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Fluorinated Phenylcyclopropylamines as
Inhibitors of Monoamine Oxidases

Thomas C. Rosen,” Shinichi Yoshida,™ < Kenneth L. Kirk,™ and Gunter Haufe*™

1. Introduction

Monoamine oxidases, prevalent in mammals, plants, and both
prokaryotic and eukaryotic microorganisms, catalyze the oxida-
tion of amines to aldehydes. They have been classified into
two groups, copper- (EC 1.4.3.6) and flavin-containing amine
oxidases (EC 1.4.3.4)."

Flavin-linked mitochondrial monoamine oxidases (MAO) are
subdivided further into two catalytically distinguishable sub-
types with different substrate selectivities: MAO A and MAO B.
They are crucial for the regulation of physiological amine levels
throughout the organism.”

Copper-containing amine oxidases (CAO) also have impor-
tant and diverse functions in prokaryotes, including roles in nu-
trient metabolism. More recently, the importance of CAO in eu-
karyotes for different physiological processes, such as wound
healing, detoxification of amines, cell growth, signaling, apop-
tosis,” and glucose uptake,” was demonstrated. They consti-
tute a wide family of enzymes covering bovine and sheep
plasma amine oxidase, lysil oxidase, diamine oxidase, and a
tissue-bound oxidase.

Monoamine oxidases are important pharmacological and
medicinal targets because of their diverse physiological roles.
Selective inhibitors for different enzyme subtypes have been
intensively studied. A commercially important example is tra-
nylcypromine (1a) (trans-2-phenylcyclopropylamine, TCP, Par-
nate, Jatrosom N), which is an irreversible inhibitor of both
MAO A and B. Additionally, 1a is a potent reversible inhibitor
of copper-containing amine oxidases.”

Tranylcypromine has an important clinical use as a treatment
for certain depressive illnesses. Recent studies also discussed
MAO inhibitors as useful agents against neurodegenerative dis-
orders such as Parkinson’s or Alzheimer’s diseases.””’ Despite
impressive clinical successes, clinical use of tranylcypromine
(1a) and other MAO inhibitors is limited by various problems.
For example, patients treated with nonselective MAO inhibitors
can suffer a severe hypertensive crisis after the ingestion of tyr-
amine-containing foods, such as cheese and red wine. This so-
called “cheese effect” is caused by the increase of tyramine
concentration associated with the inhibition of MAO A"

There has been extensive research directed toward the de-
velopment of more potent and selective MAO inhibitors. In the
work reviewed here, the pharmacological activity of 1a in
combination with its undesired side effects prompted us to
regard this molecule as the starting point for a lead-optimiza-
tion process. The modifications incorporated our current inter-
ests in the chemistry and pharmacology of fluorinated com-
pounds, interests that had recently focused on cyclopropyl-
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amines and amino acids. The goals of this optimization includ-
ed increased inhibitory activity and an improved pharmacoki-
netic profile and selectivity. The fundamental strategy consist-
ed of incorporation of a fluorine substituent onto the cyclo-
propyl moiety.

The incorporation of fluorine into bioactive compounds is
known to be a very effective method for the enhancement of
the physiological properties of such molecules. The modifica-
tions are caused by the unique properties of fluorine. As the
most electronegative element, this substituent influences the
acidity/basicity of neighboring groups such as NH,.! Also, the
lipophilicity of molecules is influenced.® A fluorine substituent
can mimic some properties of a hydroxy group because of its
isoelectronic properties. In fact, we recently found indications
both from X-ray studies of crystalline derivatives"”® and from
high-level quantum chemical calculations!” that a fluorine
atom attached to a cyclopropyl group can act as a hydrogen-
bond acceptor."? Another important factor comes from the
observation that fluorinated cyclopropanes possess an in-
creased ring-strain energy."¥ Since ring-opening reactions are
important for the inhibition mechanism of certain aminocyclo-
propanes,'¥ fluorine substitution could be expected to en-
hance the inhibitory activity of these substances.

For the optimization of the pharmacological profile we se-
lectively modified the structure of tranylcypromine (1a) by
substitution on the cyclopropyl ring with a single fluorine
atom. A series of tranylcypromine analogues with different
substituent patterns and stereochemistry, such as 11a-d or 38
and its fluorinated analogue 30, were synthesized and their ac-
tivities as inhibitors of monoamine oxidases were investigated
and compared to other inhibitors.">""”

We herein summarize our recent results concerning the in-
hibitory activity of these fluorinated arylcyclopropylamines.
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NH,-HCI R NH,-HCI H,N- HCI
X
Tranylcypromine (1a) 11a X=H 30 X=F
11b X=F 38 X=H
11¢ X=ClI
11d X=CH;

These results demonstrate that certain analogues possess very
high activity as inhibitors of MAO A and B as well as of tyra-
mine oxidase, a copper-dependent amine oxidase. Data for the
pharmacokinetic profiles of the analogues as well as mechanis-
tic reasons for the strong influence of the fluorine substituent
on the activity are discussed.

2. Synthesis of Fluorinated Arylcyclopropyl-
amines and (Arylcyclopropyl)alkylamines

Regioisomeric fluorinated phenylcyclopropylamines were ob-
tained by using two different methods of cyclopropanation of
the corresponding fluorinated alkenes.!® %

2-Aryl-2-fluorocyclopropylamines and (2-fluoro-2-phenyl-
cyclopropyl)alkylamines

2-Aryl-2-fluorocyclopropylamines 11a-d and 12a-d were syn-
thesized™ according to the sequence shown in Scheme 1 by
using transition-metal-catalyzed cyclopropanation of 1-fluoro-
styrenes 4a-d as the key-step."®

Enantiopure trans-2-fluoro-2-phenylcyclopropylamines
(15,25)-11a and (1R,2R)-11a were synthesized via (15,25)-(—)-2-
fluoro-2-phenylcyclopropanecarboxylic acid ((15,25)-7a) and its
enantiomer (1R,2R)-7a (Scheme 2)."®"" These acids were ob-
tained by separation of the corresponding diasteromeric (S)-1-
phenylethylamides followed by hydrolysis of N-nitrosamides

[16a]

G. Haufe et al.

[20a]

prepared according to a method invented by White*™® and fur-

ther developed by others.?*

The diastereopure racemic carboxylic acids 7a and 8a also
served as starting materials for the preparation of homologous
fluorinated alkylamines"™ as shown in Scheme 3.

Applying classical homologation techniques, the diastereo-

pure ethylamines 23 a and 24a were prepared (Scheme 4)."

2-Fluoro-1-phenylcyclopropylamine and (2-fluoro-1-phenyl-
cyclopropyl)methylamines

2-Fluoro-1-phenylcyclopropylamine and -methylamines, the re-
gioisomeric series, were synthesized by using cyclopropanation
of ethyl 3-fluoro-2-phenylacrylates 25 and 26 with diazometh-
ane as the key step (Scheme 5).['>1

3. Physicochemical Data for 2-Aryl-2-fluoro-
cyclopropylamines

Different qualitative models have been developed for the iden-
tification of potential drug molecules, for example, Lipinski and
co-workers’ rule-of-five included four criteria: molecular mass
<500 Daltons, octanol/water partition coefficient <5, number
of hydrogen-bond donors <5, and number of hydrogen-bond
acceptors < 10.”" Muegge described how specific combina-
tions of side chains would allow identification of pharmaco-
phores.”? In addition to intrinsic inhibitory activity, pharmaco-
kinetic properties are among the most important aspects of a
lead-optimization process.”® Pharmacokinetic factors such as
adsorption, distribution, metabolism, and excretion (ADME) are
strongly related to oral bioavailability and metabolic half-life.*"
An analysis of the main reasons for attrition in drug develop-
ment revealed that 39% of all failures are attributed to poor
pharmacokinetics.””! Different models have been developed
for the prediction of these important properties. Besides Lipin-
ski and co-workers' rule-of-five, Veber et al. defined a sum of
hydrogen-bond donors and acceptors <12 and rotatable
bonds <10 as qualitative criteria for good oral bioavailabili-

F F OZEt
NBS, Br N,CHCO,Et
/©/\ Et,N-3HF KOtBu cat. Cu(acac CO,Et
R
CHZCI2 R pentane R CH ,Cl,
2ad Sa-d 4a-d 5a-d (trans) 6a-d (cis)
R CO,H NHBoc NH, HCI .
NEt, DPPA Series:
KOH tBuOH DiBoc aR=H
- b:R=F
MeOH cyclohexane c R=Cl
d:R=Me
7a-d (frans) 9a-d (frans) 11a-d (trans)
8a-d (cis) 10a- d (cis) 12a-d (CIS)

Scheme 1. Synthesis of diastereopure 2-aryl-2-fluoro-cyclopropylamine hydrochlorides. acac = acetylacetone, Boc = tert-butoxycarbonyl, DiBoc = di-tert-butyl car-

bonate, DPPA = diphenylphosphoryl azide, NBS = N-bromosuccinimide.
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ol
i N’s
RS 1RH
-
R CO,H
RS X7'rs
)
7a
Lo

i) NaNO,, HOAc, Ac,0, 4°C, 18 h; iv) Dioxane, A, 20 h; v) KOH/MeOH, RT.

CO,H CONH, CH,NH,-HCI
C;V i), ii) C;V/ iif), |v) v) dV/

15a (frans)
16a (c:s)

13a (frans)
14a (c:s)

a (trans)
8a (cis)

Scheme 3. Synthesis of diastereopure 2-fluoro-2-phenylcyclopropylmethylamine hydrochlor-

ides. ) SOCL,; ii) NH,OH; ii) BHyTHF; iv) H,0%; v) HCl(g)

R CO,Et R CH,OR

5a (frans)
6a (cis)

17a (trans)
R=H 18a (cis)

19a (frans)

:| i)
R=Ts 20a (cis)

R CH.CN R {CH,),NH,-HCI
§§ / v), v), vi) §§ 7
R ————

23a (frans)
24a (cis)

21a (frans)
22a (cis)

Scheme 4. Synthesis of diastereopure 2-fluoro-2-phenylcylcopropylethylamine
hydrochlorides. i) LiAIH,, Et,0; i) NaCN, N,N-dimethylformamide; iij) TsCl, NEt,,
CH,Cl,; iv) BHyTHF, Et,0; v) H;0%; vi) HCI(g). Ts = tosyl = toluene-4-sulfonyl.

ty.”® Clearly, the synthesized 2-aryl-2-fluorocyclopropylamines

11a-d and 12a-d as well as the homologous alkylamines met
all these criteria. For a more precise quantification of the phar-
macokinetic properties, physicochemical values such as pK,

ChemBioChem 2004, 5, 1033-1043  www.chembiochem.org

i), iv),

ref. [15] D the

ref. [15] D

Scheme 2. Synthesis of enantiopure trans-2-fluoro-2-phenylcyclopropylamines (1S,2S)-11a and (1R,2R)-11a. ) (S)-
PhCH(NH,)CH;, N,N’-dicyclohexylcarbodiimide, cat. 4-dimethylaminopyridine, CH,Cl,, RT, 20 h; i) Chromatography;

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F value, lipophilicity, permeation,
CO,H .

2R e and solubility are very useful.

Since fluorine substitution is

known to influence these prop-

5842 examination of the

erties,
physicochemical properties of
cyclopropyl-

v)

(1R2R)-Ta
fluorinated
amines became important® for
further optimization of the phar-

(1R2R)-11a

COzH macological behavior of com-

18 pounds derived from the lead
compound tranylcypromine (1a;
Table 1).

First, pK, values were meas-
ured, since the ionization state
at physiological pH values will
affect solubility, adsorption, and
reactivity. Fuller and Molloy re-
ported that, for aliphatic amines
such as amphetamine, f,3-di-
fluorination leads to a significant
decrease in the basicity of the
amino group, as would be expected.” The influence
of fluorine on the acidity of neighboring groups was
also described for other substrates.”

Similarly, for tranylcypromine the introduction of a
fluorine substituent in the trans-2 position caused a
decreased basicity of the amino group by more than
one order of magnitude: pK,=8.47 for tranylcypro-
mine (1a) relative to pK,=7.35 for trans-2-fluoro-2-
phenylcylopropylamine (11a). Also, a direct influence
of the substituent in the para position was observed:
Whereas an electron-donating methyl group slightly
increased the basicity (pK,=7.41 for 11d), lower pK, values
were found for compounds bearing the electron-withdrawing
para-fluoro (11b, pK,=7.31) and para-chloro (11¢, pK,=7.19)
substituents.

Remarkably, the configuration of the substituents attached
to the three-membered ring had a strong influence on the pK,
value of the fluorinated tranylcypromine derivatives. Since
trans- and cis-2-phenylcyclopropylamine had nearly identical
pK, values of 8.47 (1a) and 8.50 (1b), the lower basicity (by
about 0.4 orders of magnitude) of the fluorinated cis-config-
ured amines 12a-d relative to the corresponding trans deriva-
tives 11 a-d (Table 1) must be due to the relative stereochemis-
try of the amino group and the fluorine substituent. The
nature of this effect is still under investigation. As expected,
the alkylamines 15a and 23a had higher pK, values than tra-
nylcypromine (1a).

Additionally, permeability resulting from passive diffusion
was recorded by using a parallel artificial-membrane perme-
ation assay (PAMPA).®” The permeation rate determined by this
method corresponds to the transcellular permeation potential,
which is important for the absorption of drugs.®” Tranylcypro-
mine (1a) itself, as well as the fluorinated derivatives 11a-d
and 12a-d, is characterized by high permeability. Introduction
of a fluorine substituent in position 2 increased permeability,

(1S,25)-7a
(18,25)-11a
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i)
—

X Y X Y
| i), ii)
COOEt — COOEt —
25 X=F,Y=H 27, X=F,Y=H .
26, X=H,Y=F 28 X=H Y=F vii)

G. Haufe et al.

F F
iv), v), vi)
CONHNH, —— NH,-HCI
29 (from 27) 30
X Y X Y
OR _ vii) : i _NH,
=H 3M(X=F, Y=H) 35 X=F,Y=H
32(X=H,Y=F) 36, X=H,Y=F
ix)
R=Ms 33(X=F, Y=H)

Scheme 5. Synthesis of diastereopure 2-fluoro-1-phenyl-cyclopropylamine and -methylamine hydrochlorides. i) CH,N,; ij) hv, Et,0; ii)) NH,NH,, EtOH; iv) HCl, NaNO,,
Et,0; v) tBuOH; vi) 3N HCl, EtOAc; vii) DIBAL, toluene; viii) NH;, THF; ix) MsCl, NEt;, CH,Cl,. DIBAL =diisobutylaluminum hydride, Ms = mesyl= methane sulfonyl.

important influence on the lipo-
Table 1. Physicochemical data for 2-aryl-2-fluorocyclopropylamines and -alkylamines. philicity of substrates. 8 Analysis
Compound lsomer type  NH,/F relation R My pK®  PY[10Ccms]  logD® of distribution coefficients (log D)
p revealed that all the investigated
Ta trans - H 169.7 8.47 1.30£0.02 n.d. .
1b cis - H 169.7 850 2274023 1.41 phenylcyclopropylamines belong
1Ma trans cis H 1877 735 3.48+0.01 1.53 to a class of compounds with
12a cis trans H 1877 698  7.83+0.69 1.78 medium lipophilicity.®" Introduc-
11b tr.ans cis F 205.6 7.31 5.124+0.28 1.60 tion of a fluorine substituent in
12b cis trans F 205.6 6.88 4.00+0.53 2.14 .
Tc trans cis 2221 719 2.90£0.00 223 position 2 of the cyclopropane
12¢c cis trans a 2221 681 1.2840.01 2.66 ring led to increased lipophilicity,
11d trans cis Me 201.7 741 2.58[3:0.04 1.83[d] as observed for 12a relative to
12d ¢s trans Me 2017 704 nd nd. 1b. The para substituent also in-
15a trans cis H 201.7 9.76 0.00 - X . .
23a trans cis H 2157 995 0.83+£0.17 precipitated | fluenced this value. Higher lipo-
philicities were observed for all
[a] lonization constants (pK,) were determined pH-metrically in 0.1 M KNO; at 21°C. [b] Permeability was deter- bstituted derivati th
mined at pH 6.5 by using the PAMPA PSR4p method.?” [c] LogD values were measured from the partition co- para-substituted deriva I.Ves an
efficients for 1-octanol/0.05n NaOH + 5%/vol dimethylsulfoxide at pH 7.4. [d] n.d.=not determined. for 2-fluorotranylcypromines 11a

as can be seen by comparison of the values for trans-config-
ured compounds 11a-d with that for 1a. Interestingly, for
derivatives bearing electron-withdrawing para substituents,
higher permeation rates were found for the trans-configured
amines 11b and 11c than for 12b and 12¢, whereas the high-
est value was recorded for unsubstituted 12a in the cis config-
uration. In general, the type of substituent in the para position
had a significant influence on permeability. In particular, intro-
duction of an additional fluorine atom in this position in-
creased permeability values, as observed for 11b and 12b. Sig-
nificantly lower rates were found for alkylamines 15a and 23a.

The lipophilicity of compounds, which is important for phar-
macokinetics in cell systems, can be expressed as the partition
coefficient (logP) in an octanol/water system. Since lipophilic
substances preferentially permeate membranes, this value is
an important indicator for oral absorption as well?¥ From the
literature it is known that the introduction of fluorine has an

1036
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or 12a. Compounds 11c¢ and
12c¢, with a para-chloro substitu-
ent, were the most lipophilic de-
rivatives in this group.

