voltammograms after presweep polarisation at 0.20 V
vs. SCE for 1 min with a scan rate of 100 mVs~". The redox
potential of CoB-S-S-CoM (3) was found to be E°'=—143+
10 mV vs. SHE. This result indicates a much more positive redox
potential for 3 than for typical disulfides such as glutathione and
cysteine, for which values of E” = — 204 + 6 mV vs. SHE and £’ =
—202+3 mV vs. SHE, respectively, have been established. This
deviation is probably due to the presence of sulfonate and
phosphate groups in 3.'"! This assumption was confirmed by
measurements of the redox potentials of the synthetically
accessible homodisulfides CoM-S-S-CoM (13) (E”'=-139+
7 mV vs. SHE) and CoB-5-5-CoB (14) (E” = —177 £ 5 mV vs. SHE).

Hog,s/\/s>\2

CoM-S-S-CoM (13)

HOOC O
Hzoapoj/LNMSk

CoB-5-S-CoB (14)

This is the first time that the redox potentials of methano-
phenazine (4a) and CoB-S-S-CoM (3) have been reported. These
values allow both the reduction of methanophenazine (4a) to
dihydromethanophenazine (4b) by F,,0H, and H,, respectively,
and the oxidation of 4b to 4a by 3, which strongly supports the
hypothesis that methanophenazine plays a central role as an
electron carrier in the electron transport system of methane-
producing organisms.
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An emerging area in proteomics is the development of array-
based, high-throughput screening techniques for discovery of
novel protein functions and interactions.'" 2 Since the seminal
work by MacBeath etal., who demonstrated the feasibility of
immobilizing proteins on a glass slide while retaining their native
biological functions,? significant advances have been made.
These advances further expand the potential of this technology
by increasing the number of spotted molecules,?” improving
protein immobilization and surface chemistry,>? and other
modifications.?? However, few reports have thus far addressed
the downstream and fundamentally critical issue of detection,
identification, and characterization of proteins in a microarray.
Most existing strategies for the detection of “hit” molecules in a
microarray rely on strong, noncovalent binding between the
proteins and their natural ligands. These strategies can only be
used to identify potential receptors, antigens, and protein-
interacting proteins effectively in an array format, which
excludes key groups of proteins such as various classes of
enzymes.'-2 Enzymes are critical to the vital functioning of any
living system and play a fundamental role in all cellular processes
and metabolic transformations.® Earlier work on enzymes relied
on the use of substrate-based peptide arrays to detect the
enzymatic activity of a kinase in solution, which limits the
strategy primarily to a “one slide, one enzyme” format.?? More
recently, a method has been developed to detect more than
100 different kinases inside microwells made from glass slides.™
However, this strategy is similar to the traditional microplate-
based methods and is thus not compatible with the fluorescence
detection methods used in slide-based microarray technologies,
nor is it easily adapted for the study of other types of enzymes. In
order to fully realize the enormous potential of protein micro-
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3 Science Drive 3
Singapore 117543 (Singapore)
Fax: (+65)6779-1691
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[b] Prof.Dr. S. Q. Yao, G. Y. J. Chen, M. Uttamchandani
Department of Biological Sciences
National University of Singapore
14 Science Drive 4, Singapore 117543 (Singapore)
Supporting information for this article is available on the WWW under http://
www.chembiochem.org or from the author.
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arrays, there is a need to develop not only strategies that cater
for the measurement of protein binding on a glass slide, but also
techniques that allow for determination of the activity and
function of the immobilized proteins. We report here the first
microarray strategy that allows high-throughput, activity-based
detection of enzymes immobilized on a glass slide, and its
potential application for rapid screenings of enzyme inhibitors.

Our approach takes advantage of fluorescently labeled,
mechanism-based suicide inhibitors of enzymes (Figure 1),
which have mostly been used as agents for routine biochemical
studies of proteins, protein modification and engineering, and
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Figure 1. a) Principle of the activity-based detection of enzymes in a protein
microarray with fluorescently-labeled, mechanism-based inhibitors. b) Chemical
structures of three inhibitors that target three major classes of enzymes.

therapeutics.”? More recently, such inhibitors have been used for
selective labeling of proteins in an activity-dependent fash-
ion.® 71 Through conjugation with biotin, these inhibitors can
selectively label enzymes from a crude cell extract/tissue sample,
and these enzymes are then further separated and identified by
using SDS-PAGE and Western blots. For example, fluorophosph-
onate/fluorophosphate (FP) derivatives were recently used as
activity-based probes for detection of a broad spectrum of serine
hydrolases.’® Cysteine protease inhibitors, which include vinyl
sulfone (VS)- and acrylamide-containing peptide conjugates, and
phosphatase inhibitor (PT)-based probes, were found to selec-
tively target cysteine proteases and phosphatases, respective-
ly.2<I We reasoned that similar strategies may be extended to a
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microarray format to allow potential high-throughput detection
and identification of enzymes in a protein array (Figure1).
Suitable probes may be chemically synthesized by conjugation
of the mechanism-based inhibitors to a dye such as Cy3.
Incubation of a protein array with these probes under appro-
priate conditions leads to reaction of the enzymes immobilized
on the array with the inhibitor by virtue of their activity against
the inhibitor used. The formation of covalent, inhibitor-bound
enzyme complexes thus renders the enzymes readily detectable
by a fluorescence-based microarray scanner. Since different
mechanism-based inhibitors are known, either highly specific or
general in terms of their reactivity, the strategy may be tailored
towards the identification of a very specific protein of interest, or
a global survey of a large number of proteins that belong in the
same class. For the scope of this report, three probes (PT-Cy3, VS-
Cy3, FP-Cy3) were designed as broad-based probes for the
simultaneous identification of class-specific unknown enzymes
in a protein microarray. Three major classes of enzymes
(phosphatases, cysteine proteases, and serine hydrolases), were
chosen as the targets of the study. In addition, a highly specific
probe (caspase-1 probe) was also tested and showed high
selectivity towards caspase-1 over other noncaspase cysteine
proteases.

Twelve commercially available enzymes, of which three are
phosphatases, two are cysteine proteases, five are serine
hydrolases, and two are control proteins, were spotted onto
an epoxy slide and subsequently screened with each of the three
probes. SDS-PAGE was performed to independently confirm
results obtained from the chip-based experiments. As shown in
Figure 2, all three probes were able to specifically detect ONLY

Ser Hydrolase
Phosphatase + + +
Cys Protease + o+

++ 4+ +4

Control

(4]

[=]
$c

5

Lane: 1 > 12

Figure 2. Enzymatic activities of 12 commercial proteins screened with

(A) Probe 1, PT-Cy3; (B) Probe 2, VS-Cy3; (C) Probe 3, FP-Cy3. Proteins in each lane:
1. Type I-S alkaline phsophatase; 2. Type VIl alkaline phosphatase; 3. Type IV
alkaline phosphatase; 4. chymopapain; 5. papain; 6. a-chymotrypsin; 7. -chy-
motrypsin; 8.y-chymotrypsin; 9. proteinase K; 10. subtilisin; 11. lysozyme; 12. li-
pase. For detailed protocols, see the Experimental Section and the Supporting
Information.

their target classes of proteins, with little or no background
detection of other proteins. This result unambiguously confirms
the utility of such probes in detecting different classes of
enzymatic activities in a protein array. The two control enzymes,
lysozyme and lipase, which do not belong to any of the three
target classes of enzymes, were not detected by any of the

ChemBioChem 2003, No. 4 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

probes. In some cases, the degree of labeling varied between
proteins of the same class and gave rise to different fluorescence
intensities (for example, lanes 1, 2, and 3 in Figure 2). This result
may be explained by the following two arguments: The
enzymatic activity of the proteins varies, which inevitably results
in a graded reaction with the probe and leads to differential
degrees of labeling. Alternatively, since the proteins used in the
study were purchased form commercial sources, the samples
possibly contained different levels of impurities, which may
interfere with labeling. As little as 10-%' mol enzyme spotted on
the protein array could be detected by using the probes.

In addition to use as a microarray-based tool for proteome-
wide scanning of many, if not most, proteins that belong to a
particular class (for example, all serine hydrolases can be
scanned by using FP-Cy3), our strategy may also be used to
detect highly specific enzymes that are good pharmaceutical
targets. Caspases are a class of cysteine proteases that are
critically involved in apoptosis, or programmed cell death. They
are highly specific and only recognize and cleave peptide
substrates with an aspartic acid residue at the P, site.®! To
demonstrate that our strategy may be used for selective
detection of caspases in a microarray experiment, we used a
fluorescently-labeled, fluoromethylketone-containing probe
previously reported to selectively label caspase-1 in an SDS-
PAGE proteomic experiment? and assessed its selective detec-
tion of caspase-1 in a protein array. As shown in Figure 3,
caspase-1 was selectively detected. Two other noncaspase
cysteine proteases, chymopapain and papain, were not labeled
by the probe, which indicates the versatility of our strategy for
detection of proteins with different types of enzymatic activities
and specificities.

a) 5 ; COCH
” - ] H £ .
Cyim N || N F
H H o
b)
1. Caspase-1
2.  Chymopapain
3. Papain
Lane: 1 2 3

Figure 3. Microarray-based detection of specific enzymes. a) Chemical structure
of the caspase-1 probe.’! b) A slide of three different cysteine proteases screened
by using the probe shown in (a).