4. Inhibition of a Copper-Containing Amine
Oxidase by Fluorinated Arylcyclopropylamines

As already described, copper-containing amine oxidases (CAO)
form a diverse group of enzymes. Different studies have
shown that CAO contain covalently bound quinones as organic
cofactors.*? An important example of this class of cofactors is
2,4,5-trihydroxyphenylalanine quinone (TPQ).”¥ Recently, the
crystal structures of CAO from different species have been re-
ported and the mechanism for the oxidation of amines by
these enzymes has been discussed in detail.® This process is
important for different biological processes in prokaryotes and
eukaryotes.®*** Stimulation of CAO correlates with an in-
creased glucose uptake.*® CAO is reported to be important in
relation to several diseases, such as Alzheimer’s disease, cere-
bral autosomal dominant arteriopathy with subcortical infarcts,

ChemBioChem 2004, 5, 1033 - 1043
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and leukoencephalopathy, vascular plaques linked to conges-
tive heart failure.®¥ In addition, toxic metabolites of CAO-
catalyzed deamination have been described.®™

These diverse physiological functions demonstrate the po-
tential therapeutic use of selective inhibitors of this class of en-
zymes. In general, copper-containing amine oxidases are
strongly inhibited by compounds such as semicarbazide.?” Ad-
ditionally, 3-haloallylamines, such as 2-(3,4-dimethoxyphenyl)-
3-fluoroallylamine (37), are also effective irreversible inhibitors.
Recently, Saysell etal. described (1S,2R)-(+)-tranylcypromine
((15,2R)-1a) as a reversible inhibitor of Escherichia coli CAQ.5?
Crystallographic studies revealed the formation of a Schiff’s
base adduct of this inhibitor with the O5 position of the organ-
ic cofactor 2,4,5-trihydroxyphenylalanine quinone as the site of
substrate binding.

With these results in mind, the influence of monofluorina-
tion of the cyclopropyl moiety on the inhibitory activity of tra-
nylcypromines was investigated. For these studies commercial-
ly available tyramine oxidase from Arthrobacter sp. (EC 1.4.3.4)
was used; this enzyme is sold by Sigma as a flavin-containing
amine oxidase. However, Wouters etal. characterized this
enzyme as a copper-containing amine oxidase on the basis of
spectral characteristics, molecular weight, and inhibition pro-
file." We independently confirmed that the tyramine oxidase
from Arthrobacter sp. was a copper/TPQ-type amine ox-
idase.[15,41]

ICs, values (inhibitor concentration at 50% remaining activi-
ty) were determined for regio- and stereoisomeric fluorinated
arylcyclopropylamines and phenylalkylamines (Table 2). Tranyl-
cypromine (1a) itself was confirmed to be a competitive inhibi-
tor. Introduction of a fluorine substituent in position 2 caused
a dramatic change in the inhibition: Compound 11a with cis
arrangement of the fluorine substituent and the amino group
has an IC, value ten times lower than that of tranylcypromine
(1a). In contrast, the corresponding diastereomer 12a with a
trans arrangement of the two substituents was five times less
active than 1a." Moreover, a strong influence of the absolute

Table 2. ICs, values and inhibition type for 2-fluoro-2-phenylcyclopropyl-
amines and -methylamines.
Compound  Isomer  NH,/F R 1Cs [um] Inhibition type
type relation
1a trans - H 35+6 competitive
1b cis - H 3341 irreversible
1a trans cis H 36+15 competitive
(1R.2R)-11a trans cis H n.il competitive
(1525)-11a trans cis H 23+0.1 competitive
12a cis trans H 190490 partially irrever-
sible®
11b trans cis F 81+1.6 competitive
1Mc trans cis cl 3.7+03 competitive
11d trans cis Me 0.39+£0.17 competitive
15a trans cis H 1240+60 noncompetitive
23a trans cis H 490490 competitive
[a] n.i.=no inhibition detected at mm concentrations. [b] The term “par-
tially irreversible” is used when time-dependent inhibition but no clear
concentration-dependent inhibition was observed.

ChemBioChem 2004, 5, 1033-1043  www.chembiochem.org

configuration on the activity of trans-2-fluoro-2-phenylcyclo-
propylamine was observed. Whereas (15,25)-11a strongly in-
hibited the tyramine oxidase (IC;,=2.3 um), the opposite enan-
tiomer (1R,2R)-11a did not show any activity at millimolar con-
centrations."

Substituents in the para position of the aromatic ring also
had a significant effect on the IC;, values. In the trans series,
electron-withdrawing substituents decreased inhibitory activity,
while the electron-donating methyl group led to a sevenfold
higher inhibitory activity than that of 11a. As described before,
the cis isomers 12a-d were one to two orders of magnitude
less active than the trans compounds 11a-d. Kinetic analysis
demonstrated clearly that the inhibition of tyramine oxidase
by 11a-d was competitive. For the cis series, compound 1b
showed time- and concentration-dependent inhibition against
tyramine oxidase. Irreversibility was also observed for com-
pounds 12a-d; however, the inhibitory activity was lowered
by the introduction of a fluorine substituent.

Looking at the homologues of 11a, the trans-methylamine
15a is about three orders of magnitude less active than 11a
and the trans-ethylamine 23a is about two orders of magni-
tude less active than 11a. The corresponding cis isomers 16a
and 24a did not show any inhibition at the millimolar scale
(Table 2)."¢

In addition, the inhibitory activities of regioisomeric 2-fluoro-
1-phenylcyclopropylamines and -methylamine were studied to
examine the importance of the position of the fluorine sub-
stituent (Table 3). In contrast to 11a the regioisomeric 2-fluoro-
1-phenylcyclopropylamine (30) is not an inhibitor for tyramine

Table 3. ICs, values and inhibition type for 2-fluoro-1-phenylcyclopropyl-
amines and -methylamines.

Compound NH,/F relation 1Cso [um] Inhibition type
29 trans 20+6 irreversible

30 trans n.ie nd.

35 trans 12+1 noncompetitive
36 cis 660+210 n.d.
semicarbazide - 6.7+0.2 n.d.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] n.i.=no inhibition detected at 0.1 mm concentrations.

oxidase from Arthrobacter sp. at the millimolar scale. However,
the cyclopropylmethylamine 35 shows high activity. Since the
electronic properties of a double bond and a cyclopropane
ring are considered similar,*? 35 can be regarded as a cyclo-
propyl analogue of 2-(3,4-dimethoxyphenyl)-3-fluoroallyl amine
(37). Nonetheless, 37 was described as an irreversible inhibitor
of CAQ,”™ whereas 35 proved to be a reversible and noncom-
petitive inhibitor. Again, inhibition by compound 36, the cis
isomer of 35, was very low. Further kinetic studies character-
ized 35 as a noncompetitive inhibitor, thereby suggesting the
existence of a separate binding site. Finally, hydrazide 29 was
found to be an irreversible inhibitor of the enzyme, with three-
fold lower activity than semicarbazide, the classic inhibitor of
CAO. Similar to semicarbazide, hydrazide 29 may also react
with the quinone moiety.
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From these results, structure-activity relationships for fluori-
nated arylcyclopropylamines and (phenylcyclopropyl)alkyl-
amines could be deduced: 1) A fluorine substituent in posi-
tion 2 of the cyclopropyl group increases inhibitory activity;
2) for potent inhibition the fluorine substituent and the amino
group must be in a cis configuration; 3) only the (15,25) enan-
tiomer shows activity as an inhibitor; 4) the amino group must
be directly linked to the cyclopropyl group; 5) electron-donat-
ing substituents in para position increase inhibition, while elec-
tron-withdrawing groups lower the activity.

For the explanation of these results, we considered the
mechanism for the oxidation of amines by copper/TPQ amine
oxidase from A. globiformis.** It was demonstrated that the or-
ganic cofactor TPQ forms a covalent zwitterionic adduct (I)
with the amine substrate as a Schiff’s base in an initial oxida-
tive deamination step (Scheme 6).%* For tranylcypromine (1a)
the formation of an analogous adduct for E. coli amine oxidase
was described.®

The first step in the formation of Schiff’s base I is a nucleo-
philic attack of the amino group of the substrate on the car-
bonyl group of TPQ. Since 2-fluoro-2-arylcyclopropylamines in
general are characterized by a lower basicity than the non-
fluorinated tranylcypromine (1a; Table 1), this initial step
should be disfavored for the fluorinated derivatives. However,
at the pH value of 7.2 used for these inhibition studies, the
amount of free amine was increased by this effect. Since a
higher concentration of free amine should accelerate the rate
of formation of 1, this factor might explain the increased activi-
ty. Analogously, the electronic effects of the para substituent
on the amino group can be related to the effects on inhibitory
activity. Thus, a significant correlation of the pK, values and the
inhibitory activity was found for these fluorinated arylcyclopro-
pylamines (Figure 1). In particular, for the methyl-substituted
compound 11d increased basicity of the amino group is ac-
companied by very high activity. In contrast, decreased inhibi-
tion and basicity compared to 11a (unsubstituted) were ob-
served for 11b (para-fluoro) and 11 c (para-chloro) because of
electron withdrawing substitu-
ents. Thus, two effects seem to
be operating: the intrinsic effect
of the fluorine atom attached at
the cyclopropane ring and its in-
fluence on the pK, value of the
amino group and on the lipophi-
licity of the compound.

Whereas the electronic influ-
ence of the para substituents is
consistent with effects on the
pK, values and correlates well
with the inhibitory activities, the
strong dependence of activity
on the stereochemistry of fluo-
rine substitution remains to be
explained. Moreover, an addi-
tional inhibition mechanism for
the fluorinated derivatives in
contrast to tranylcypromine (1a)

TPQ

N,/

11a

1038

E E E E
+ H,0
HaNCHR
° . ° o L
X+ - +
o N—CHR, N=CR, :, NH,
0 O on M
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Figure 1. Correlation of pK, values of 2-aryl-2-fluorocyclopropylamines with ICg,
values.

has to be considered. As already mentioned, CAO enzymes are
efficiently inhibited by chelating compounds such as triethyl-
enetetramine.” There are reports in the literature that C—F
bonds can also coordinate metal ions.”® Based on these obser-
vations, we believe that chelation of the copper ion of CAO by
the fluorinated arylcyclopropylamines might be involved in the
inhibition. The formation of such a five-membered chelate in-
corporating the fluorine and amine moieties would only be
possible for the trans-configured isomers bearing the fluorine
substituent and the amino group in a cis configuration. The
lower activity found for the diastereomers with a trans arrange-
ment of these substituents further supports this assumption
(Scheme 7). Also, such chelation is absent in both of the non-
fluorinated tranylcypromines 1a and 1b, a fact that could ex-
plain the almost equal inhibitory activities of these isomers. No
activity on a millimolar scale was observed for compound 30,
which has a trans configuration of the two substituents.

Again, the electronic influence of the para substituents on
the basicity of the amino group correlates very well with this
model of chelation. The amino group of the trans-configured,
methyl-substituted derivative 11d should have the strongest
donor ability towards the copper center, characterized by the

HO

R,CO + H* OH

Scheme 6. Mechanism of the oxidation of amines by CAO, adapted from the literature.”?¥ E=CH(NH,)(CO,H).

Cu, .
R NH, NH, R 3
>> ~ > >>
PV Ph/v/ Ph/v\NHz PV NH,  pr” “Nh,

1a 1b 12a 30

Scheme 7. Activity of different phenylcyclopropylamines.
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highest pK, value in this series. In contrast, higher basicity but
decreased inhibition was found for the homologous trans-2-
fluoro-2-phenylcyclopropylalkylamines 15a and 23a. In these
cases the formation of a chelate might also be disfavored, but
more importantly, these compounds do not belong to the cy-
clopropylamines and different properties could be expected.

Since the copper center of the enzyme is involved in the
activation of a water molecule responsible for the protonation
of the C2 oxygen atom of I®? as well as in the activation of
molecular oxygen for the regeneration of TPQ“” chelation
could prevent both mechanisms. As a result, compound Il
(Scheme 6) would not be formed; this would explain reversible
inhibition. However, inhibition of other CAO enzymes with
other types of copper chelators, such as triethylenetetramine
or o-phenanthroline, has been shown to be noncompetitive in
nature. This would be expected if the inhibition is occurring at
a site separate from the binding site.*

Alternatively, the interaction of fluorine with an aspartate
residue of the enzyme could be responsible for the increased
activity found for the fluorinated amines. It has been postulat-
ed that, during the catalytic cycle, this aspartate residue in the
active site of CAQ, accepts a proton from the amine substrate
during oxidation.”*32%3?) The formation of a hydrogen bond
between the fluorine atom and the amino group would influ-
ence this proton transfer. Recently, we demonstrated that fluo-
rine substituents in several monofluorinated cyclopropanes
can act as acceptors for intra- and intermolecular hydrogen
bonds to H-X bonds (X=C,N) in the crystalline state.'®'?
Moreover, quantum chemical calculations on the interaction
energies of fluorocyclopropane dimers in the gas phase reveal
weak hydrogen bridges of C—F moieties to acidic hydrogen
atoms in H—C bonds.!"”

Shepard and co-workers have previously reported that, with
a series of inhibitors linked to the TPQ cofactor, one enantio-
mer was preferentially processed.”™*®' Analogous results were
found for enantiopure amines (1R,2R)- and (15,25)-11 a. Saysell
et al. reported that only the (15,2R)-(+)-enantiomer of tranylcy-
promine inhibits E. coli CAO."? Enantioselectivity of tranylcy-
promine (1a) was discussed in the inhibition of A. globifor-
mis.®® These authors suggested steric exclusion of (1R,25)-(—)-
tranylcypromine from the active site of CAO as an important
factor. The results of our studies with tyramine oxidase from
Arthrobacter sp. are consistent with the enantioselectivity of in-
hibition observed in earlier studies.

A more precise understanding of the molecular mechanism
of the potent inhibitory activity of 2-aryl-2-fluorocyclopropyl-
amines will clearly require more detailed studies. In particular,
the coordination ability of these derivatives to copper ions in
combination with molecular modeling studies should give
useful information.

5. Inhibition of Flavin-Dependent Amine
Oxidases MAO A and B by Fluorinated
Arylcyclopropylamines

As mentioned above, flavin-containing amine oxidases exist in
two isoforms: MAO A and MAO B. In vivo, these enzymes cata-
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lyze the oxidative deamination of specific biogenic amines.
MAO A has a high affinity for serotonin (5-hydroxytryptamine)
and norepinephrine, whereas MAO B preferentially deaminates
phenylethylamine and benzylamine.*” Dopamine, tyramine,
and tryptamine are common substrates for both types of
MAO. Structurally, both enzymes are closely related, with a
70% amino acid identity.*” Each isoenzyme has a flavin co-
factor covalently linked to a cysteine residue in the active
center.”’¥ The crystal structure of human MAO B was recently
reported by Binda et al.®” For the MAO catalysis, two models,
involving an iminium cation radical mechanism or a polar nu-
cleophilic mechanism, have been proposed on the basis of
work with purified enzymes and chemical model systems.®!
Due to their role in the metabolism of monoamine neuro-
transmitters, hundreds of inhibitors of MAO have been devel-
oped and used clinically in the treatment of neurological disor-
ders. Selective inhibitors have also been described. Whereas
MAO A is more sensitive to inhibition by clorgyline, MAO B is
sensitive to low concentrations of deprenyl (Scheme 8).% -

F
MeO | NH,
MeO
37
Cl | |
O _~N / m N /
Cl
Clorgylin Deprenyl

Scheme 8. Known selective MAO inhibitors.

Deprenyl is clinically administrated to potentiate L-DOPA thera-
py in the treatment of Parkinson’s disease patients, as well as
to provide neuroprotective effects in patients exhibiting pre-
Parkinson’s syndrome.®® MAO B inhibitors are also currently in
clinical trials for the treatment of Alzheimer’s disease, because
increased levels of MAO B have been demonstrated in plaque-
associated astrocytes of brains from Alzheimer's disease pa-
tients.*” Moclobemide, the first reversible inhibitor of MAO A,
has also been used as an antidepressant.”® A search for
MAO B selective inhibitors that would be free of the well-docu-
mented “cheese effect” described above produced a series of
potent 3-haloallylamines.®” For example, 2-(3,4-dimethoxy-
phenyl)-3-fluoroallylamine (37), showed an MAO B/A selectivity
of about 100.

Cyclopropylamines are also frequently used as MAO inhibi-
tors. Tranylcypromine (1a) is known as an irreversible inhibitor
of MAO without selectivity for MAO A or B. The inhibitory po-
tency of tranylcypromine and its para-fluoro or para-methoxy
derivatives on MAO A and MAO B in rat brains was investigat-
ed, with the results showing that the substituted compounds
are slightly stronger inhibitors for both isoforms of the
enzyme.”*”
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The regioisomer of tranylcypromine (1a), 1-phenylcyclopro-
pylamine (38), is also a MAO inhibitor. Silverman and Zieske
proposed a mechanism for the inhibition of MAO by 1a that
involves initial single-electron transfer from the amine nitrogen
atom to the oxidized flavin cofactor to form radical cation IV
(Scheme 9). A similar mechanism was proposed for the inacti-
vation of monoamine oxidase by 1-phenylcyclopropylamine.®"

NH2
C& @v
Tranylcypromine (1a)

/Enzyme l
Nt EanH
NH2 ©/\/\NH2

Scheme 9. Possible mechanism for the inhibition of MAO by tranylcypromine
(1a), adapted from the literature.*”
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Introduction of fluorine at position 2 of tranylcypromine (1a)
to give 11a slightly increased the inhibitory activity for both
MAO A and B. Fluorination of the cis isomer 1b to give 12a re-
sulted in no change in the inhibition of MAO B and resulted in
5.9-times lower activity against MAO A relative to 1b.

As with tyramine oxidase, the type of para substituent at-
tached to the aromatic ring influenced the IC;, values. Howev-
er, in marked contrast to the results obtained for tyramine ox-
idase, the presence of an electron-withdrawing substituent in
the trans series increased the inhibitory activity for MAO A,
while the methyl group did not change the inhibitory potency
relative to unsubstituted 11a (Table 4). With MAO B the intro-
duction of electron-withdrawing para substituents caused an
even greater increase in inhibition. The para-chloro derivative
11c was the most active compound and was a compound
selective for MAO A (2.3:1) in this series.

In contrast to the results with MAO A (and CAO), the cis
series of para-substituted 2-fluorinated analogues of tranylcy-
promine showed strong inhibition of MAO B. This results in a
selectivity for MAO B versus MAO A of 27:1 for 12b, 19:1 for
12¢, and 8:1 for 12d.