Having demonstrated the utility of these mechanism-based,
fluorescently labeled probes for the detection of enzymatic
activities in a protein array, we next investigated whether the
detection truly arises from the enzymatic activity of the proteins.
The covalent nature of the probe-enzyme binding was first
confirmed by subjecting the labeled protein to SDS-PAGE
analysis, as well as treatment with 6wm urea on a slide (see the
Supporting Information). In both cases, the fluorescence of the
labeled protein was preserved, which indicates that the probe
reacts with the enzyme in a covalent, irreversible fashion. The
labeling reaction was next repeated to investigate the effects of
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varying parameters known to affect the biological activity of
enzymes. In some cases, the reaction was analyzed by standard
SDS-PAGE experiments to ensure a parallel and accurate
comparison of all results. We found that, while the labeling
reaction worked well at “normal” temperatures (4-37°C),
heating the protein samples (90°C, 5 min) blocked nearly all
protein labeling, presumably as a result of loss of enzymatic
activity of the proteins. The pH value of the solution is another
key factor intimately related to the enzymatic activity of proteins.
We found that the optimum pH range for most labeling
reactions is pH7-9. Low pH values (pH ~ 2) prevented nearly
all protein labeling, whereas high pH values (pH~ 11) were
better tolerated. Commercial cysteine proteases, such as chy-
mopapain and papain, typically require preactivation with thiols
such as 1,4-dithiothreitol (DTT) to maximize their enzymatic
activity. We labeled these two enzymes with and without
preactivation with DTT and found that the proteins were indeed
labeled more efficiently with DTT preactivation. Phenylmethyl-
sulfonyl fluoride (PMSF) is known to covalently modify serine
hydrolases by reacting with their active-site serine residue and
thereby abolishing their enzymatic activity. We treated the
protein array with PMSF then screened with the FP-Cy3 probe
(Figure 4). No labeling was observed, which indicates that
enzymatic activity is a prerequisite of our detection strategy.
All these results, together with earlier experiments that con-
firmed the covalent nature of the labeling reaction, strongly
suggest that detection of enzymes in a protein array with our
probes is activity dependent.

a)
no
PMSF
b)
1 mM
PMSF
Lane: 172 3 45

Figure 4. PMSF inhibition experiments with serine hydrolases. The array was
screened with the FP-Cy3 probe, either (a) without PMSF or (b) after treatment
with 1 mm PMSF. Lane: 1. a-chymotrypsin; 2. B-chymotrypsin; 3.y-chymotrypsin;
4. proteinase K; 5. subtilisin.

We next investigated the feasibility of our detection strategy
for potential microarray-based screening of enzyme inhibitors.
Trypsin inhibitor is a well-known agent that inhibits a number of
trypsin-like serine proteases such as a-, 8- and y-chymotrypsin.
We tested the effect of this inhibitor on our microarray-based
detection strategy. A protein array containing both B-chymo-
trypsin and y-chymotrypsin was incubated with trypsin inhibitor
then probed by using FP-Cy3 (Figure5). An increase in the
amount of trypsin inhibitor decreased the amount of free
enzyme available to react with the probe, which resulted in a
decrease in labeling, as well as in the corresponding fluores-
cence signal. The profile of inhibition is similar to that observed
in a solution-based inhibition assay, which indicates the
feasibility of use of our chip-based detection scheme as a tool
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Figure 5. Microarray-based enzyme inhibition assay. Differing amounts of
trypsin inhibitor (TI) was used to inhibit (a) B-chymotrypsin and (b) y-chymo-
trypsin, followed by detection with FP-Cy3. Experiments were performed in
triplicate for each concentration. Results were averaged and plotted in (c).

for high-throughput screening of potential enzyme inhibitors.
This strategy may prove especially valuable in the process of
drug screenings, where the cross reactivity of a candidate drug
needs to be rapidly assessed against a large pool of potential
target enzymes in the so-called “one inhibitor, many enzymes”
format. It should be pointed out, however, that since our
strategy relies on irreversible inhibition/labeling by the probe to
detect the enzyme, caution is needed when adapting the
strategy for screening of potential reversibly binding inhibitors.

In conclusion, we have developed a microarray-based strategy
for detection of three major classes of proteins on the basis of
their enzymatic activities. The technique is a protein-array-based
strategy that allows the detection of proteins not merely by their
binding, but rather by their enzymatic activities. The choice of
the nature of the probe used allows this strategy to be tailored
towards the identification of very specific proteins of interest, or
the global survey of a large number of proteins belonging to the
same class. In addition, the strategy may be used as a viable
means for rapid assessment of a candidate drug against a large
number of its potential target enzymes. The approach described
herein, together with increasing efforts in the field of protein-
based microarrays, should provide a valuable tool for screening
and identification of new enzymes and their potential inhibitors
in a high-throughput fashion. Work is underway to evaluate the
quantitative nature of our detection strategy in relation to the
activity of enzymes on the protein array, and to apply the
strategy to a real proteome array, such as that of Zhu et al.,*! for
rapid identification of unknown enzymes. The results of these
experiments will be reported in due course.

Experimental Section

Chemical synthesis and proteomic experiments related to the
caspase-1 probe were reported elsewhere.”? Chemical synthesis
and full-scale SDS-PAGE investigations of PT-Cy3 were also reported
elsewhere.”™ Chemical synthesis of the other two probes, as well as
details of SDS-PAGE and other experiments, are reported in the
Supporting Information. Stock solutions (200 um; 100 x ) of all probes
were prepared as solutions in dimethyl sulfoxide and stored at
—20°C. Caspase-1 was purchased from Calbiochem (California, USA).
All other proteins were purchased from Sigma (St Louis, USA). All
proteins were prepared as solutions (=1-10mgmL™") in distilled
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water, desalted with a NAP5 column (Amersham Pharmacia, USA)
according to manufacturer’s protocols, and stored as working stock
solutions at — 20 °C until use. Epoxy-derivatized slides were prepared
from plain glass slides (Sigma, USA) as previously described.”! N-
hydroxysuccinimide slides were also used to spot the proteins but
consistently gave inferior results. Proteins were prepared in NaHCO;
buffer (0.1m, pH9) and arrayed on epoxy slides with a spacing of
180 um between the spots by using an statistical microarray analysis
arrayer (Engineering Services Inc., Ontario, Canada). After a 2-hour
incubation period the slides were either used immediately, or stored
for future use at 4°C. The slides, if stored, were typically used within
48 h of printing.

Unless otherwise indicated, probing and reactions on slides were
performed as follows: Before use, the slides were quenched by
treatment with phosphate-buffered saline (PBS) and glycine (0.5m)
on a shaker for 10 min. The slides were blocked with PBS, glycine
(0.5m), and bovine serum albumin (BSA; 1% w/v) for 20 min, then
washed with distilled water and air dried. The labeled probe was
then applied: a mixture containing the probe (2 um) was prepared by
adding stock probe solution (0.5 pL, 200 uwv) to tris(hydroxymethyl)-
aminomethane (Tris) buffer (49 uL, 50 mm, pH 8), and BSA (0.5 pL,
1% w/v). The resulting mixture was applied to each slide by the
coverslip method® and incubated for 30 min in the dark. The excess
probe was washed off after incubation with distilled water, and the
slides were subsequently washed with PBS that contained Tween
(0.2% v/v) for 15 minutes on a shaker. The slides were then washed
with distilled water, air dried, and scanned with an ArrayWorx
microarray scanner (Applied Precision, USA) at 548/595 nm. For the
PMSF experiment, each slide was first incubated with freshly
prepared PMSF (50 uL, 1 mm in 50 mm Tris, pH 8) for 30 minutes,
rinsed extensively with distilled water to remove any free residual
PMSF, and screened with FP-Cy3. The inhibition experiments were
identical to the probe-enzyme reactions, except that varying
concentrations of trypsin inhibitor (original concentration
~5mgmL-") were added to the reaction mixture together with
the probe.