In literature reports, the increase of inhibitory ability of para-
substituted tranylcypromine analogues was explained by

After ring opening of IV to V

followed by covalent attachment Table 4. IC, values and inhibition type for 2-fluoro-2-arylcyclopropylamines and -alkylamines.
of this radical to a flavin cofactor | compound Isomer type® R MAO A MAO B
or a cysteine residue in the ICso [um] inhibition type ICso [um] inhibition type
active site, VI is formed. Hydro- 1a trans H 20+0 irreversible 1940 irreversible
lysis and elimination of the 1b cis H 11+1 irreversible 1941 irreversible
enzyme from VI liberates cinna- 1a trans H 1241 irreversible 6.4+0.1 irreversible
mylaldehyde 2 This mechanism 12a cis H 65+42 irreversible 19+1 irreversible

: 11b trans F 3.6+0.2 irreversible 49+0.1 irreversible
was also studied by Binda et al. 12b cis F 270470 irreversible 1040 irreversible
who identified a tranylcypro- Mc trans a 1.6+0 irreversible 3.740.1 irreversible
mine-MAO B covalent adduct 12c¢ cis cl 89+9 irreversible 4.8+0.1 irreversible
formed between the ring- 11d trans Me 13+0 irreversible 1340 irreversible

12d cis Me 230£120 irreversible 30+1 irreversible

opened cyclopropyl moiety and 15a trans H ni® n.d. n.i® n.d.
the C4a position of the flavin in 23a trans H 4142 competitive 190+10 n.d.
the X-ray crystal structure of depre}wyl[‘] - - n.il nd. 0.6+0.1 nd.
MAO BS54 The tranylcypromine— clorgyline - - 0.13+0.01 n.d. 25+1.2 n.d.
MAO B adduct formation is also [a] Relative configuration of aromatic ring and amine-containing side chain. [b] n.i.=no inhibition detected at
consistent with the mechanism | ™M concentrations. [d] (R)-(—)-form.

of inhibition for the quinone-
mediated oxidative cleavage of
cyclopropylamines.®®

A facile strategy to increase the activity of analogues of tra-
nylcypromine (1a) would be to enhance this ring-opening ten-
dency. In the literature it is well documented that fluorine sub-
stituents increase the ring strain of cyclopropanes.' Therefore,
we expected fluorination of the cyclopropyl ring of 1a would
be an interesting strategy to increase the activity of this class
of inhibitors. In fact, analysis of the inhibition of human liver
mitochondrial-outer-membrane monoamine oxidases MAO A
and B by regiosomeric fluorinated arylcyclopropylamines and
alkylamines revealed a significant influence of the halogen
substituent on the IC;, values (Table 4).

1040
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higher levels in the brain than the parent compound due to
blocking of this position for metabolic para-hydroxylation in
vivo.™ The results of our experiments, particularly the oppo-
site action of either para-fluorine and -chlorine or para-methyl
substituents, respectively, show that there is a strong electron-
ic influence of the different para substituents on the intrinsic
activity as well. We are currently extending our investigations
to explore this issue further.

The strong effect of stereochemistry on the inhibition of
MAO A and B was also demonstrated for enantiopure 2-fluoro-
2-phenylcyclopropylamines (1R,2R)-11a and (15,25)-11 a. Analo-
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gous to our results with tyramine oxidase,™ enantiomer

(15,25)-11a was an excellent inhibitor for both MAO A and B,
whereas the other enantiomer had low activity. For the homol-
ogous alkylamines, only low inhibitory activity toward either
MAO A or B was found.

We also investigated the inhibitory activity of 2-fluoro-1-phe-
nylcyclopropylamine and  (2-fluoro-1-phenyl)methylamines.
Both trans-(2-fluoro-1-phenylcyclopropyl)methylamine (35) and
its cis isomer 36 showed quite low activity, but significant
MAO B selectivity. Remarkably, the 2-fluoro analogue 30 of 1-
phenylcyclopropylamine (38) was an excellent inhibitor of
MAO A. In contrast, nonfluorinated 38 is known to be a weak
and moderately selective (A:B=0.26:1) inhibitor of MAO B.*¥
Thus, introduction of a fluorine substituent in position 2, trans
to the amino group, caused a dramatic reversal of isoform
selectivity to give A versus B selectivity of 135:1.

The fluorinated arylcyclopropylamines caused a time- and
concentration-dependent inhibition of MAO, a result indicating
that the inhibition type was irreversible (Tables 4 and 5). This is
in contrast to the inhibition of tyramine oxidase where reversi-
ble inhibition was observed.

Table 5. IC;, values and inhibition type for 2-fluoro-1-phenylcyclopropyl-
amine and (2-fluoro-1-phenylcyclopropyl)methylamines.

Compound  Isomer MAO A MAO B
type[a]
1Cs [um] inhibition  1Cs, [um]  inhibition
type type

35 trans 320+10 n.d. 2441 irreversible
36 cis n.i. n.d. 480+230 n.d.

30 trans 3.14+0.1 irreversible 420+190 n.d.

38 - 730+150 nd. 190+20 irreversible

[a] Relative configuration of the fluorine substituent and amine-contain-
ing side chain. [b] n.i.=no inhibition detected at mm concentrations.

As already described for tranylcypromine (1a), irreversible
opening of the cyclopropane ring is considered to be a crucial
step in the inhibition of MAO A and B. As we had expected,
fluorination of the cyclopropyl ring led to increased activity. In-
creased ring strain in the three-membered ring which favors
ring-opening processes is one possible explanation for this
result and provides a reasonable explanation for the increased
potency of inhibition of MAOs by 11a. At this time, it is not
clear how the inhibition potency is affected by para substitu-
tion of fluorinated trans-2-phenylcyclopropylamine. The corre-
lation of the ICs, values with the Hammett parameters, as
shown in Figure 2, indicates that para electron-withdrawing
groups, such as Cl and F, increase potency whereas para elec-
tron-donating groups, such as CH,, decrease potency. In addi-
tion, the position of the fluorine substituent on the cyclopro-
pane ring was demonstrated to have an important effect on
the MAO A/B selectivity.

Interestingly, inhibition studies with mono- and difluorinated
phenethylamines revealed that consecutive fluorination leads
to decreased inhibitory activity against MAO as a result of

ChemBioChem 2004, 5, 1033-1043  www.chembiochem.org
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Figure 2. Correlation of ICs, values of the inhibitors with the Hammett parame-
ters (o) of the para substituents. The parameters of the substituents were
taken from ref. [65].

lower pK, values of the amino group.”™ Whereas we also ob-

served lower basicity for 2-aryl-2-fluorocyclopropylamines,
higher inhibition activity was observed compared to nonfluori-
nated 1a. This suggests that effects other than changes in ba-
sicity, such as an increase in cyclopropyl ring strain, are
important.

Recently, structural differences of human MAO A and B were
discussed that were considered to be responsible for substrate
and inhibitor selectivity of these enzymes.® For the binding of
the inhibitors to these enzymes, differences in lipophilicity
could be important. In our case, we observed a dramatic rever-
sal of isoform selectivity by introduction of fluorine in posi-
tion 2 of 1-phenylcyclopropylamine. At this time we have no
explanation for why fluorine substitution reverses the MAO se-
lectivity. However, it is possible that the presence of fluorine
would affect the interaction of the inhibitor with key amino
acid residues that play important roles in catalysis and/or in
binding at the MAO active site. It should be noted that physi-
cochemical data reveal that the introduction of a fluorine
atom, as well as the type of substituent in para position, influ-
enced the log D values in the 2-phenylcyclopropylamine series.
The physicochemical data of 1-phenylcyclopropylamine ana-
logues have not been obtained yet.

6. Summary and Outlook

In summarizing these results we conclude that the introduc-
tion of a fluorine substituent on the three-membered ring of
tranylcypromine (1a) improved inhibitory activity against
amine oxidases such as copper-dependent tyramine oxidase
(CAO) and flavin-dependent human liver mitochondrial-outer-
membrane monoamine oxidases A and B (MAO A and MAO B).
Physicochemical data such as pK, values, permeability, and
log D values revealed an interesting pharmacokinetic profile for
diastereopure 2-aryl-2-fluorocyclopropylamines that is strongly
influenced by the fluorine substituent, the regiochemistry of
incorporation, and the relative and absolute configuration of
substituents on the three-membered ring. para Substituents in
the aromatic ring were shown to have a weak influence on
these properties. Results of the biological studies demonstrat-
ed that both substitution with fluorine and cyclopropane ster-
eochemisty have a strong influence on the effectiveness of
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inhibition. However, a definitive understanding of the mecha-
nism(s) leading to the increased activity will require further in-
vestigation. To that end, synthesis of additional analogues of
fluorinated phenylcyclopropylamines is ongoing. In addition to
providing mechanistic insight, we feel this may lead to even
more potent inhibitors.
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The Cell’'s Cookbook For Iron-Sulfur Clusters:

Recipes For Fool’s Gold?

Janneke Balk and Roland Lill*®

1. Introduction

Iron-sulfur (Fe—S) proteins are present in all forms of life and
perform essential roles in, for example, respiration, photosyn-
thesis, and nitrogen fixation. They contain prosthetic groups of
complexed iron and “acid-labile” sulfide. These Fe—S clusters
were identified about 40 years ago;!"’ however, it was not until
the late 1990s that biosynthetic routes for in vivo assembly
started to emerge.” The last few years have seen great strides
in our knowledge of the proteins involved in Fe—S cluster as-
sembly, the core biochemical mechanism, and the specific fea-
tures of the biosynthesis pathway in eukaryotes. This review
will focus on what has been learned so far from Fe—S protein
biogenesis in baker’s yeast, a model organism for higher eukar-
yotes. Certain aspects of this topic have been discussed in
more detail in recent reviews: comparison of Fe—S cluster as-
sembly in bacteria and eukaryotes,” the role of chaperones in
Fe—S cluster biogenesis,' and a pathological perspective.”
The most common Fe—S clusters found in nature are the
rhombic [2Fe—2S] and the cubane [4Fe—4S] clusters (Figure 1).

[2Fe-28] [4Fe-45]
" - Cys,
(_},,t\ Cys
Cys & Cvs / “./
Cj.f,\;'l \_
B oyl

Figure 1. Simple Fe—S clusters. The rhombic [2Fe—2S] and cubane [4Fe—4S]
clusters are most commonly found as protein cofactors. Fe**** is indicated in
dark grey, S*~ in light grey. The Fe?*** jons are most frequently liganded by
the sulfur atoms of cysteine residues.

The [4Fe—4S] cluster can be seen as two modules of [2Fe—2S]
and interconversion can take place, both by chemical induc-
tion and in biology.”’ More complex clusters are also found.”®
For example, Fe-only hydrogenases contain a so-called H clus-
ter in their reactive center that is composed of two subclusters,
a cubane [4Fe—4S] cluster and a binuclear [2Fe] subcluster,
bridged by a cysteine sulfur atom. The FeMo protein of nitro-
genase contains two types of complex metal clusters, the
P cluster and the FeMo cofactor. The P cluster can be described
in its reduced form as two regular [4Fe—4S] clusters that share
a corner sulfur atom, an arrangement resulting in an [8Fe—7S]
cluster. The FeMo cofactor ([Mo—7Fe—9S]) has a similar modu-
lar structure as the P cluster in that it consists of two bridged,
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partial cubanes. One iron center is replaced by molybdenum
and the partial cubanes are linked by three sulfur atoms and a
light (N, C, or O) atom. In most Fe—S proteins, the iron atoms
of the cluster are liganded by four cysteinyl residues, but there
are exceptions. For instance, in the Rieske protein, the [2Fe—
2S] cluster is liganded by two cysteinyl and two histidinyl resi-
dues. Furthermore, CO and CN™ may serve as ligands to the
iron atoms of the hydrogenase active site. The number, nature,
and spacing of the amino acid ligands, together with the pro-
tein environment, determine the chemical properties of the
Fe—S cofactor.

The versatility of Fe—S clusters results in a surprisingly wide
range of functions of Fe—S proteins. (For a detailed review, see
ref. [9].) First, Fe—S proteins are abundant as electron-transfer
proteins in ferredoxins, the respiratory chain, and photosyn-
thetic complexes. For example, complex | of the bacterial or
mitochondrial respiratory chain is a large, multisubunit assem-
blage containing 8-9 Fe—S clusters. Further down the respira-
tory chain, Fe—S clusters are found in subunit 2 of succinate
dehydrogenase and the aforementioned Rieske protein of cy-
tochrome c reductase. Second, Fe—S clusters can also serve as
the catalytic sites of enzymes. In aconitase, one of the iron
atoms of the [4Fe—4S] cluster has no protein ligand and func-
tions as a Lewis acid to abstract a hydroxyl group and proton
from adjacent carbons of the substrate, citrate. More recently,
it has been observed that [4Fe—4S] clusters can serve as pri-
mary electron donors in initiating reactions that require a free
radical, for example, in the anaerobe (class Ill) ribonucleotide
reductase and in biotin synthase. Interestingly, Huber and
Wachtershduser have proposed that (nickel-)iron—sulfur surfa-
ces may have provided life’s earliest catalysts and, as such, Fe—
S clusters may have played an important role in the origin of
life.'” A third function of Fe—S proteins is in the sensing of
oxygen, superoxide anions, iron, or even whole Fe—S clusters
linked to the regulation of transcription or translation."” Classi-
cal examples are FNR, the oxygen-sensing transcriptional regu-
lator that governs the switch from anaerobic to aerobic
growth in Escherichia coli and other bacteria, and mammalian
IRP-1, a homologue of aconitase that regulates iron uptake
and storage in the cytosol by a cunning translational mecha-

[a] Dr. J. Balk, Prof. R. Lill
Institut fiir Zytobiologie und Zytopathologie
Philipps-Universitdt Marburg
Robert-Koch Strasse 6, 35033 Marburg (Germany)
Fax: (+49)6421-286-6414
E-mail: lill@mailer.uni-marburg.de
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nism. Fourth, Fe—S clusters can have a structural function. In a
sense, this is the case in FNR, where oxygen converts the
[4Fe—4S]-bridged dimer into [2Fe—2S]-containing inactive mon-
omers. A strictly structural function has been assigned to the
[4Fe—4S] cluster in the E. coli endonuclease lll and its evolu-
tionary pervasive homologues, in which the cluster is necessary
to stabilize the DNA binding site.

2. Mitochondria, the Essential Cooking Pot

How do apoproteins, after synthesis by ribosomes, acquire
their Fe—S cofactor(s)? For a long time, it was thought that the
simple Fe—S clusters assemble spontaneously, because they
could be reconstituted on apoproteins in vitro, by using iron
salt, inorganic sulfide, and a sulfhydryl reagent under anaero-
bic conditions. However, because of the toxicity of Fe?*”** and
S?7, the protocols applied are unlikely to resemble the process
that takes place in a living cell. Instead, specific enzymes are
required at various stages of Fe—S protein biogenesis, includ-
ing assembly, insertion, and repair of the Fe—S clusters. In eu-
karyotic cells, further components and complexity of the bio-
synthetic route are necessary to ensure the presence of Fe—S
cofactors in different cell compartments (Figure 2). Most of

Acolp, Lysdp, llv3p,
Yahlp, Lip5Sp, Bio2p

Leulp, Eeml17p, Gltlp,
Rlilp, Narlp, Nbp33p,(IRP-1)

[Gosol

[Nn] —o

(CI)y
Sdh2p,
Rieske

Mitochondrion

Figure 2. Subcellular localization of Fe—S proteins. In eukaryotic cells, Fe—S pro-
teins have been localized to the mitochondria, cytosol, and nucleus. Proteins
that are essential for viability in baker’s yeast are underlined. Respiratory com-
plex | (Cl) is not present in S. cerevisiae; the cytosolic aconitase homologue
IRP-1 is found in mammals only. See the Saccharomyces genome database
(http://www.yeastgenome.org) for details on the yeast proteins.

what we know about Fe—S cluster biosynthesis in eukaryotes
has been gleaned from baker’s yeast (Saccharomyces cerevi-
siae). In this organism, the mitochondria are the primary site of
Fe—S cluster biosynthesis"**? and are also required for the
maturation of extramitochondrial Fe—S proteins, including a
number of essential proteins."*'¥ This explains why mitochon-
dria are essential to the yeast, even though this organism can
do without respiration, the best-known function of mitochon-
dria that depends on Fe—S proteins. In fact, it was recently
found upon closer investigation that even so-called “amito-
chondriates” have some sort of mitochondria, sometimes small
and hardly recognizable, in the form of so-called hydrogeno-
somes or mitosomes." For example, the parasitic protist Giar-
dia was found to possess mitosomes harboring two key en-
zymes of Fe—S cluster biosynthesis. A cell fraction enriched in
those organelles facilitated the reconstitution of Fe—S clusters
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on apoferredoxin, a result strongly suggesting a primary role
in Fe—S cluster biosynthesis for these remnant mitochondria.'
Why there seems to be a need to compartmentalize Fe—S clus-
ter biosynthesis remains to be resolved.

Some 12 mitochondrial matrix proteins are known to be in-
volved in Fe-S cluster assembly (Figure 3). Most of them have
originally been identified based on homology to genes in the

CIA
machinery

Cfd1p, Narlp
—— @

" Extra-mito L’fl.ﬂlﬂ drial |
Fe/S proteins

Export Aaid b
machinery
86 Atmlp

Isuli2p seqip /ATP

Cytosol

GSH

Mitochondrion

ISC Fog) I Merh
mackinery Fe/’) GraSp | Mitochondrial
. Fe/S proteins
Yfhip :

Ala

€ Yahlp«Arhlp/NADH
Nfsip
“Oyvs Isal/2p

Isuli2p
Nfulp

pmf

Iron (Fe')

Figure 3. A model for Fe—S protein biogenesis in yeast. An Fe—S cluster is
assembled and inserted into mitochondrial apoproteins mediated by the ISC
assembly machinery. For detailed information about these proteins and the
mechanism, see the text. The ABC transporter Atm1p and the sulfhydryl oxidase
Ervip are associated with the mitochondria but are specifically required for the
maturation of extramitochondrial Fe—S proteins. The P-loop ATPase Cfd1p and
the Fe-only hydrogenase-like Nar1p are the first cytosolic proteins known to be
involved in extramitochondrial Fe—S protein biogenesis. pmf=proton motive
force.

bacterial isc (for iron-sulfur cluster) gene cluster.”'>"7'® |n ad-
dition, a small number of yeast proteins have been found for
which the role in Fe—S protein maturation is restricted to the
maturation of extramitochondrial Fe—S proteins. Over the past
few years, progress has been made predominantly in two
areas. One is the interaction and molecular function of the so-
called ISC proteins in the mitochondrial matrix. Another is the
identification of the first proteins involved in the maturation of
Fe—S clusters on cytosolic and nuclear Fe—S proteins.