The authors thank Dr. M. L. Lesaicherre for technical assistance and
insightful comments on the manuscript. Funding support from the
National University of Singapore (NUS) and the Agency for Science,
Technology and Research (A*STAR) of Singapore is also acknowl-
edged.
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biofunctional patterned surfaces, which constitute the funda-
ment for the development of microarrays for high-throughput
gene and protein analyses. DNA microarrays have proved very
successful,l"! and the concept is in the process of being applied
to protein arrays.? However, in contrast to DNA fragments,
proteins are easily denatured in contact with solid supports, and
robotic printing of proteins onto chemically reactive glass
slides® will not necessarily be applicable as a generic protocol
for the preparation of protein arrays. Supported phosphatidyl-
choline lipid bilayers have emerged as interesting candidate
substrates for protein chips, since they efficiently reduce non-
specific protein adsorption®* and, at the same time, allow
different strategies for protein immobilization with biospecific
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arrayer (Engineering Services Inc., Ontario, Canada). After a 2-hour
incubation period the slides were either used immediately, or stored
for future use at 4°C. The slides, if stored, were typically used within
48 h of printing.

Unless otherwise indicated, probing and reactions on slides were
performed as follows: Before use, the slides were quenched by
treatment with phosphate-buffered saline (PBS) and glycine (0.5m)
on a shaker for 10 min. The slides were blocked with PBS, glycine
(0.5m), and bovine serum albumin (BSA; 1% w/v) for 20 min, then
washed with distilled water and air dried. The labeled probe was
then applied: a mixture containing the probe (2 um) was prepared by
adding stock probe solution (0.5 pL, 200 uwv) to tris(hydroxymethyl)-
aminomethane (Tris) buffer (49 uL, 50 mm, pH 8), and BSA (0.5 pL,
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with distilled water, air dried, and scanned with an ArrayWorx
microarray scanner (Applied Precision, USA) at 548/595 nm. For the
PMSF experiment, each slide was first incubated with freshly
prepared PMSF (50 uL, 1 mm in 50 mm Tris, pH 8) for 30 minutes,
rinsed extensively with distilled water to remove any free residual
PMSF, and screened with FP-Cy3. The inhibition experiments were
identical to the probe-enzyme reactions, except that varying
concentrations of trypsin inhibitor (original concentration
~5mgmL-") were added to the reaction mixture together with
the probe.
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interactions; for example: biotin - streptavidin,’® 7 Ni>*-mediated
binding of histidine-tagged proteins to nitrilotriacetic acid (NTA)-
lipids,'® or covalent coupling reactions such as those between
maleimides and thiols.’ Furthermore, progress in patterning of
lipid bilayers and/or vesicles with varying lipid composition has
been achieved by using dispensing,!'®'? micro contact print-
ing,'* gradients in microfluidic flow devices,'"*'® and/or
immobilization of biotin-functionalized vesicles to streptavidin-
patterned surfaces." In the present work, we combine the
concept of micropatterns of supported lipid bilayers with the
concept introduced by Niemeyer,2” who advocates the use of
immobilized complementary DNA (cDNA) strands to direct
spatial distribution of DNA-labeled proteins. Previously, DNA-
modified vesicles have been used for signal enhancement of
DNA hybridization reactions.?" Here, we present the first case of
DNA-directed immobilization of intact vesicles to patterned
surfaces (arrays), where the vesicles have the in-built potential to
act as protein carriers (for transmembrane or water-soluble
proteins). The developed multistep surface modification proto-
col is schematically illustrated in Figure 1. The strategy was
proven by detecting antigens by using histidine-tagged single-
chain antibody fragments (scFv)?? coupled to Ni*-NTA- and
DNA-modified lipid vesicles, and a simple array was demon-
strated by using DNA-directed immobilization of intact vesicles
to two different cDNA-functionalized spots. The surface mod-
ification was experimentally verified with the quartz crystal
microbalance with dissipation monitoring (QCM-D) technique!?®
and fluorescence microscopy.

The conditions for the first step of the described protocol were
chosen such that adsorption of biotinylated bovine serum
albumin (biotin - BSA) was efficiently reduced on SiO, (| Af|< 2 Hz),
but pronounced on Au (| Af|>45Hz; Figure 2). Subsequent
addition of lipid vesicles (step ii) resulted in efficient formation
of a supported lipid bilayer on SiO, and weak adsorption of
intact vesicles on Au. From the QCM-D data in Figure?2,
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Figure 2. QCM-D results: (a) Af,_; related to mass uptake and (b) AD,,_; related
to viscoelastic properties, from experiments establishing the surface modification
protocol by using differently coated quartz crystals (SiO, or Au). The two surfaces
were exposed to (i) biotin-BSA (10 ugmL~"), (i) POPC vesicles (20 ugmL~'),

(iii) neutravidin (10 ugmL~"), (iv) biotin - cDNA, (0.25 um), and (v) and POPC
vesicles (15 ugmL~') doped with 0.5 % cholesterol—- DNA, (see Figure 1, left-hand
panel). Also shown is a superimposed (step v) addition of POPC vesicles doped
with cholesterol - DNAg, which is noncomplementary to cDNA,, on Au. f=reso-
nance frequency, D =energy dissipation.

this was verified from the presence and the lack of the typical
signature for bilayer formation on SiO, and Au,? respectively.
The mass uptake of nonspecific binding of intact vesicles on Au
was one order of magnitude lower than for typical adsorption of
intact vesicles on bare surfaces.”” The inert properties of the

%'ﬂﬁ%‘fﬂ%%%%

Si0,

Figure 1. Schematic representation of the substrate-directed surface modification protocol relying on (i) differences in adsorption of biotin - BSA on Au and SiO, and
(i) the spontaneous fusion of lipid vesicles into a supported lipid bilayer on SiO,. (iii) Neutravidin and (iv) biotin — cDNA were subsequently bound onto the Au, whereas
no binding occurred on the inert lipid bilayer on SiO,. Eventually, because supported lipid bilayers are inert not only to proteins but also to vesicles, (v) specific

immobilization of intact DNA-labeled vesicles to cDNA strands on Au was achieved. In the more advanced protocols, steps i—v were followed by (vi) scFv binding to
Ni?* - NTA-modified vesicles and (vii) fluorescent detection of the cholera toxin [3-subunit antigen (Figure 3c), or they were made such that differently labeled vesicles

were immobilized onto different cONA-modified Au spots (Figure 3d).
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supported lipid bilayer formed on SiO, then ensured preferential
binding of neutravidin (stepiii) to biotin-BSA on Au
(| Af| ay =45 Hz, | Af| 5o, < 2 Hz), which was followed by efficient
binding of biotin—cDNA, (stepiv) to the layer of neutravidin
(| Af| ay= 12 Hz, | Af| 5o, < 1 Hz; Figure 2). To achieve, eventually,
cDNA-directed coupling of intact vesicles, lipid vesicles were
modified by addition of DNA - cholesterol conjugates (0.5% (w/
w)) to the vesicle solution. Addition of these DNA-modified
vesicles (step v) resulted in a mass uptake (| Af|) that was 15
times greater on Au than on SiO,; this illustrates the preferential
coupling to the cDNA-modified Au rather than the SiO, modified
with the lipid bilayer (Figure 2). The larger relative increase in
D on SiO, compared to that on Au is attributed to a higher
viscosity of vesicles at low coverage. The high ratio between
the changes in AD and Af further verified coupling of intact
vesicles, rather than free cholesterol - DNA, thus demonstrating
that the cholesterol moiety is efficiently anchored to the
hydrophobic part of the lipid membrane (on average, three
DNA strands per vesicle). In comparison with previous strategies
developed for DNA-labeling of intact vesicles by using thiol-
reactive maleimido-lipids and thiol variants of DNA" the
present strategy is rapid (minutes rather than hours) and more
general since it does not require the introduction of chemically
modified lipids but is designed for any lipid bilayer (data not yet
published).

To check that the coupling of DNA-labeled vesicles relied on
sequence-specific DNA hybridization, vesicles modified with
DNA; (noncomplementary to cDNA,) were added to cDNA,-
modified Au (step v, Figure 2). Significantly, no mass uptake was
observed, which proves that sequence-specific coupling of
intact vesicles occurs, a prerequisite for an extension of the
concept towards large-scale arrays. The surface modification
protocol was repeated on a patterned substrate (Au spots
evaporated on SiO,), and the binding of differently dyed DNA-
modified vesicles was imaged by fluorescence microscopy.
Figure 3a shows a fluorescence micrograph verifying material
specific immobilization of DNA-labeled rhodamine-dyed vesicles
coupled to cDNA-modified Au spots through the sequence of
additions presented in Figure 2. Very low background fluores-
cence was observed on the surrounding lipid-bilayer-modified
SiO,. Figure 3 b shows an interesting extension of this protocol in
which the lipid bilayer does not only act as an inert surrounding,
but is itself functionalized with DNA. This was done by anchoring
of a second cholesterol-DNA conjugate (cDNA;) to the lipid
bilayer on SiO,, followed by hybridization with complementary,
fluorescein-labeled DNA; (also applicable to DNAg-modified
vesicles). Clearly, to ensure that the cholesterol-cDNA; was
anchored to the supported lipid bilayer and not to vesicles
coupled to the Au spot, the anchoring to the lipid bilayer was
made prior to the addition of the DNA-labeled vesicles.l’®!
Figure 3¢ illustrates the extension of the concept to patterns
of protein-carrying DNA-labeled vesicles. DNA,-labeled Ni?* -
NTA-modified vesicles were used, which, when specifically
immobilized to the cDNA,-modified Au spots, allowed coupling
of histidine-tagged scFv (step vi, Figure 1). This in turn allowed
specific antigen (cholera toxin subunit § (CT-p)) binding (step vii,
Figure 1). The fluorescence micrograph nicely demonstrates