Step 1. The basic ingredients: Nfs1p, Isulp/Isu2p, and
Yfh1p

There appears to be a basic molecular mechanism for Fe—S
cluster assembly involving a sulfur donor, an iron donor, and a
construction frame (scaffold) for forging the metal cluster to-
gether."” In yeast, the elemental sulfur is delivered by the cys-
teine desulfurase Nfs1p and the iron appears to be donated by
Yfh1p (yeast frataxin homologue) onto the scaffold proteins
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Isulp/Isu2p. In support of this, the complex of Nfs1p and the
Isu proteins has been shown to physically interact with Yfh1p
in the presence of iron %

Nfs1lp is a pyridoxal phosphate (PLP) dependent enzyme
that catalyzes the desulfuration of L-cysteine to yield L-alanine
and elemental sulfur. The enzyme belongs to a widely distrib-
uted class of cysteine desulfurases involved in biological sulfur
mobilization for the synthesis of Fe—S clusters, thiamine, and
thiolated tRNAs.?" Among the desulfurases, Nfs1p is most
homologous to NifS, required for metallocluster assembly on
nitrogenase, and IscS, the desulfurase of the “housekeeping”

Fe—S cluster biosynthesis pathway in bacteria.”?? Complemen-

tation studies have shown that IscS is a functional orthologue
of yeast Nfs1p."® Several desulfurases have been crystallized,
including IscS from Thermotoga maritima®® and E. coli*® They
are homodimers, and each =245 kDa subunit consists of a
small and a large domain. The active site is located at the sur-
face of the large domain and consists of a cysteine residue sit-
uated on a loop that could be brought into close proximity of
the PLP cofactor by relatively large conformational changes.
Based on detailed studies on the reaction mechanisms of the
bacterial NifS and IscS it has been proposed that, first, the sub-
strate cysteine residue binds to the PLP cofactor to form a
Schiff base. The sulfur atom is then removed through nucleo-
philic attack by the active-site cysteine residue, thereby result-
ing in the formation of an enzyme-bound persulfide. The flexi-
ble C-terminal loop on which the reactive cysteine is located
may then transfer the elemental sulfur to a cysteine residue on
the scaffold protein. In yeast, Nfs1p is predominantly localized
in the mitochondrial matrix; however, tiny amounts are
needed in the nucleus to provide elemental sulfur for the pro-
duction of thionucleotides of tRNAs.?!

Yeast possesses two homologues (Isulp and Isu2p) of the
bacterial IscU, a protein that is highly conserved through evo-
lution. Mutation or deletion of one of the ISU genes has a
weak or no effect on Fe—S cluster assembly, whereas deletion
or down-regulation of both genes is lethal."”?*® |su1p is more
abundant than Isu2p, and the expression of the ISU genes is
differentially regulated during different growth phases. The Isu
proteins are located in the mitochondrial matrix. The =16 kDa
proteins form a dimer and have three highly conserved cys-
teine residues which are essential for their function, and, in
analogy with the bacterial homologues, are the site of cluster
assembly.”” An NMR spectroscopy structure of part of IscU
(Haemophilus influenzae) showed that the three cysteines are
positioned closely together at a protruding end of the protein
molecule.”® The transfer of cysteine-derived sulfur atoms from
IscS to IscU has been demonstrated experimentally, although
the precise molecular mechanism of Fe—S cluster assembly is
not known. For example, there are conflicting reports on
whether the sulfur or iron atom is delivered first to the IscU
protein."

The role of yeast frataxin as the iron donor to the nascent
Fe—S cluster has been suggested recently.”>** The protein is
well-studied because reduced levels of frataxin in humans are
the cause of Friedreich ataxia, a neurodegenerative disease
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which is associated with defects in iron homeostasis.*” After
years of speculative proposals about its cellular role to explain
the defect in iron homeostasis (reviewed in ref. [5]), the pro-
tein—protein interaction with Isulp can be viewed as strong
evidence for a direct function of frataxin in Fe—S cluster bio-
synthesis. Furthermore, it was shown that frataxin is required
for iron delivery to the Isulp scaffold protein.?®*’ As a conse-
quence, the biogenesis of downstream Fe—S proteins is affect-
ed as well.’"* The ~18kDa, monomeric protein probably
functions as an iron chaperone.” An iron-storage function of
frataxin has been suggested based on in vitro experiments;
however, the in vivo relevance of this finding has not been
documented.??

Step 2. Stir in electrons, adenosine triphosphate (ATP), and
chaperones..

The biosynthesis of Fe—S clusters appears to involve at least
one step that requires reduction and therefore the need for
NADH." The electrons are transfered by an electron-transport
chain encompassing the adrenodoxin reductase homologue
Arh1p and the [2Fe—2S] cluster containing ferredoxin Yah1p,
the yeast homologue of human adrenodoxin. Depletion of
Yah1p or Arh1p leads to a strong defect in Fe—S cluster assem-
bly®*3 including cluster assembly on Isulp.”” Exactly which
step requires electrons is not known, other than that it must
be early in the pathway. It is tempting to speculate that the el-
emental sulfur released by Nfs1p is reduced to sulfide on the
scaffold protein Isulp, but additional reduction step(s) later in
Fe—S cluster assembly cannot be excluded.

Yeast mitochondria possess a low-abundance chaperone
system that appears to be specifically dedicated to Fe—S clus-
ter assembly, as is the case in the bacterial ISC machinery.” In
yeast, the system consists of the Hsp70 family member Ssq1p
and its cochaperone Jaclp. In vitro studies with either the
E. coli proteins or the yeast homologues have demonstrated
that the scaffold protein (IscU/Isulp) is a substrate of the chap-
erones. The cochaperone facilitates the interaction of IscU/
Isulp with the Hsp70 protein, thereby stimulating its ATPase
activity.?>%”! Despite the striking similarities, significant bio-
chemical differences exist between the yeast and E. coli sys-
tems, particularly in the requirement for the nucleotide release
factor Mgelp in yeast. This could be linked to the fact that
Ssq1p and its bacterial counterpart do not appear to share the
same phylogenetic origin. The precise function of the Ssqlp/
Jac1p/Mgelp system with relation to Fe—S cluster assembly by
the core ISC machinery is not known. The chaperones may be
important for either establishment or dissociation of the inter-
actions between the Isu proteins, Nfs1p and Yfh1p, or, alterna-
tively, for facilitating the transfer of the nascent Fe—S cluster to
the acceptor apoprotein. By using **Fe-labeling studies in vivo,
it has been determined that depletion of either Ssq1p or Jaclp
leads to accumulation of an Fe—S cluster on Isulp, a result
suggesting that the chaperones act in a step after cluster as-
sembly on Isu1p.”?”

A number of other mitochondrial proteins have been shown
to affect Fe—S cluster assembly, but their role or even step in
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the assembly pathway has so far remained elusive. Isalp,
Isa2p, and Nfulp all have homologues in the bacterial nif and/
or isc gene clusters. The bacterial proteins are able to assemble
a labile cluster on the conserved cysteine residues.***" There-
fore, it is thought that they may function as alternative scaf-
folds. However, neither Isalp, Isa2p, nor Nfulp are essential for
viability in yeast, and Nfulp is not a substrate for the Ssqlp/
Jaclp chaperone system either, despite a genetic interaction
with SSQT resulting in synthetic lethality."”*” An involvement
in Fe—S cluster assembly has also been observed for the gluta-
redoxin Grx5p;*? this appears to be in a step after cluster
assembly on Isu1p.””

Step 3. Serving suggestions to other cell compartments

As mentioned above, a number of Fe—S proteins are localized
outside the mitochondria (Figure 2), whereas the functional lo-
cation of the ISC proteins appears to be in the mitochondria
(except for a fraction of Nfs1p, see above). NFS1, YFH1, ISU1,
ISU2, YAH1, ARH1, ISA1, and ISA2 have all been shown to be re-
quired for **Fe incorporation and/or activity of cytosolic Fe—S
proteins, most commonly Leulp (see below). In addition, two
mitochondrial proteins have been identified that are specifical-
ly required for the maturation of cytosolic Fe—S proteins. These
are the mitochondrial ABC (ATP binding cassette) transporter
Atm1p and the sulfhydryl oxidase Ervip. Aatm1 cells present,
among other phenotypes, a leucine auxotrophy that is due to
the loss of the Fe—S cofactor from the second enzyme in the
leucine biosynthetic pathway, isopropylmalate isomerase
(Leu1p).'¥ Close homologues of ATM1 are found in virtually all
eukaryotes as well as in a few bacteria such as Rhodobacter
and Rickettsia prowazekii, an obligatory intracellular bacterium
and a close relative of present-day mitochondria. Mutations in
the human homologue ABCB7 cause a condition known as X-
linked sideroblastic anaemia and cerebellar ataxia, an iron-stor-
age disease.®* In yeast, inactivation of ATM1 and other ISC
genes leads to iron accumulation with increases up to 30-
fold.®® It has recently been shown that the transcriptional
regulation of iron homostasis responds to mitochondiral Fe—S
metabolism rather than to iron.”® Further studies into the mo-
lecular basis of this observation might eventually explain why
defects in Fe—S protein maturation lead to constitutive up-reg-
ulation of the iron regulon. Human ABCB7 can revert the phe-
notypic defects of the yeast Aatm1 mutant including mito-
chondrial iron accumulation, a fact showing that it is a true or-
thologue of ATM1 and that yeast may be a suitable model
organism to study the functional defects underlying this dis-
ease.

The ABC domains of Atm1p face the matrix space; this sug-
gests that it might function as an exporter. The substrate of
Atm1p has not been identified yet. High-copy expression of
MdI1p, another mitochondrial ABC transporter with 49%
sequence similarity to Atm1p, suppressed the Aatm1 pheno-
type.* Mdl1p has been shown to function in the export of
peptides from the mitochondrial matrix.*® A partly overlap-
ping function of Mdl1p and Atm1p may explain why deletion
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of ATM1 is not lethal, whereas most matrix ISC proteins and
Ervip are essential for viability.

In addition to Atm1p, the sulfhydryl oxidase Erv1p is needed
for Fe—S cluster assembly on the cytosolic Fe—S proteins
Leulp and Rli1p.'"" This essential protein has been localized to
the intermembrane space of mitochondria. The flavin- and
oxygen-dependent enzyme functions as a dimer and introdu-
ces disulfide bridges into target proteins”” but so far the
physiological targets have remained elusive.

Furthermore, the tripeptide glutathione (GSH) has been
shown to be specifically involved in the maturation of cytosolic
Fe—S proteins in yeast, but it is not known in which cellular
compartment.*® In a Agsh1 mutant affected in the first step of
GSH biosynthesis, addition of the reducing agent dithiothreitol
complemented the general growth defect associated with the
absence of the cellular antioxidant GSH. However, this treat-
ment did not restore cytosolic Fe—S protein biogenesis.

Step 4. The second course: Cytosolic iron-sulfur protein
assembly (CIA) machinery

Recently, the first cytosolic protein involved in extramitochon-
drial Fe—S protein assembly has been isolated in yeast."® By
using a sophisticated genetic screen, a mutant called cfd71 was
identified that lacked cytosolic aconitase activity of transgenic
IRP-1 as well as Leulp activity, despite an increase in the re-
spective protein levels. Whole cell spectroscopy studies con-
firmed the absence of Fe—S clusters on IRP-1. Fe—S cluster
assembly on mitochondrial Fe—S proteins was not affected as
judged from the enzyme activities of mitochondrial aconitase
and succinate dehydrogenase. CFD1 encodes a putative P-loop
ATPase, homologous to bacterial ApbC that has been shown
to be required for Fe—S cluster dependent metabolism in Sal-
monella enterica.®® Another homologue, the Fe protein of ni-
trogenase (encoded by nifH) is involved in biosynthesis and in-
sertion of the complex FeMo cofactor of nitrogenase,”" a fact
suggesting an important role for P-loop ATPases in Fe—S clus-
ter assembly.

A second important player of the emerging cytosolic iron-
sulfur protein assembly (CIA) machinery is Narlp, a protein
with striking homology to bacterial Fe-only hydrogenases.
Nar1p is predominantly localized in the cytosol and is required
for Fe—S cluster assembly on Leulp and Rli1p.®” Like hydroge-
nases, Nar1p is itself an Fe—S protein and possesses two inter-
acting clusters. The biosynthesis of those clusters is dependent
on the mitochondrial ISC machinery and Atm1p. This finding
supports the crucial role of mitochondria in cellular Fe—S pro-
tein maturation. Both CFD7 and NART are essential and it will
be interesting to investigate the molecular relationship be-
tween the two gene products because they colocalize. Nar1p
is also needed for Fe—S cluster assembly on the protein Ntg2p,
which is exclusively located in the nucleus.™ At present it is
not known whether the cluster of Ntg2p is inserted in the cy-
tosol or after nuclear import. The Ntg2p apoprotein is rather
instable and therefore may depend on cluster assembly before
intracellular trafficking. In fact, virtually nothing is known
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about Fe—S cluster insertion into cytosolic apoproteins, for ex-
ample, whether this occurs co- or posttranslationally.

3. The Finishing Touches

In addition to Cfd1p and Nar1p, more components are expect-
ed to be found that are involved in the cytosolic branch of
Fe—S cluster assembly. This would be in line with the large
number of mitochondrial factors already identified. A good
candidate is the P-loop ATPase Nbp35p, which is a close ho-
mologue of Cfd1p but carries an additional N-terminal ferre-
doxin motif. Despite the discovery of the first two cytosolic
components, the question remains of exactly what compound
is exported by Atm1p for the maturation of cytosolic Fe—S pro-
teins. One obvious scenario is that an Fe—S cluster is exported
(Figure 4). This idea is based on the fact that all mitochondrial

Mitachondrion Cytosol/Nucleus

w Scenario |

ISC ClAa
machinery =" machinery
-‘*I_'.:_yn-'c-m > Il-'cf‘:r \!
/‘ fe-S] )
AlrnEE CIA

4 ) machinery
= \

= Fe
| Scenario 2

5

Figure 4. Two scenarios to explain the role of mitochondria in the maturation
of extramitochondrial Fe—S proteins. In scenario 1, Fe—S clusters are assembled
in the mitochondria and exported by the ABC transporter Atm1p for the bio-
genesis of cytosolic and nuclear Fe—S proteins. The cytosolic iron-sulfur protein
assembly (CIA) machinery may function in cluster stabilization, insertion, or
repair of Fe—S clusters outside the mitochondria. In scenario 2, the CIA machi-
nery assembles Fe—S clusters de novo into cytosolic and nuclear apoproteins,
but requires an unknown cofactor that is produced in the mitochondria involv-
ing a catalytic step by an Fe—S protein. More complex scenarios are not
excluded.

ISC components known to date are needed for Fe—S protein
maturation in the cytosol. Given the fragility of Fe—S clusters,
they certainly must be stabilized. Strong candidates as stabiliz-
ing/chelating agents are peptides and/or the tripeptide gluta-
thione (GSH). The latter compound is a substrate of certain
ABC transporters that mediate the transport of GSH-metal
conjugates into vacuoles as a strategy to detoxify heavy
metals.®? In the case of Fe—S cluster export by Atm1p, the cy-
tosolic machinery (Cfd1p, Nar1p) may function in cluster inser-
tion into apoproteins or may be necessary for cluster comple-
tion and repair.

In a second scenario (Figure 4), the cytosolic machinery can
assemble Fe—S clusters de novo but requires an as yet uniden-
tified cofactor that is synthesised by an Fe—S protein located
in mitochondria and that is exported by Atm1p. In vitro recon-
stitution of the transport reaction will be necessary to gain in-
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sight into the precise mechanism underlying the mitochon-
dria—cytosol relationship with respect to Fe—S cluster assembly.

In human cells, it has been proposed that separate ISC com-
plexes for Fe—S cluster assembly exist in the mitochondria,
cytosol, and nucleus.”*>* The human homologues of Nfsip,
Isulp, and Nfulp have all been shown to exist as isoforms
that, due to alternative translation initiation or splicing, are lo-
calized to different cellular compartments. To date, it has not
been shown whether the cytosolic and nuclear isoforms are
functional in vivo. In fact, the existence of functional ISC com-
plexes outside the mitochondria in mammalian cells seems un-
likely, because 1) the shorter, cytosolic isoform of IscU lacks a
conserved tyrosine residue at its N terminus, thus compromis-
ing its function;®” 2) even in organisms where ATP production
takes place exclusively in the cytosol (such as Giardia), Fe—S
cluster assembly is compartmentilized in mitochondrial rem-
nants; 3) mammalian adrenodoxin and adrenodoxin reductase
appear to be located exclusively in mitochondria, thereby rais-
ing the question of what would replace those essential pro-
teins in the cytosol for Fe—S cluster assembly; 4) a highly con-
served CIA machinery is being identified that differs from the
mitochondrial I1SC machinery. The existence of duplicates of
the ISC machinery in the cytosol and nucleus would demand
an explanation of why additional components are needed to
assemble Fe—S proteins.

4. Summary and Outlook

The past years have brought major advances in our under-
standing of the molecular events leading to Fe—S protein bio-
genesis in eukaryotes. Some 15 mitochondrial and 2 cytosolic
proteins have been shown to be involved in Fe—S protein as-
sembly. Whereas the so-called ISC machinery in the mitochon-
drial matrix is required for the maturation of all cellular Fe—S
proteins investigated to date, a couple of mitochondrial pro-
teins are needed specifically for the maturation of extramito-
chondrial Fe=S proteins, including the ABC transporter Atm1p
located in the mitochondrial inner membrane. In addition, the
first cytosolic proteins involved in Fe—S protein maturation
have been identified recently, the P-loop ATPase Cfd1p and
the hydrogenase-like Nar1p. Despite the considerable progress
made, many exciting aspects of biogenesis remain to be ad-
dressed in the future. These include the further elucidation of
the molecular mechanism of the ISC complex and its dedicated
chaperone system, the analysis of the substrate and export re-
action of Atm1p, the unravelling of the cytosolic pathway, and
an investigation of the role of mitochondria in iron homeosta-
sis. Clearly, we are only beginning to learn the secrets of na-
ture’s recipes for Fe—S clusters. Furthermore, the high conser-
vation of the Fe—S protein biogenesis apparatus in eukaryotes
makes yeast an excellent model organism to study Fe—S clus-
ter assembly in organisms as diverse as protists, plants, and
humans. Studies in yeast have thereby opened up the way to
understanding the molecular basis of human diseases associat-
ed with Fe—S defects, such as Friedrich’s ataxia.
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Use of “Tethering” for the Identification of
a Small Molecule that Binds to a Dynamic Hot
Spot on the Interleukin-2 Surface

Thorsten Berg*®

The modulation of protein—-protein inter-
actions by small organic molecules rep-
resents one of the most rewarding yet
challenging topics of current research at
the interface of organic chemistry and
biochemistry. Since the biological func-
tion of most proteins depends on their
interactions with other macromolecules,
disruption or enhancement of these in-
teractions by cell-permeable molecules
provides a means of influencing protein
function. Cell-permeable molecules that
allow a given protein to be turned on or
off with high temporal and spatial con-
trol are therefore desirable tools for the
analysis of complex biological systems in
basic research.”’ However, the following
difficulties need to be overcome: 1) pro-
tein—protein interfaces are significantly
larger than the surface areas of small
molecules, 2) many protein-protein in-
terfaces lack obvious binding pockets for
small molecules, and 3) mechanism-
based or natural product-based lead
structures rarely exist.”

A solution for the problem of size dif-
ference between small molecules and
protein-protein interfaces was offered in
1995 by the group of J. Wells, who pro-
posed the presence of “hot spots” in
protein-protein interfaces.”’ Hot spots
are subregions of protein—protein inter-
faces that contribute significantly to the
overall free energy of binding between
the proteins, and whose size is compara-
ble to the surface area of drug-like mole-
cules. Further research by Wells® and
other scientists®™ recently provided addi-
tional evidence that the problem origi-
nating from the frequent absence of ob-
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vious binding pockets for small mole-
cules in flat protein surfaces can be over-
come.

The articles by Wells, Braisted, and
Oslob highlighted here™*¥ point to an
aspect of hot spots that encourages the
initial screening of diverse chemical libra-
ries: flexible protein surfaces. These arti-
cles describe the discovery of small-mol-
ecule inhibitors of the interactions be-
tween interleukin-2 (IL-2) and its recep-
tor IL-2Ra, and elucidate the inhibitors’
mechanisms of action. Compound 1, a
micromolar inhibitor of the IL-2/IL-2Ra
interaction, acts by binding to the IL-
2Ra-binding region of IL-2.¥' This region
of IL-2 had previously been defined by
mutational studies, which analyzed the
importance of individual amino acids for
binding to IL-2Ra,” and consists of a
rigid and a flexible region. Efforts to opti-
mize 1 by structure-based design and
parallel synthesis led to novel lead struc-
tures 2 and 3 (Scheme 1), whose poten-

cy did not exceed the potency of the
original inhibitor 1. X-ray analysis revealed
that inhibitor 3 binds to the hot spot of
the IL-2/IL-2Ra interaction in a similar
manner to the parent compound 1.

In order to identify more active inhibi-
tors, a fragment-assembly method refer-
red to as “tethering” was applied.”! Teth-
ering can identify low-affinity fragments
that bind to a specific site of a protein. It
involves generating protein mutants in
which cysteine mutations are introduced
at the perimeter of the protein region of
interest. Subsequently, the mutant pro-
teins are probed with disulfide-contain-
ing chemical libraries under conditions
that facilitate thiol-disulfide exchange,
and molecules that bind to the site near
the cysteine mutation (even if the affini-
ty is low) are captured by disulfide
bonds. The identity of the small mole-
cules covalently attached to the protein
is then analyzed by mass spectrometry
(Scheme 2).

\ 0 NH
o N—4
=0~
0

1 ICs=3um My =447 g mol’

N-NR’
!z
cl
cl
2 R'=Me, R?=Bu

3 R'=H, R? = cHex

N—NMe

Q%C A
W

ICso=3uM My =522gmol”
ICso=6uM M, =534 g mol”

NH,

ICso=0.06 uMm My, = 663 g mol”

Scheme 1. IL2/IL-2Ra. inhibitors 1-4.
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Scheme 2. Principle of tethering (adapted from
ref. [5b]).

The application of tethering to the pe-
rimeter of the inhibitor binding site on
IL-2, which coincides with the IL-2Ra
binding region, revealed that two cys-
teine mutants selected small aromatic
carboxylic acids. The cysteine residues in
these mutants were located in the struc-
turally adaptive part of the IL-2Ra bind-
ing region. A combination of molecular
modeling studies and X-ray analysis of
compound 3 bound to IL-2 suggested
that the selected fragments could be
merged onto the core structure of com-
pound 2 by linking the fragments onto
the dichlorophenyl ring of 2. This led to
the identification of compound 4 (M, =
663 gmol™', Scheme 1), which was
found to be 50 times more active than
the compound 2 and which inhibited
the IL-2/IL-2Ra. interaction with an 1Cs,
value of 60 nm.

The X-ray structures of IL-2 without
ligand as well as in complex with com-
pounds 3 and 4 (Figure 1) reveal how
the surface of IL-2 adapts to accommo-
date these inhibitors. In the absence of a
ligand, no obvious binding pocket for a
small molecule is observed (Figure 1A).
Both inhibitors anchor with their hydro-
philic guanido moiety to the carboxylate
side chain of a glutamic acid residue lo-
cated in the rigid part of the IL-2Ra

binding hot spot. To accommodate the
hydrophobic dichlorophenyl moiety of 3,
two amino acids (F42 and L72) in the
adaptive part of the hot spot shift to
create a hydrophobic binding pocket
that is not present in the absence of the
inhibitor (Figure 1B). Further conforma-
tional changes of the IL-2 hot spot are
observed in the complex with inhibitor 4
and allow binding of the additional fura-
noic acid moiety of 4 in a hydrophobic
yet polar binding pocket between P34,
K35, and R38 (Figure 1C). Binding of 4 to
IL-2 creates an elongated groove reach-
ing from P34 to E62. Thus, the conforma-
tion of IL-2 changes as necessary to
adapt to the newly added functionalities
in compound 4.

While the induction of a binding
pocket on the IL-2 surface in the pres-
ence of a small molecule may initially
come as a surprise, one needs to bear in
mind that the structure of a protein
binding site cannot be visualized in the
absence of the binding partner® The
traditional “induced fit” model™ would
explain the generation of the protein
binding site by conformational changes
induced during the process of binding
between IL-2 and the inhibitors. An alter-
native model regards proteins as sta-
tistical ensembles of conformational
states."” The latter model hypothesizes
that the conformer containing the bind-
ing site for the inhibitor pre-exists even
in the absence of the inhibitor, albeit to
an extent too small to be detected in
the X-ray structure. In the presence of
the inhibitor, this conformer is postulat-
ed to become stabilized and thereby to
become predominant. Regardless of the
mechanism by which the binding pocket

T. Berg

on IL-2 is generated, it is important to
realize that the absence of a binding
pocket for a small molecule in the un-
bound structure of a protein does not
mean that a protein conformation dis-
playing such a binding pocket could not
be induced or stabilized. However, bind-
ing of a small molecule to an induced or
stabilized binding pocket presumably
has an entropic disadvantage compared
to its binding to a deep binding pocket
that already exists in the absence of the
small molecule: in the latter case, substi-
tution of water molecules upon binding
of the inhibitor may compensate for the
entropy reduction accompanying the
binding event.

Tethering adds to the repertoire of
fragment-assembly methods,"? such as
SAR by NMR"™ or dynamic combinatorial
libraries,™ and has proved to be a
useful tool for the empirical optimization
of an existing lead compound binding to
a flexible protein site. Because of protein
flexibility, it appears unlikely that com-
pound 4 would have been identified by
rational design. A drawback of tethering
when compared to NMR-based screen-
ing"™ is the requirement for disulfide-
containing small-molecule fragments,
which are not readily commercially avail-
able as this point. Furthermore, despite
several reports that describe the applica-
tion of tethering for the identification of
bioactive small molecules,®'® the gener-
al scope of the method is still unclear. A
major challenge related to both SAR by
NMR and tethering appears to be the
productive merging of the existing lead
structure with the newly discovered
fragments.

Figure 1. X-ray structures of A) unligated IL-2, as well as in complex with inhibitors B) 3 and C) 4. Reprinted with permission from ref. [4]. Copyright 2003 American
Chemical Society.
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The example of the IL2/IL-2Ra. inhibi-
tors adds to the list of small-molecule
inhibitors of protein—protein interac-
tions that have been discovered despite
the difficulties related to this topic (see
introduction).'” However, as the cur-
rent level of understanding of the
mechanisms of action of small-molecule
inhibitors of protein-protein interac-
tions is still very limited, a significant
amount of further research will be nec-
essary to allow for more efficient and
systematic discovery of these valuable
tools for the analysis of protein func-
tions in basic research.
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Cell-free Protein Synthesis through Solubilisate
Exchange in Water/Oil Emulsion Compartments

Adriana V. Pietrini and Pier Luigi Luisi*™

This work is aimed at finding conditions under which synthetic
compartments used as cell models can fuse with each other and
allow reagents contained in the different compartments to react.
This goal seems to be best achieved by the use of water in oil
emulsions (w/o) with dimensions in the range of 30-60 um. In
particular, cell-free EGFP (enhanced green fluorescent protein)
synthesis takes place in Tween 80/Span 80 w/o emulsions, and
the extent of the reaction can be monitored directly by fluores-
cence. The medium is mineral oil, containing 0.5% v/v aqueous

Introduction

Over the last few years, the field of cell models has acquired
growing importance. The general idea is to utilise closed
spherical compartments to host molecular biological reactions,
so as to simulate certain aspects of the biochemical behaviour
of biological cells. The most classic approach involves lipo-
somes, such as the previously described systems in which lipo-
somes host the polymerase chain reaction,™ the replication of
a RNA template catalysed by Q-beta replicase,”” the polymeri-
sation of ADP to poly (A)®* and even the expression of poly-
peptides in ribosome-containing liposomes.”

In addition to liposomes, reverse micelles have also been uti-
lised as microcompartments for biological reactions. A large
series of enzymatic reactions in reverse micelles has been de-
scribed in recent years.*® Levashov and co-workers, using
Brij 96 in cyclohexane, were able to solubilise a cell extract in
reverse micelles and to show the cell-free synthesis of the pro-
tein IL-2.°

Reverse micelles, or microemulsions, offer the advantage of
being thermodynamically stable systems, but their aqueous
compartments are generally very small and, in fact, reverse mi-
celles have not been used to investigate intermicellar reactions
involving macromolecules solubilised in different compart-
ments. In contrast to microemulsions, which have dimensions
ranging between 2 and 10 nm, w/o (water in oil) emulsion
compartments offer the advantage of significantly larger size,
with radii of the order of 10-50 um. That such compartments
can be used for hosting molecular biology reactions has re-
cently been demonstrated by Tawfik et al.,">'? who described
the cell-free synthesis of several proteins in w/o emulsion
droplets with a variety of surfactant systems. Again, as in the
case of Levashov's experiment, detection was possible only
after breaking the emulsion at the end of the experiments.

Generally in these experiments, all reagents have to be pres-
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solution. Different premixing configurations of the components
(plasmid, amino acids, E. Coli extract) are used and compared.
The in vitro synthesis of EGFP in emulsion droplets proceeds for
1 h, and the yield is 7.5 ngul™" protein. EGFP synthesis in aque-
ous solution takes place for at least 5 h. The yield is 10.5 nguL™’
protein after 1 h and 15.8 ngul™" protein after 5 h. The results
with the w/o emulsions show that solubilisate exchange takes
place among the different water droplets, but it is not possible to
demonstrate clearly that a true fusion takes place.

ent initially in the same compartment. As already mentioned,
the goal of this work was instead to find conditions under
which biological reactions result as the consequence of fusion
of different compartments, each containing different reagents
at known concentration and activity. This approach would be
particularly suitable for studies in the field of the “minimal
cell”*"3 the construction of a semi-artificial, living cell. In fact,
the potential reconstitution of the complexity of a cell through
fusion of different compartments may permit one to under-
stand what is the critical minimum number of components
necessary to elicit cellular life, and by modulation of the con-
centration of the components it may be possible to achieve a
new way of controlling cellular activity. This kind of fusion ex-
periment may also represent a model for symbiogenesis—by
which higher molecular complexity can be reached through
the integration of two different, simpler cellular compartments.

We will see in this work that fusion is partly possible with
w/o emulsions. There are already some indications in the litera-
ture that solubilisate exchange between w/o emulsion droplets
is possible. Solubilisate-exchanging emulsions have been used,
for example, to investigate the conjugation of F4+ and F—
strains of E. Coli resident in separate w/o emulsion droplets."?
It was also reported that small molecules, including negatively
charged dNTP, diffused between emulsion droplets during
thermocycling of a polymerase chain reaction in w/o emul-
sions.!"”!

[a] Dr. A. V. Pietrini, Prof. Dr. P. L. Luisi
Institute of Polymers, ETH Zentrum
Universitdtsstrasse 6, 8092 Ziirich (Switzerland)
Fax: (+41)1-632-10-73
E-mail: luisi@mat.ethz.ch
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Results and Discussion

Setting up the system

Water in oil (w/o) emulsions may appear to have little biologi-
cal significance, since hydrocarbons (the oil) are not biological
solvents. However, this system has the advantage of forced
compartmentalisation for hydrophilic compounds, as they are
forcibly entrapped in the water pool. W/o emulsions therefore
offer well defined localised microenvironments.

As already mentioned, the slant of this paper is in the per-
spective of the construction of a minimal cell model, through
the mixing of different cellular components with each other.
Since the term “fusion” is central to this kind of work, we
would first like to define this term, also because of a certain
degree of confusion present in the literature.

When two compartments come into contact with each
other through collisions, quite different events may occur. In
the case of reverse micelles (RMs), which are known as very dy-
namic, mobile systems, there is generally an exchange of the
water pool contents upon collision, followed by the formation
of reverse micelles of about the same, thermodynamically
more stable, size (see Scheme 1a).”"” This rapid and easy ex-
change of water pool content has been extensively utilised for
enzymatic reactions in RMs, as in, for example, the mixing of
enzyme-containing RMs with substrate-containing RMs."®'
Despite this dynamic behaviour, solubilisate exchange involv-
ing macromolecules (e.g., proteins with nucleic acids, or large
proteins with large proteins) has not been studied, as it ap-
pears that the diffusion of macromolecules from one RM to an-
other RM is not as easy as the diffusion of low molecular
weight compounds.

OO

HONOINOORJOR0

I

l@)

Scheme 1. Schematic presentation of possible mechanisms of solubilisate exchange between compartments. a) Solubi-
lisate exchange is mediated by transient fusion of two droplets and consequent splitting into two emulsion droplets.
b) Two droplets adhere to form a common boundary. These adhesive droplets may split into two droplets again with-
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Another kind of event accompanying compartment collision
is shown in Scheme 1b: here, two compartments adhere to
each other through one or two layers,?” and at this point vari-
ous things may happen. This complex system may collapse
back to the original situation without solubilisate exchange, as
shown recently in the case of phospholipid liposomes,?" or
there may instead be some solubilisate exchange through the
contact region, without a real fusion of the two compartments.
Alternatively, there can be a fusion, as in the case of charged
phospholipid liposomes.*? It may be possible to follow fusion
through the formation of a different particle size distribution.
An increase in size upon fusion, or a change in the size distri-
bution, can generally be easily detected by light scattering.

Reaction after collision of compartments might thus be due
either to fusion or to solubilisate exchange without real fusion.
At any rate, the term “fusion” is often utilised in the literature
without discriminating between these two cases, and often
without it being made clear what is going on physically. Of
course, it is not always easy to discriminate between all these
mechanisms, but it is important in mind to keep all these vari-
ous possibilities.

In this paper we limit ourselves to the expression of a pro-
tein (the enhanced green fluorescence protein, EGFP) through
the mixing of different compartments containing the different
reagents. We use water in oil (w/0) emulsion droplets with
radii in the range of 10-100 um, generally with mixtures of
Span and Tween as surfactants and mineral oil as the oil.

First we describe the utilised emulsion system in detail. It is
similar to that described by Tawfik etal."” and the utilised
w/o emulsion system is made up of a Span 80 (0.45% v/v)/
Tween 80 (0.05% v/v)/aqueous solution (0.5% v/v) in mineral
oil. The w/o emulsions are prepared by the direct injection
method, the aqueous stock solu-
tion being added to a stirred
solution of Span 80 (0.45% v/v)/
Tween 80 (0.05% v/v) in mineral
il.

The size distribution of this
emulsion system is highly poly-
disperse. The droplets’ sizes, as
investigated by light microscopy
(see Figure 1), are between 1
and 100 pm, but the vast majori-
ty are smaller than 30 um.

A note should be made con-
cerning the concentrations of
reagents in these systems. One
could consider two different
kinds of concentration: one
overall, which refers to the total
volume of solution (water plus
oil), and a local one referring to
the concentration of reagents in
the aqueous phase. The concen-
trations indicated in this work

e

—O O

out solubilisate exchange (1). Alternatively, they may exchange solubilisates through diffusion through the common

boundary, either with (2; the adhesive droplets may fuse before the subsequent splitting) or without (3) subsequent

splitting of the adhesive droplets.
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are local ones, as the concentra-
tion in water is the relevant one
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Figure 1. Diameters of Span 80 (0.45 % v/v)/Tween 80 (0.05 % v/v)/aqueous sol-
ution (0.05 % v/v)/mineral oil emulsion droplets visible on a typical micrograph.

for reaction. The concentration in the water phase should gen-
erally be the same as in the stock solution used to prepare
them.