ChemBioChem 2003, No. 4 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Micrograph of a SiO,-coated QCM crystal with spots of Au exposed to
the sequence of injections described in Figure 2, with the exception that in (a) the
vesicles were labeled with rhodamine - lipids (exc. ~ 550 nm/em. > 590 nm) and
in (b) that functionalization of the lipid bilayer was demonstrated by using
cholesterol - cDNAg (25 nm) hybridized with fluorescein - DNAg (0.25 um; exc.
=470 nm/em. =~ 540 nm). (c) Verification of highly specific binding of Cy3-labeled
cholera toxin 5 subunit (0.10 um; = 100 amol per spot, estimated from QCM-D
data) after binding of scFv (0.25 um) to DNA-labeled Ni** — NTA-functionalized
vesicles coupled to the Au spots. Low nonspecific binding was proven by QCM-D
(not shown). d) Steps i—iv (Figure 2) on the patterned substrate were followed by
injection of biotin - cDNAg (20 um) through a thin capillary, leading to preferential
binding to a single Au spot (to the right). After removing the capillary, NBD-dyed
(exc. =460 nm/em. =~ 550 nm) POPC vesicles doped with cholesterol - DNA; were
bound selectively from bulk to the cDNAg-modified spot (15 ugmL~', > 15s). An
adjacent spot (to the left) was thereafter functionalized by biotin - cDNA,, added
in excess (0.25 um, 5 s), after which rhodamine-dyed POPC vesicles doped with
cholesterol-DNA, (15 ugmL~", > 15 s) were bound selectively to the cDNA,-
modified spot. Scale bars: 100 um. NBD = 2-(12-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)dodecanoyl.

highly specific and sensitive detection of CT-f§ with low back-
ground fluorescence, a prerequisite for larger scale protein
identification, even if minor, but still specific, binding of CT-f3 can
be observed to intact vesicles coexisting with the supported
lipid bilayer (Figure 2). Finally, Figure 3d shows an extension of
the protocol towards arrays of different immobilized vesicles on
different Au spots, thereby demonstrating the potential of the
protocol for surface-directed sorting of differently functionalized
vesicles. Even if these injections are presently made sequentially
(see figure legend), the previous results (Figures2 and 3b)
demonstrate negligible nonspecific binding of DNA-modified
vesicles, which in turn ensures that the sequence of addition of
biotin - DNA and vesicles will not influence the outcome of the
experiment. However, a true sorting experiment from a mixture
of two or more differently DNA-labeled vesicles is, for the
present protocol, likely to be efficient only at short incubation
times, a problem attributed to weak, but not negligible, water
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solubility of cholesterol-DNA. This, in turn, may result in
exchange of cholesterol-DNA between different vesicles in a
mixture, a complication that is currently under detailed inves-
tigation and improvement.

In conclusion, we present a simple, surface-preparation
protocol for DNA-directed coupling of intact vesicles that
eliminates the need for dispensing or microfluidics during the
critical vesicle-immobilization step. By introducing a cholesterol-
based strategy for DNA-labeling of vesicles and/or supported
lipid bilayers, multifunctional patterns of lipid assemblies on top
of a protein/lipid bilayer template were demonstrated (Fig-
ure 3a, b) and were proven to be compatible with highly specific
and sensitive antigen detection with scFv-carrying vesicles
(Figure 3 ). Surface-directed sorting of vesicles to two different
cDNA-modified spots was also demonstrated (Figure 3d).