Protein expression in w/o emulsion droplets

Control system: We now consider a biological reaction, in
vitro protein synthesis, taking place because of solubilisate ex-
change between w/o emulsion droplets. In particular, we con-
sider the expression of the EGFP, utilising a commercially avail-
able extract system for cell-free protein expression (E. Coli
T7 S30 extract system for circular DNA), with addition of the
plasmid containing the EGFP gene (pWM T7 EGFP) and the
amino acids.

The cell-free EGFP synthesis is first run in water, in order to
provide a reference system. A mixture of pWM T7 EGFP, the 20
standard proteinogenic amino acids and extract is used for the
in vitro EGFP synthesis, whereas a mixture of extract, 20 amino
acids and the plasmid cloning vector pBR322 is chosen for the
negative control. The plasmid pBR322 is a cloning vector lack-
ing the T7 promoter and terminator and pBR322 does not
carry a gene for cell-free protein synthesis. Therefore, no gene
of this vector should be transcribed by T7 RNA polymerase
present in the E. Coli T7 S30 extract system for circular DNA.

The kinetics of EGFP synthesis in aqueous solution and its
negative control are illustrated in Figure 2. The EGFP synthesis
is faster during the first hour after sample preparation, but
continues at a lower rate for several hours afterwards. The fluo-
rescence intensity of the negative control is 50 times lower
than that of the EGFP synthesis sample after five hours’ incu-
bation, so the background fluorescence of the samples is neg-
ligible. Two sets of independent experiments show that the
data for the EGFP synthesis and for the negative control are
reproducible; that is, the difference is below 10%.

Please note that the same arbitrary units (a.u.) for fluores-
cence intensities are used throughout this work to ensure the
comparability of the results depicted in different graphs.

It was also investigated whether the EGFP synthesis occurs
at a low temperature such as 4°C. In fact, there is no EGFP syn-

ChemBioChem 2004, 5, 1055-1062 www.chembiochem.org
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Figure 2. Cell-free EGFP synthesis in aqueous solution at 37°C; samples are di-
luted 1:56 v/v with water prior to measurements, excitation at 488 nm, emis-
sion max. at 509 nm, T,,=25°C, fluorescence intensity (1) vs. time (t). A) and
B) in vitro EGFP synthesis (two independent experiments), C) and D) negative
control (two independent experiments).

thesis within 7 h when samples are prepared and incubated at
4°C (see Figure 3); the fluorescence intensity values for the
EGFP synthesis at 4°C and the negative control at 4°C are
alike. The emulsion preparation at 4°C for EGFP synthesis in
emulsion droplets ensures that EGFP is not synthesised during
the emulsification.
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Figure 3. Cell-free EGFP synthesis does not take place in aqueous solution at
4°C, fluorescence intensity (1) vs. time (t). A) Mixture for cell-free EGFP synthesis
with plasmid pWM T7 EGFP, and B) negative control, mixture for cell-free pro-
tein synthesis with plasmid pBR322. Samples were diluted 1:200 v/v with water
prior to measurements, excitation at 488 nm, emission max. at 509 nm,
T.=25°C.

The calibration curves in Figure 4 allow us to determine the
quantity of protein synthesised by reading the fluorescence in-
tensity in aqueous solution and in emulsion droplets. Extract,
20 amino acids and the plasmid pBR322 at the usual concen-
trations were mixed with known amounts of commercially
available EGFP for the aqueous solution calibration curve, and
the fluorescence of these mixtures was then measured. Extract,
20 amino acids and the plasmid pBR322 were added to ensure
the same background fluorescence as in the case of the in
vitro EGFP synthesis. The plasmid pBR322 was used instead of
pWM T7 EGFP to prevent the synthesis of EGFP. The same
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Figure 4. Calibration curve of ngul™" EGFP in: A) aqueous solution, samples
were diluted 1:56 v/v with water prior to measurement, excitation at 488 nm,
emission max. at 509 nm, T,,=25°C, B) emulsion droplets (local concentration),
fluorescence intensity (1) vs. ng/lL’7 EGFP, on average 10 droplets with diam-
eters of 30-60 um were evaluated per EGFP concentration.

aqueous mixture was used for the emulsion droplets calibra-
tion curve, but the aqueous mixture was emulsified in the
usual organic surfactant solution and micrographs of the emul-
sion were recorded. The emulsion droplets calibration curve
was obtained by electronic evaluation of the fluorescence in-
tensity of the droplets on the micrographs. The amount of
EGFP synthesised is presented in Table 1. The linear relation-

Table 1. Amounts of EGFP synthesised in emulsion droplets and in aqueous
solution.

In emulsion droplets In aqueous solution

t[h] nguL ' EGFP th] ngplL~" EGFP
0 0.8+09 0 02403
05 52412 05 75407
1 75+18 1 10.54+0.5
4 74+18 5 158+ 1.1

ship of fluorescence intensity and EGFP concentration in aque-
ous solution (obtained from Figure 4 A) is Equation (1):

fluorescence intensity in a.u. + 5.0 + 2072

1 _
ngul " EGFP = 6278 + 159

(M
The linear relationship of fluorescence intensity vs. EGFP

concentration in emulsion droplets (obtained from Figure 4B)
is Equation (2):
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ngulL™" EGFP =

mean fluorescence intensity in a.u. + 2.72+0.74

1.06 +0.08
()

Batch synthesis in w/o emulsions: In this experiment, cell-
free EGFP synthesis in emulsion droplets can take place with-
out solubilisate exchange, because all the required compounds
for cell-free EGFP synthesis should be present in each emulsion
droplet. The data obtained in this way are an important refer-
ence system for the next section, dealing with fusion of com-
partments.

The used plasmid concentration of 80 ngpuL™' aqueous solu-
tion and the used amino acid concentration of 0.2 mm (local
concentration of each amino acid) seem to be rather low. At
these concentrations, though, an emulsion droplet with a di-
ameter of 30 um contains on average 3x10° pWM T7 EGFP
molecules (3026 bp) and 1x 10’ molecules of each amino acid,
and even an emulsion droplet with a diameter of 60 um con-
tains on average 2x 10’ pWM T7 EGFP molecules and 1x10?
molecules of each amino acid. There should therefore be
plenty of plasmid and amino acids in each emulsion droplet
with dimensions equal to or larger than 30 um in size. The
manufacturer has not disclosed the contents of the extract
(Premix and S30-extract) and its concentrations, hence it is not
possible to make such calculations for the compounds in the
extract.

The required aqueous components for cell-free EGFP synthe-
sis are combined in emulsion droplets. This aqueous mixture is
then emulsified in an organic surfactant solution. A schematic
presentation of the experimental set-up for this “batch” cell-
free EGFP synthesis in emulsion droplets is depicted in
Scheme 2A.

The time course of the “batch” cell-free EGFP synthesis in
emulsion droplets is examined. Typical micrographs are shown
in Figure 5A, and the kinetics of three independent experi-
ments are shown in Figure 5B. An identical experiment, in
which all was the same except that the EGFP-encoding plas-
mid pWM T7 EGFP was exchanged for the plasmid-cloning
vector pBR322, was chosen as a negative control. Two inde-
pendent negative control experiments did not display any
fluorescence up to 21 h. This was visible by eye in the micro-
graphs and was reconfirmed by computer evaluation of the
emulsion droplets on the micrographs. The EGFP synthesis in
emulsion droplets continued for 45-60 min, and the fluores-
cence intensity remained constant from 60 min up to 21 h.
EGFP was synthesised in aqueous solution for at least 5 h, al-
though the synthesis was faster during the first hour after
sample preparation than later on. A couple of independent ex-
periments showed that the results of the EGFP synthesis in
aqueous solution and in emulsion droplets and of the negative
controls were reproducible.

Only droplets in the size range 30-60 um were evaluated
electronically because the fluorescence of the synthesised
EGFP in emulsion droplets is dependent on the droplet size.
The fluorescence of EGFP in the emulsion droplets was too
weak for droplets below 30 um in diameter to be evaluated.

ChemBioChem 2004, 5, 1055- 1062
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Scheme 2. Setup for cell-free EGFP synthesis in w/o emulsion droplets.

A) “Batch” case. B) Solubilisate exchange between two separate emulsions:
two separate emulsions, amino acids dissolved in one emulsion and extract
(=Premix and S30-extract) and gene dissolved in another separate emulsion,
C) two separate emulsions, amino acids and gene dissolved in one emulsion
and extract dissolved in another separate emulsion, D) solubilisate exchange
between three separate emulsions, amino acids dissolved in one emulsion,
gene dissolved in another separate emulsion, and extract dissolved in another
separate emulsion.

The calculated EGFP concentrations of the EGFP synthesis in
aqueous solution and in emulsion droplets at several time
points are presented in Table 1. The most striking differences if
the data in Figure 2, Figure 5 and Table 1 are compared are
that higher EGFP concentrations are obtained in aqueous solu-
tion and that the EGFP synthesis proceeds for a longer time
period in water than in the emulsion droplets. The EGFP syn-
thesis in emulsion droplets proceeds for 1h, with 5nguL™
EGFP synthesised within 30 min and 7.5 ngpulL™" within 1 h. The
EGFP synthesis is faster in bulk aqueous solution than in emul-
sion droplets. In the case of bulk aqueous solution, 7.5 nguL™
EGFP is synthesised within 30 minutes, 10.5 nguL™" within 1
hour, and 16 ngpuL™" within 5 h. The amount of EGFP synthes-
ised in emulsion droplets is 30% lower than in bulk aqueous
solution during the first hour after sample preparation. The de-
tection limit of EGFP in emulsion droplets is below 5 nguL™".

ChemBioChem 2004, 5, 1055-1062 www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

B)

Fluarescence intensity / a.u. —

0.0 0.5 1.0 1.5 15 20 25
tih —

Figure 5. A) Typical micrographs of the cell-free EGFP synthesis in Span 80
(0.45 % v/v)/Tween 80 (0.05 % v/v)/aqueous solution (0.5 % v/v) in mineral oil
emulsion droplets, preparation at 4°C, incubation at 37°C: a) 0 min, b) 11 min,
¢) 23 min, d) 32 min, e) 44 min, f) 57 min, g) 21 h. Negative control: h) 0 min,

i) 21 h. The bar represents 50 um. B) Kinetics of the cell-free EGFP synthesis in
emulsion droplets, on average 10 droplets with diameters of 30-60 um are
evaluated per time point, cell-free EGFP synthesis in emulsion droplets (a, b
and c are three independent experiments) and negative control (d and e are
two independent experiments).

Reaction by “fusion” of compartments: Let us now consider
the case of the cell-free EGFP synthesis on mixing different
compartments with each other. Here the synthesis can only
occur if there is fusion, or at least solubilisate exchange. It
must be said that under our conditions it is very difficult to dis-
criminate between the two extreme cases. We have not ob-
served a clear increase in size of the droplets—but given the
broad dispersion of sizes, this is not proof of the lack of real
fusion as indicated in Scheme 1a. We do have reaction, howev-
er, and so we at least have solubilisate exchange. This is why
we use the term “fusion” in quotation marks in this section.

The experiments were conducted with three different kinds
of components: the extract (that is, Premix and S30-extract),
the plasmid and the amino acids. Different mixing combina-
tions are possible, and some of them are schematised in
Scheme 2B-D.

Solubilisate exchange between w/o emulsion droplets was
investigated in Span 80 (0.45% v/v)/Tween 80 (0.05% v/v)/
aqueous solution (0.5% v/v) in mineral oil emulsion droplets.

The ingredients necessary for the EGFP synthesis in aqueous
solution—that is, the extract, 20 amino acids and the plasmid
pWM T7 EGFP—were added alone or together with another
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ingredient to separate organic surfactant solutions and were
emulsified. These two or three separate emulsions were com-
bined, gently mixed and then examined for synthesised EGFP.
The synthesis of EGFP—that is, green fluorescence—indicates
either that solubilised macromolecules are exchanged between
emulsion droplets, or that there is real fusion between emul-
sion droplets.

The overall concentration of the components in the aqueous
phase seems to be a critical parameter for the cell-free protein
synthesis. It has been found before that the cell-free EGFP syn-
thesis does not work if the sample is diluted with water prior
to the start of the cell-free EGFP synthesis.”¥ Conversely, the
cell-free EGFP synthesis continues when the reaction mixture is
diluted after the start of the reaction (M. Voser, personal com-
munication). The same overall concentrations of required com-
ponents in the aqueous phase as were used in the “batch”
case were therefore chosen.

Solubilisate exchange experiments involving two separate
emulsions were conducted. In one experiment, a mixture of 20
amino acids (2 mm each) was emulsified in one organic surfac-
tant solution. The rest of the required ingredients for protein
synthesis (90 nguL~' pWM T7 EGFP, Premix diluted 4:5 v/v and
S30-extract diluted 1:2 v/v) were emulsified in a separate or-
ganic surfactant solution (for setup see Scheme 2B). One
volume of the former emulsion was combined with nine vol-
umes of the latter emulsion. In another experiment, a mixture
of pWM T7 EGFP plasmid (0.4 pguL™") and 20 amino acids
(1 mm each) was emulsified in an organic surfactant solution,
and Premix (diluted 1:1 v/v) and S30-extract (diluted 3:5 v/v)
were emulsified in a separate organic surfactant solution (for
set-up see Scheme 2C). One volume of the former emulsion
was combined with four volumes of the latter emulsion. Some
droplets with strong green fluorescence, some with weak
green fluorescence, and some with no fluorescence at all were
observed in both experiments after a one-hour incubation at
37°C (see Figure 6).

For a solubilisate-exchange experiment involving three sepa-
rate emulsions (for set-up see Scheme 2D), the plasmid
pWM T7 EGFP (0.8 uguL ") was emulsified in one organic sur-
factant solution, a mixture of 20 amino acids (2 mm each) was
emulsified in a second organic surfactant solution, and a mix-
ture of Premix (diluted 1:1 v/v) and S30-extract (diluted 3:5 v/v)
was emulsified in a third organic surfactant solution. These

Figure 6. Solubilisate exchange between droplets of two separate emulsions
(Span 80 (0.45 % v/v)/Tween 80 (0.05 % v/v)/aqueous solution (0.05 % v/v) in
mineral oil), preparation at 4°C, incubation for 1 h at 37°C. a) One emulsion
contained a mixture of 20 amino acids and another separate emulsion con-
tained a mixture of pWM T7 EGFP, Premix and S30-extract, with combination
of these two emulsions at a volume ratio of 1:9, b) one emulsion contained a
mixture of 20 amino acids and pWM T7 EGFP plasmid, another, separate emul-
sion contained a mixture of Premix and S30-extract, with combination of these
two emulsions at a volume ratio of 1:4. The bar represents 50 um.
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three separate emulsions were combined at a volume ratio of
1:1:8 in the order mentioned above. The concentrations in the
aqueous part were chosen in such a way that after the combi-
nation of the three different emulsions, the overall concentra-
tions in the aqueous part were the same as in the “batch”
case. The same experimental set-up was used for the negative
control, but the plasmid pWM T7 EGFP was replaced by the
plasmid pBR322. Several micrographs are depicted in Fig-
ure 7 A. The micrographs show that there were some droplets
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B) —=—a
} 151 —e—b
3
o
= G —
B 104
3
£
g
5. S |
N 6 S :
g
04— . - :
0 1 2 3
tih —

Figure 7. Solubilisate exchange between Span 80 (0.45 % v/v)/Tween 80

(0.05 % v/v)/aqueous solution (0.5% v/v) in mineral oil emulsion droplets; one
emulsion contained pWM T7 EGFP plasmid, another emulsion contained a mix-
ture of 20 amino acids, and the third emulsion contained a mixture of Premix
and S30-extract, combination of these three emulsions at a volume ratio of
1:1:8, preparation at 25°C, incubation at 37°C. A) Typical micrographs:

a) 0 min, b) 15 min, c) 30 min, d) 45 min, e) 60 min, f) 90 min, g) 3 h. Negative
control: h) 0 min, i) 3 h. The bar represents 50 um. B) Kinetics of solubilisate ex-
change between w/o emulsion droplets: a) and b) are two independent experi-
ments, ¢) negative control, an identical experimental set-up but with plasmid
pBR322 used instead of the plasmid pWM T7 EGFP. On average, 10 droplets
with diameters of 30-60 um were evaluated per time point.

with strong fluorescence, others with weak fluorescence and
some others with no fluorescence at all. Hence, in some drop-
lets a large amount of EGFP was synthesised, in others only a
small amount, and in some other droplets no or no detectable
amount of EGFP was formed. The kinetics of two independent
solubilisate exchange experiments are depicted in Figure 7B.
The huge error bars in Figure 7B express the same result. The
kinetics shown in Figure 7B indicate that EGFP was synthesised
up to about one hour.

It is rather surprising that EGFP was synthesised for about
the same period of time in a solubilisate-exchange experiment

ChemBioChem 2004, 5, 1055- 1062
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as it was in the case of the “batch” EGFP synthesis in emulsion
droplets, where all the components required for the protein
synthesis are first mixed and then dispersed in an organic sur-
factant solution (see Figure 5B). The process leading to the
synthesis of EGFP—that is, solubilisate exchange between
emulsion droplets—thus seems to be on a rather short time-
scale, such as seconds or minutes.

The average fluorescence intensities of EGFP in emulsion
droplets in the “batch” case and in the case of droplet solubili-
sate exchange between three separate emulsions are of the
same order. This is an unexpected finding, because in the case
of solubilisate exchange some droplets display bright fluores-
cence, some weak fluorescence and some no fluorescence at
all. In the “batch” case, the fluorescence intensity is more uni-
formly distributed throughout the droplets than in the case of
solubilisate exchange between three separate emulsions with
its huge error bars. Consequently, the fluorescence intensity in
some droplets of the “fusion” case must be larger, namely
more EGFP is synthesised in them than in the “batch” case. In
turn, this suggests that the concentration statistically establish-
ed in these droplets is more favourable—perhaps simply
higher—than in the rest of the droplets. The finding of the
same kinetics for the “batch” case and for the “fusion” case
also suggests that, for the solubilisate exchange reaction, the
fusion rate and consequent diffusion rate of the reagents is
not the rate-limiting step but that the biochemical transforma-
tion itself is the rate-limiting step.

The conclusions are that Span 80 (0.45% v/v)/Tween 80
(0.05% v/v)/aqueous solution (0.5% v/v) in mineral oil emulsion
droplets exchange solubilised macromolecules, and that the
cell-free protein synthesis is a suitable reaction with which to
investigate solubilisate exchange between w/o emulsion drop-
lets. Also, the solubilisate exchange between emulsion droplets
must be very fast, because there are no significant differences
between the time courses of cell-free EGFP synthesis in the
“batch” case and in the “fusion” case.

Conclusion

The main result of this investigation is that cell-free EGFP syn-
thesis occurs as the result of solubilisate exchange, or fusion,
among droplets in w/o emulsions. The question of the mecha-
nism of solubilisate exchange among the different compart-
ments—namely the question about the definition of the term
“fusion” and its detection—remains open and worth further
study.

From the biophysical point of view, the data confirm that
the emulsion droplets exchange macromolecular solubilisates,
and that the synthesis of EGFP takes place upon dispersion of
the required aqueous components in two or three separate
emulsion compartments that are combined afterwards. Such a
synthesis may therefore also work when the required compo-
nents are dispersed in more than three separate emulsions. An
open question is: what is the maximum number of separate
emulsions that still allow cell-free protein synthesis after solu-
bilisate exchange between emulsion droplets? This may allow
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modulation of complex biochemical reactions in various com-
partments.

The point of mixing many components is indeed interesting
for the case of EGFP synthesis, but it is even more so for more
complex systems, as in the case of the reconstitution of a pro-
karyotic cell. Can one achieve the reconstitution of a simple
living cell by mixing the various cell components with each
other? And how many of them are necessary to have a mini-
mal cell, the simplest cellular system capable of cellular life
(i.e., capable of self-maintenance, self-reproduction, and muta-
tion)? Although this is still a far-away target, we consider this
work an important step towards the reconstitution of a mini-
mal cell. By inference, this kind of system may also be useful
as a simple model of symbiogenesis.

Experimental Section

Materials: Span 80 was purchased from Fluka (Buchs, Switzerland).
Tween 80 (SigmaUltra approx. 99%) and mineral oil (for molecular
biology, M-5904) were obtained from Sigma (St. Louis, MO, US).
Plasmid pBR322 (4361 bp) was purchased from New England Bio-
Labs, Inc. (Beverly, MA, US). E. Coli T7 S30 extract system for circular
DNA was obtained from Promega Corporation (Madison, WI, US).
Recombinant EGFP was obtained from BD Biosciences (Clontech,
Basel, Switzerland). The plasmid pWM T7 EGFP (3026 bp) and a
mixture of the 20 standard proteinogenic amino acids were
bought from BioTecon (Zurich, Switzerland). The construction of
the plasmid pWM T7 EGFP is described elsewhere."®

Methods: Preparation of Span 80 (0.45% v/v)/Tween 80 (0.05% v/
v)/mineral oil solution: Span 80 (447 mg) was placed in a test tube
(10 mL), and mineral oil (9.5 mL, 8.0 g) was added. This mixture
was vortexed. Tween 80 (54 mg) was added, and the test tube was
vortexed again. This solution was 4.5% v/v Span 80/0.5% v/v
Tween 80 in mineral oil. Less concentrated surfactant mineral oil
solutions were obtained by dilution of Span 80 (4.5% v/v),
Tween 80 (0.5% v/v)/mineral oil solution; that is, Span 80 (0.45%
v/v)/Tween 80 (0.05% v/v)/mineral oil was obtained by addition of
mineral oil (9 mL) to Span 80 (4.5% v/v) /Tween 80 (0.5 % v/v)/min-
eral oil solution (1 mL).

The standard procedure for emulsion preparation was as follows:
freshly prepared Span 80 (0.45% v/v)/Tween 80 (0.05 % v/v)/mineral
oil solution (2 or 3 mL) was stirred at 1500 rpm with a magnetic
bar (1.5%0.6 cm) in a glass vial (5 mL, cylindrical with an inner di-
ameter of 1.7 cm). Aqueous solution (10 or 15 ul) was added in ali-
quots (5 uL) to the stirred surfactant oil solution over 2 min. The
stirring was continued for another minute. The aqueous solution
consisted of the mixture necessary for the cell-free protein synthe-
sis; that is, each of the 20 amino acids (0.2 mm), plasmid
(80 nguL™"), Premix diluted 2:3 v/v, and S30-extract diluted 3:7 v/v.
The plasmid pWM T7 EGFP was used for the cell-free EGFP synthe-
sis experiments and the plasmid pBR322 was used for the negative
control experiments.

The preparation of the mix for cell-free protein synthesis and the
emulsification was carried out at 4°C for the “batch” experiment
and the “solubilisate-exchange” experiments involving two sepa-
rate emulsions. The aqueous phase was prepared on ice and was
emulsified at ambient temperature for the “solubilisate-exchange”
experiments involving three separate emulsions. Emulsions con-
taining the mix for cell-free protein synthesis were incubated at
37°C in aliquots protected from light. Fluorescence micrographs
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were collected at various time points with separate aliquots. An in-
verse light microscope of the Axiovert 135TV type (Carl Zeiss AG,
Switzerland) was used to collect micrographs. Live pictures were
obtained with a CCD C5810 colour camera (Hamamatsu, Japan)
and were recorded with the help of the programme HpdCpx
(Hamamatsu, Japan). A LD-Achroplan objective with a 20:1 magni-
fication and a numerical aperture of 0.4 was used. The exposure
time was 1.04 s.

For fusion experiments the required components were emulsified
in separate surfactant oil solutions and were combined afterwards.
Aliquots were incubated with protection from light. Fluorescence
micrographs were collected at various time points with separate
aliquots.

Reference experiments for the in vitro transcription and translation
of pWM T7 EGFP were carried out in aqueous solution. The plasmid
pWM T7 EGFP was replaced by pBR322 for the negative control ex-
periments. The required components were mixed at the usual con-
centrations and the mixture was incubated at 37°C. An aliquot
(7.2 ub) was diluted with water (400 uL) and fluorescence emission
was measured at various time points (slits of the fluorimeter were
set to 1/1/3/3). Fluorescence spectra were collected on a SPEX Flu-
orolog F112XE instrument with the help of the dm3000 software
package (SPEX Industries, Inc., Edison, N.J., US). Quartz cells
(500 puL, Hellma, Germany) with path lengths of 0.5 cm were used.

The amount of synthesised EGFP in aqueous solution and in emul-
sion droplets was estimated with the help of calibration curves.
Samples for the calibration curves were prepared like those for the
negative control, but specified amounts of commercially available
EGFP were added.

Keywords: biosynthesis - colloids - fusion - green fluorescence
protein - microreactors
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A Metal-Coordinating DNA Hairpin Mimic

Gapian Bianké and Robert Haner*®

A self-complementary oligodeoxynucleotide containing a 6,6"-
substituted terpyridine was found to adopt a highly stable, hair-
pin-like structure. In addition to serving as a hairpin-loop mimic,
the terpyridine can act as a coordination site for metals. Thus,
the binding of several divalent transition metals (Zn’*, Co’*,
Ni?*, Cu** and Pd**) to the terpyridine hairpin mimic was inves-
tigated. The terpyridine-modified hairpin mimic forms a stable
secondary structure in the presence of these metals. The stability

Introduction

The hairpin belongs to the most common secondary structural
motifs found in nucleic acids."’ In RNA, it is an essential ele-
ment for the assembly of higher-order structures. Extrastable
hairpins containing four bases in the loop (tetraloops) have
emerged as a distinct class of hairpin that forms highly specific
interactions with tetraloop receptor sites. By enabling the
proper folding, the hairpin contributes to the many functional
properties of RNA. The hairpin motif is also found in DNA,
though to a much lesser extent, due to the intrinsically
double-stranded nature of DNA. The requirements for the for-
mation of DNA hairpins” and cruciform structures® in palin-
dromic DNA sequences have been investigated in detail, and
the involvement of such structures in the regulation of gene
expression has been discussed. Furthermore, the hairpin
loop also acts as a site of specific metal coordination.®™® The
central role of the hairpin as a structural and functional ele-
ment has stimulated the design and synthesis of chemically
modified hairpin analogues. Thus, the hairpin loop has been
replaced with flexible oligo(ethylene glycol) linkers in DNA®
and RNAM™" as well as with more rigid aromatic deriva-
tives.'”>'® Furthermore, metal-bridged hairpins have been pre-
pared and investigated for their structural and spectroscopic
properties. Lewis et al.'”” reported on Ru'-brigded DNA hair-
pins and, very recently, Czlapinski and Sheppard described the
synthesis of nickel and manganese metallosalen-derived DNA
hairpins."® In addition to serving as a structural scaffold,
ligand-based loop replacements offer the possibility of metal
coordination. The importance of metal ions to the structure
and function of nucleic acids is well documented."?" In this
light, metal-coordinating hairpins are of particular interest.
Here, we report the synthesis and properties of a terpyridine-
based, metal-coordinating hairpin mimic.

Results and Discussion
Preparation of terpyridine-modified oligonucleotides

The synthesis of the required terpyridine phosphoramidite
building block is shown in Scheme 1. Thus, we started from

ChemBioChem 2004, 5, 1063 - 1068 DOI: 10.1002/cbic.200400030 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the metal-coordinated hairpin mimic was found to be lower
than in the absence of metal. Furthermore, the T,, of the metallo-
hairpin is strongly influenced by the type of the bound metal,
with T,'s increasing in the order Co’*~NPt <Zn’*t <Cu’* <
Pd®*. Model considerations suggest that a conformational
change of the terpyridine ligand is required to allow coordination
of the metal.

[22,23]
'

the known 6,6"”dibromo-4’-phenyl-2,2":6',2"-terpyridine (1)
which was transformed into the symmetrical diol 2 by treat-
ment with an excess of 3-aminopropan-1-ol. Monoprotection
with 4,4’-dimethoxytrityl chloride (—3) followed by phosphity-
lation with cyanoethyl-bis-(N,N-diisopropylamino)phosphine in
the presence of N,N-diisopropylammonium tetrazolide yielded
the desired terpyridine building block 4. Phosphoramidite 4
was subsequently incorporated into the terpyridine-modified,
self-complementary oligonucleotide 5 (Scheme 2) by automat-
ed solid-phase synthesis. To ensure a high coupling efficiency
of the terpyridine building block, a coupling time of 45 min
was used for that cycle. Final deprotection was performed with
concentrated aqueous ammonia for 40 h at room temperature.
Purification involved 20% polyacrylamide gel electrophoresis
followed by electroelution. In addition, the terpyridine-modi-
fied oligomer 5 was treated with a metal-binding solid support
(Chelex)® ! to ensure complete removal of potentially pres-
ent trace metals (see Experimental Section). Oligodeoxynucleo-
tides 6 and 7, prepared as reference oligomers, contained an
identical stem sequence and either a dA, or a dT, loop. The
self-complementary oligonucleotide 8 served as a control oli-
gonucleotide for an interstrand duplex.

Properties of the terpyridine-modified hairpin

We first investigated the influence of the terpyridine on the
stability of the hairpin. Thermal denaturation experiments
were carried out at a 100 mm NaCl concentration, pH 7.5 and a
1.5 um concentration of the self-complementary oligomers 5-8
(Figure 1A). All three hairpin-forming oligomers (5-7) show
transitions at considerably higher temperature than the analo-
gous duplex composed of two nonlinked self-complementary

[a] G. Bianké, Prof. R. Héiner
Department of Chemistry and Biochemistry, University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
Fax: (+41)31-631-8057
E-mail: robert.haener@ijoc.unibe.ch
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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b) 2 R=0H
41% 3 R=DMT

Scheme 1. a) 3-Aminopropan-1-ol, reflux, 90 min. b) Dimethoxytrityl chloride, Py, 24 h, RT. ¢) (iPr,N),P(OCH,CH,CN),

N,N-diisopropylammonium 1H-tetrazolide, CH,Cl,, RT, 2 h.

HN NH A A T T
(CH2\)3 (*‘/'20)3 A A T T
C——G C——G cC—¢G C
G——ZC G——=C G——=C G
T——A T——A T——A T
T——A T——A T——A T
A—T A——T A—T A
A—T A——T A———T A
C——G C——G C——G C
G——C G——=C G——C G
5 3 5' 3 5' 3 5'
5 6 7 8

Scheme 2. Oligonucleotides used in this study. Terpyridine-modified hairpin 5,
reference oligonucleotides 6 and 7, containing a dA, and a dT, loop, respective-
ly, and a self-complementary, interstrand duplex-forming control oligonucleo-
tide (8).

strands of 8 (Table 1). This finding is consistent with the litera-
ture,” and the data correspond well with the T.’s calculated
for oligomers 6-8 (calculated values are 64.8, 70.1 and 27.5°C,
respectively®). The terpyridine-modified hairpin (5) shows a
T (83.6°C) that is approximately 10°C higher than the T's of
the corresponding dA, and dT, hairpins (6 and 7, respectively).

Table 1. T,-values of the terpyridine hairpin mimics 5 in comparison to
those of the reference hairpins 6 and 7 and the control oligonucleotide 8.

oligomer loop T. [°C
5 terpyridine 83.6
6 A, 73.6
7 T, 74.6
8 - 29.0

[a] Conditions: 1.5 um oligonucleotides, 100 mm NaCl, 10 mm NaH,PO,,
pH 7.5.
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Effect of divalent transition
metals

The ability of terpyridine to coor-
dinate transition metals is well
documented in the literature.””
Thus, we next investigated the
influence of different metals on
the stability of the terpyridine-
] J\ modified hairpin 5. Initial ther-
NC\/\O’P\N mal denaturation experiments
/K showed that Zn?*, Co?*, Ni*t,

4 Cu** and Pd** had a pro-
nounced influence on the melt-
ing curves. No effect was ob-
served with La*t or Eut; Pt*t
had only a marginal effect.
These metals were therefore not further investigated. To
ensure complete saturation of the terpyridine, five equivalents
of metal were used throughout the studies, although the use
of one equivalent of metal resulted in almost the same quanti-
tative effect (see Supporting Information). All curves showed a
highly cooperative melting behaviour (Figure 1B) in the pres-
ence of the transition metals. The data are summarised in
Table 2. T,, values varied from 58°C to 64.3°C in the presence

Table 2. T, values of terpyridine hairpin mimics 5 in the presence of differ-
ent metals (Zn**, Co**, Ni?*, Cu?™, Pd**).

Metal - Zn Co Ni Cu Pd
T [°C] 83.6 61.0 58.0 58.5 64.3 70.8
AT, [°C] —226 —25.6 —25.1 —-19.3 -12.8

[a] Conditions: 1.5 um oligonucleotides, 100 mm NaCl, 10 mm NaH,PO,,
7.5 um metal, pH 7.5.

of Zn?*, Co®*, Ni** and Cu**. For Pd** a value of 70.8°C was
observed. The T, value of the control hairpin 7, containing a
T,nucleotide loop, was not influenced by any of the investi-
gated metals within the concentration range used in these ex-
periments (see Supporting Information). The observed effect of
the metals on the T, was reversible. This was illustrated by an
experiment involving several cycles of metal addition followed
by addition of EDTA. Thus, addition of an excess of EDTA to
the Zn?*- or Ni**-containing sample of hairpin 5 completely
restored the original T,, value of 83.5+0.5°C (see illustration in
Scheme 3). Alternative rounds of metal and EDTA additions re-
sulted in T, values alternating between the two values (see
Supporting Information).

Model of the terpyridine-derived metallohairpin

The circular dichroism (CD) spectra for all four oligomers
(shown in Figure 2) are consistent with a B-DNA structure. Fur-
thermore, the T,, values of the hairpin mimic 5 were—in the
presence or absence of any of the metals—independent of the
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A)

Hyperchromicity/% (260nm)

Temperature/°C

FULL PAPERS

Hyperchromicity/% (260nm)

Temperature/°C

Figure 1. Thermal denaturation curves. A) Terpyridine hairpin mimic 5 in comparison with the reference oligonucleotides 6-8. B) Terpyridine hairpin mimic 5 in the
presence of 5 equiv of different metals (Co**, N**, Cu**, Zn’*, Pd**). Conditions: 1.5 um oligonucleotides, 100 mm NaCl, 10 mm NaH,PO,, 7.5 um metal, pH 7.5.

Ph Ph
L) O
;=\3_N N N N
¥y o @
il = ey H

T, = 83.5°C T, = 61.0°C (Zn")

T = 58.6°C (Ni**)

Scheme 3. Effect on the T,, of hairpin 5 of alternating additions of metal and
EDTA.

concentration of the oligonucleotides over a range from 0.5 to
5 um; this indicated a monomolecular process (see Supporting
Information). It has been shown previously that self-comple-
mentary oligonucleotides connected through aromatic linkers
form stable, hairpin-like structures. These linkers include cis-
and trans-stilbene!>?® and phenanthrene derivatives."® The
unusual thermal stability of these hairpin analogues is due to
favourable stacking effects between the aromatic linker and
the adjacent DNA base pair. A model of the terpyridine-con-
taining hairpin 5 is shown in Figure 3. The conformation repre-

ChemBioChem 2004, 5, 10631068 ~www.chembiochem.org
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Figure 2. CD spectra of oligonucleotides 5-8. Conditions: 5 um oligonucleo-
tides; 100 mm NaCl; 10 mm NaH,PO,, pH 7.5 at 10°C.

sents a local-minimum structure obtained with Hyperchem by
starting from B-form DNA and using the amber force field. This
model suggests, as with the above-mentioned non-natural
linkers, a stacking interaction between the terpyridine and the
top base pair of the duplex stem. The terpyridine linker adopts
a trans/cis conformation® that does not correspond to the
preferred trans/trans conformation normally observed for un-
coordinated 2,2":6',2"-terpyridines.®>*" The adoption of this un-
usual conformation may well be a result of the geometrical
constraints given by the sites of attachment to the two nucleo-
tide strands. The observed decrease in the T, which results
upon addition of a divalent metal, is at least partly rationalised
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Figure 3. Amber-minimized structures of hairpin mimic 5 containing a terpyridine linker (carbon: green, nitrogen:
blue); left: no metal; right: in the presence of Cu’* (red sphere). Top: top view along to the helical axis. Bottom: view

perpendicular to the helical axis.

in this model by the necessary conformational change (to cis/
cis) of the terpyridine in order to allow coordination of the
metal. As can be seen from Figure 3 (top), the coordination of
CuT requires rotation around the C2—C2’ bond. It is likely that
this rotation, along with further conformational changes in the
linker, leads to a less-favourable stacking between the terpyri-
dine and the adjacent base pair. Of course, additional (electro-
static) effects of the metal itself cannot be ruled out and might
well play a significant role. A direct influence by the metal is
supported by the observation that different metals have a dif-
ferent effect on the stability of the hairpin.