In light of future protein-chip applications, the present
protocol is compatible not only with water-soluble proteins, as
proven here, but also with transmembrane proteins, where the
lipid-membrane environment is extremely critical throughout
the whole preparation protocol. This protocol, combined with
recent developments within fluorescence imaging, opens up the
use of encapsulated dyes for the detection of, for example,
protein-mediated ion translocation with high sensitivity and
lateral resolution. In addition, the DNA label can be used as a
variable spacer, which is advantageous over previous vesicle-
capture protocols that used avidin-mediated capturing of biotin-
modified vesicles,"* 2! hydrophobic moieties in dextran gels,?®
or immobilized antibodies.”?” Note that the substrates used here
were kept hydrated throughout the series of modifications.
There is no desire to circumvent the need for hydration in the
final coupling of intact, functionalized vesicles. However, recent
progress demonstrating stabilized supported lipid bilayers that
sustain drying without loosing their inertness towards protein
adsorption,?® combined with robotic printing of DNA or the use
of commercial DNA chips, points towards an expansion of the
initial steps (i—iv in Figure 1, 2) of this protocol for use outside
the controlled laboratory conditions.

Experimental Section

Water was deionized and filtered (MilliQ unit, Millipore). DNA strands
(5'-TAG-TTG-TGA-CGT-ACA-CCC-CC-3" (DNA,); 5-TAT-TTC-TGA-TGT-
CCA-CCC-CC-3 (DNAg); 5'-TGT-ACG-TCA-CAA-CTA-CCC-CC-3'
(cDNA,); 5'-TGG-ACA-TCA-GAA-ATA-CCC-CC-3" (cDNAg)) were deriv-
atized at the 3’-end with biotin (biotin—DNA,, biotin—DNAy),
cholesterol (cholesterol-cDNA,, cholesterol-DNAg, cholesterol-
cDNAg), or fluorescein (fluorescein —cDNA;) (MedProbe, Norway).
Stock solutions of DNA conjugates (20 um in 10 mm tris(hydroxyme-
thyl)aminomethane (Tris) and 1 mm ethylenediaminetetraacetate
(EDTA), pH 8.0) and proteins (biotin-labeled BSA (Sigma, 1 mgmL~’
in water), neutravidin (Pierce, 1 mgmL~" in buffer (10 mm Tris, 100 mm
NaCl, pH 8.0)) were aliquoted and stored at — 20 °C. Histidine-tagged
scFv (clone CT-17, 1 mgmL~" in phosphate-buffered saline, pH 7.4),
kindly provided by Biolnvent Therapeutics (Lund, Sweden), and {3-
subunit cholera toxin (Sigma, St Louis, USA) labeled with Cy3
(Amersham Pharmacia Biotech, Uppsala, Sweden) were stored at
4°C.  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC;
Avanti Polar Lipids, AL, USA) was dissolved in chloroform. For
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fluorescent vesicles, 0.5% (w/w) of Lissamine rhodamineB 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine  (rhodamine-
DHPE; Molecular Probes, USA) or 2-(12-(7-nitrobenz-2-oxa-1,3-di-
azol-4-yl)amino)dodecanoyl-1-hexadecanoyl-sn-glycero-3-phospho-
choline (NBD-HPC; Molecular Probes, USA) was added to the lipid
solution. For Ni** - NTA-modified vesicles, 5% (w/w) of 1,2-dioleoyl-
sn-glycero-3-{[N-(5-amino-1-carboxypentyl)iminodiacetic  acid]suc-
cinyl} ammonium salt (DOGS-NTA; Avanti Polar Lipids, AL, USA)
was added to the lipid solution. Lipid vesicles (stored at 4°C under
N,) were prepared by evaporation of the solvent under N, (>1h),
followed by hydration in buffer (5 mgmL~") and extrusion through
0.1 and 0.03 pm polycarbonate membranes (11 times through each;
Whatman, USA). DNA labeling was achieved by addition of 0.5%
(w/w) of cholesterol-DNA to the vesicle solution, with 250 mm
imidazole present for the Ni**— NTA-modified lipids. All substrates
(AT-cut quartz crystals, f,=>5 MHz, with either Au or SiO,) and the
QCM-D instrument (Q-sense D300) were from Q-sense AB, Sweden.
The crystals were cleaned in 10 mm sodium dodecylsulfate (> 15s),
rinsed twice with water, dried (N,), and subjected to UV-ozone
treatment (10 s). SiO,-coated crystals were patterned by evaporation
of 3 nm of Ti and 100 nm of Au through a mask.
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