Conclusion

A self-complementary oligodeoxynucleotide containing a 6,6"-
linked terpyridine adopts a highly stable, hairpin-like structure.
The thermodynamic stability of this hairpin mimic is considera-
bly higher than the one of analogous hairpins containing a dT,

1066

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

R. Hédner and G. Bianké

or dA, loop (AT,,=9°C or 10°C,
respectively). The remarkable
stability is most likely a result of
a favourable stacking interac-
tions between the terpyridine
and the adjacent base pair. In
addition, the terpyridine can act
as a coordination site for diva-
lent metals. Several metals (Zn™,
Co?*, Ni**, Cu®* and Pd**) were
found to bind to the hairpin.
Metal coordination to the hair-
pin can be reversed by addition
of EDTA. The stability of the
metal-coordinated hairpin mimic
was found to be lower than in
the absence of metal. Further-
more, the T, is strongly influ-
enced by the type of the bound
metal, increasing in the order
Co’T ~Ni’*t < Zn’* < Cu** < Pd**,

Experimental Section

General:  6,6"Dibromo-4'-phenyl-
2,2";6',2"-terpyridine (1), and (cy-
anoethoxy)bis(N,N-diisopropylami-
no)phosphine® were prepared as
described in the literature. If not
indicated otherwise, chemicals and
solvents for reactions were pur-
chased from Fluka, Acros or Al-
drich and were used without fur-
ther purification. TLC was per-
formed on silica gel SIL G-25 UV,g,
glass plates (Macherey-Nagel), fol-
lowed by UV detection and/or dip-
ping in a solution of 5% phospho-
molybdic acid hydrate in EtOH, fol-
lowed by heating. Flash column
chromatography was performed on silica gel 60 (63-32 um,
Chemie Brunschwig AG). When the compound was acid-sensitive,
the silica was pretreated with a solvent containing 2% Et;N. 'H
and "*C NMR spectra were recorded on a Bruker AC-300 with sol-
vent signals as internal references; *'P NMR spectra were recorded
on a Bruker AMX 400 with 85% H;PO, as external reference. ESI-
MS was performed on a VG Platform single quadrupole ESI mass
spectrometer.

Synthesis of terpyridine-derived phosphoramidite building
block

3-[6""-(3-hydroxy-propylamino)-4'-phenyl-[2,2":6',2" Jterpyridin-6-ylami-
noj-propan-1-ol (2). A mixture of 1 (1.5 g, 3.2 mmol) and 3-amino-
propanol (20 mL, 26 mmol) was heated under reflux for 90 min,
after which the reaction mixture was concentrated under vacuum.
The residue was taken up in HCI (2m) and extracted three times
with EtOAc. The organic phase was dried over Na,SO, and evapo-
rated to yield 2 as a yellow solid (1.31 g, 90%). TLC (EtOAc): Ri=
0.16; '"H NMR (300 MHz, CDCl,): 6=1.83 (m, J=5.84 Hz, 4H), 3.70
(m, 8H), 4.73 (s, 2H, amine), 6.44 (d, /=8.1 Hz, 2H), 7.46 (m, 1H),
7.54 (m, 4H), 7.85 (t, J=0.025 Hz, 4H), 8.43 ppm (s, 2H); *C NMR
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(300 MHz, CDCl;): 33.07, 38.28, 59.48, 108.42, 110.91, 118.64, 127.41,
128.80, 129.03, 138.48, 150.25, 158.47 ppm; ESI-MS (positive mode):
m/z=455.26 (calcd: 455.23).

3-(6"-3(3-(Bis-(4-methoxyphenyl)phenylmethoxy)propylamino)-4'-
phenyl-(2,2';6',2" )terpyridin-6-ylamino)-propan-1-ol (3): Compound 2
(685 mg, 1.5 mmol) was dissolved in dry pyridine (5 mL) and con-
centrated (twice) to remove any traces of water. The residue was
then dissolved in dry pyridine (15 mL) under a nitrogen atmos-
phere. 4,4-Dimethoxytrityl chloride (610 mg, 1.8 mmol) was added,
and the mixture was stirred at RT for 24 h. After this time, metha-
nol (750 uL) was added, and the mixture was stirred for another
5 min. After evaporation of the solvent, the residue was dissolved
in CH,Cl, and washed three times with sat. aqueous NaHCO; and
water. The organic phase was dried over MgSO,, and the solvent
was evaporated. The residue was purified by flash chromatography
(silica gel, hexane/EtOAc 1:2 + 2% Et;N) to afford 3 (462 mg,
41%) as a slightly yellow solid. TLC (EtOAc): R,=0.38; 'H NMR
(300 MHz, CDCl;): 6=1.88 (m, 2H), 1.99 (m, 2H), 3.30 (t, J=5.7 Hz,
2H), 3.55 (q, /=6.25 Hz, 2H), 3.70 (m, 3H), 3.75 (s, 8H), 6.45 (d, J=
8.45, H), 6.55 (d, J=8.09 Hz, 2H), 6.81 (d, /=8.82 Hz, 4H), 7.20 (d,
J=7.35Hz, 1H), 7.33-7.37 (m, 8H), 7.43-7.51 (m, 6H), 7.61 (m, 2H),
7.84 (d, J/=6.61Hz, 2H), 791 (m, 2H), 846 (d, J=1.4Hz, 1H),
8.60 ppm (d, J=1.47 Hz, 1H); *CNMR (300 MHz, CD;CN): 29.7,
55.1, 59.4, 86.1113.0, 126.7, 127.3, 127.8, 128.1, 128.3, 129.0, 130.0,
136.2, 158.3 ppm; ESI-MS (positive mode): m/z=758.19 (calcd:
758.36).

Isopropylphosphoramidous acid 3-(6"-(3-(bis-(4-methoxyphenyl)phe-
nylmethoxy)-propylamino)-4'-phenyl-(2,2":6',2" )terpyridin-6-ylamino)-
propyl ester 2-cyanoethyl ester (4): Diisopropylammonium cyano-
ethoxyphosphine (125 pL, 0.40 mmol) was added to a mixture of 3
(250 mg, 0.33mmol) and diisopropylammonium tetrazolide
(56.3 mg, 0.33 mmol) in dry CH,Cl, (10 ml) under a nitrogen atmos-
phere. The mixture was stirred at RT for 2 h. Evaporation of the sol-
vent gave a slight yellow foam, which was purified by flash chro-
matography (hexane/EtOAc 2:1 + 2% Et;N) to afford 4 (266 mg,
84%) as a yellow foam. TLC (hexane/EtOAc 2:1): R=0.48; 'H NMR
(300 MHz, CD5CN): 6=1.03 (t, J=6.15Hz, 12H), 1.11 (m, 5H), 2.50
(t, J=59Hz, 2H), 3.09 (t, J/=5.85Hz, 2H), 3.48 (m, 6H), 3.59 (s,
6H), 3.68 (m, 4H), 3.98 (q, /=7.3 Hz, 2H), 5.18 (t, J=5.3 Hz, H), 5.30
(t, J=5Hz H), 6.4 (d, /=8 Hz, H), 6.46 (d, J=8.3 Hz, H), 6.66 (d, J=
8.3 Hz, 4H), 7.05 (m, H), 7.14 (m, 6H), 7.33 (m, 5H), 7.5 (q, J=
48Hz, 2H), 7.7 (s, 2H), 7.8 (d, J=7 Hz, 2H), 8.5 ppm (d, J=13.6 Hz,
2H); *CNMR (300 MHz, CD;CN): 20.3, 24.5, 24.6, 29.7, 39.6, 40.1,
429, 43.1, 61.6, 61.9, 86.1, 113.0, 118.3, 126.7, 127.2, 127.8, 128.1,
128.6, 128.8: 130.0, 136.3, 138.1, 139.3, 145.1, 149.6, 154.5, 145.6,
156.2, 158.3 ppm; *'P NMR (161.9 MHz, CD,CN): 148.22 ppm; ESI-
MS (positive mode): m/z=958.42 (calcd: 958.47).

Synthesis and purification of oligonucleotides: Oligonucleotides
were synthesized on a 392 DNA/RNA Synthesizer (Applied Biosys-
tems) according to phosphoramidite chemistry.®**** The nucleoside
phosphoramidites were from ChemGenes (Ashland, MA). The stan-
dard synthetic procedure (“trityl-off” mode) was used to synthesize
the oligonucleotides. For the non-natural phosphoramidite 4, the
coupling time was increased to 45 min. Detachment from the solid
support and final deprotection was achieved by treatment with
30% ammonium hydroxide for 40 h at room temperature. The
crude oligonucleotides were purified by PAGE (20% polyacryl-
amide, denaturing conditions) and recovered by electroelution (1 x
TBE buffer, 100 W, 4V, 80 mA, 90 min) by using equipment from
Pharmacia Biotech AB (Sweden). The unmodified oligonucleotides
were purified by reverse-phase HPLC (X Terra RP;g 3.5 pm column
from Waters) and desalted over Sep-Pak cartridges (Waters, Milford,
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USA). The masses of the purified oligonucleotides were determined
by electrospray mass spectroscopy: VG Platform single quadrupole
ESI-MS.

Thermal denaturation experiments: Prior to all experiments, the
oligonucleotides were treated with a chelating agent (Chelex-100
resin, from Sigma) in order to avoid any trace-metal contamina-
tion.”¥ If not indicated otherwise, all experiments were carried out
under the following conditions: oligonucleotide concentration
1.5 um; 10 mm phosphate buffer, pH 7.5, 23°C; 100 mm NaCl. For
experiments with metals, stock solutions (100 pum) of the following
metals were used: Zn'Cl, Co"Cl,6H,0, Ni'Cl,-6H,0, Cu"Cl,»2H,0,
Pd"Cl,.

UV Melting Curves: A Varian Cary 3e UV/Vis spectrophotometer
equipped with a Peltier block temperature-controller and Varian
WinUV software were utilized to determined the melting curves at
260 nm, a heating-cooling-heating cycle in the temperature range
of 0-90°C or 20-90°C was applied with a temperature gradient of
0.5°min~". To avoid H,0 condensation on the UV cells at tempera-
tures above 20°C, the cell compartment was flushed with N,. Data
were collected and analysed with Kaleidagraph® software from Syn-
ergy Software. T, values were determined as the maximum of the
first derivative of the melting curve.

T calculations: Calculated T, values were obtained by using the
program RNA mfold® (http://www.bioinfo.rpi.edu/applications/
mfold/).

Molecular modelling: The calculations were performed with Hyper-
chem® (Release 7) from Hypercube, Inc., Waterloo, Ontario. Oligo-
nucleotide duplexes were generated with the parameters for B-
DNA. The terpyridine moiety was premodelled and built into a
standard B-DNA duplex. The whole construct was then minimized
in the presence of water molecules (periodic boundary conditions)
by using the Polak-Ribiere algorithm and 0.1 kcalmol™' as RMS
gradient. A dielectric constant of 4 was used. Both the electrostatic
and van der Waals 1-4 scale factors were set to 0.5. The structure
was calculated with the Amber force field. The minimized struc-
tures were warmed from 100 to 300 K within 0.1 ps.

CD Spectra: A Jasco J-715 spectropolarimeter with a 150 W Xe
high-pressure lamp was used. A Jasco PDF-350S-Peltier unit, cou-
pled with a Colora K5 ultrathermostat, controlled the temperature
of the cell holder. The temperature was determined directly in the
sample.
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A High-Throughput Screen for Porphyrin Metal
Chelatases: Application to the Directed
Evolution of Ferrochelatases for
Metalloporphyrin Biosynthesis

Seok Joon Kwon, Ralf Petri, Arjo L. deBoer, and Claudia Schmidt-Dannert*™

Porphyrins are of particular interest in a variety of applications
ranging from biocatalysis and chemical synthesis to biosensor
and electronic technologies as well as cancer treatment. Recently,
we have developed a versatile system for the high-level produc-
tion of porphyrins in engineered E. coli cells with the aim of di-
versifying substitution patterns and accessing porphyrin systems
not readily available through chemical synthesis. However, this
approach failed to produce significant amounts of the metallo-
porphyrin in vivo from overproduced protoporphyrin due to in-
sufficient metal insertion. Therefore, we systematically assessed
the activity of the B. subtilis ferrochelatase in vivo and in vitro. A
true high-throughput-screening approach based on catalytic in
vivo ferrochelatase activity was developed by using fluorescence-

Introduction

Porphyrins are ubiquitous cofactors in nature and play an im-
portant role in a variety of essential biological processes, in-
cluding oxygen storage and transport (myoglobin and hemo-
globin), electron transport (cytochromes b and c), and hydro-
carbon oxidation (cytochrome P450 and cytochrome ox-
idase)." These proteins bind porphyrins that contain ferrous
iron as a central metal ion. Other proteins, like the methyl
coenzyme M reductase, contain a hydroporphinoid nickel com-
plex; magnesium is the central metal ion of chlorophylls and
bacteriochlorophylls, whereas cobalt is incorporated in the
corrin system of vitamin B-122 In addition to their central
metal diversity, natural porphyrin systems acquire various sub-
stitution patterns and functional groups during their biosyn-
thesis from a common cyclic tetrapyrrole scaffold (uroporphyri-
nogen lll). Their structural and functional variability makes
these pigments of considerable interest for numerous applica-
tions, such as chemo- and biocatalysis, artificial light-harvesting
systems, biological sensors, molecular imprinting, and in
cancer research.”

So far, these compounds have been chemically synthesized
by either total synthesis or functional derivatization of natural
metalloporphyrins such as heme.” However, biosynthetic-path-
way engineering combined with rational and evolutionary pro-
tein-design strategies is a promising tool to broaden the acces-
sible structural diversity of tetrapyrrols. We recently developed
a versatile system for tailored overproduction of porphyrins in
metabolically engineered Escherichia coli to serve as starter
structures for the applications described above (Scheme 1)."”

ChemBioChem 2004, 5, 1069-1074 DOI: 10.1002/cbic.200400051

activated cell sorting (FACS). This assay was used to screen a li-
brary of 2.4x 10° ferrochelatase mutants expressed in protopor-
phyrin-overproducing recombinant E. coli cells. Several selected
protein variants were purified, and their improved catalytic activi-
ty was confirmed in vitro. In addition to ferrochelatase activity,
metal transport into E. coli was identified as another limitation
for in vivo heme overproduction. Overexpression of the metal
transporter zupT as part of the assembled pathway increased the
overall metalloporphyrin production twofold. This report repre-
sents the most exhaustive in vitro evolution study of a ferrochela-
tase and demonstrates the effectiveness of our novel high-
throughput-screening system for directed evolution of ferrochela-
tases based on their catalytic activity.

However, the overall production of heme in this approach was
insufficient even though a ferrochelatase (HemH) was function-
ally expressed in E. coli-overproducing protoporphyrin IX (pro-
to IX); this suggests a limited iron transport into the cell, a low
in vivo activity of the ferrochelatase, or both.”

Ferrochelatase catalyzes the terminal step in heme biosyn-
thesis, the insertion of Fe?™ into proto IX.”! The most widely
adopted catalytic mechanism of the enzyme involves binding
of proto IX and the metal ion to the enzyme, distortion of the
porphyrin ring to expose the nitrogen lone-pair orbital towards
the metal ion, deprotonation of the proto IX, and finally, met-
al-ligand exchange and release of the heme product.”

The catalytic turnover of ferrochelatases is typically low; this
indicates a limited ability to differentiate between the porphyr-
in substrate and the metal-containing product.® So far, ferro-
chelatase activity has not been systematically investigated by
in vitro evolution approaches. The major limitation has been
the lack of an applicable high-throughput-screening method
for the evaluation of large ferrochelatase libraries. Herein, we
report the development of such a novel, versatile high-
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Scheme 1. Porphyrin synthesis in E. coli cells overexpressing heme biosynthetic genes (hemA-hemH shown) assembled on three plasmids pAC-hemABCD, pBBR-
hemEF, pUCmod-hemH.” P: propionate, A: acetate, M: methyl, V: vinyl. The oxidation of protoporphyrinogen to protoporphyrin is either catalyzed by HemF, when

the enzyme is overproduced, or occurs spontaneously.

throughput screening strategy using fluorescence-activated
cell sorting (FACS) of ferrochelatase libraries expressed in por-
phyrin-overproducing E. coli cells. Several new ferrochelatase
variants with significantly increased iron chelatase activity in
vivo and in vitro were obtained.

Results and Discussion

Overexpression of the metal transporter ZupT increases
heme biosynthesis

Prior to this study, the entire heme biosynthetic pathway had
been assembled by using a three-plasmid system (pAC-hem-
ABCD, pBBR-hemEF, pUC-hemH) and overexpressed in E. coli,
yielding high levels of porphyrins (up to 90 pmolL™").”! Howev-
er, the insertion of metal into proto IX was inefficient and yield-
ed less then 2 umolL™" of heme although the Bacillus subtilis
ferrochelatase (HemH) was found to be overexpressed and
active in vitro.”! These results indicated either limited iron
transport into the cell or the lack of ferrochelatase activity in
vivo. In order to investigate a possible metal limitation in vivo,
the gene encoding the E. coli zinc-uptake protein (ZupT),
which belongs to the ZIP (zinc and iron transporter) metal-
transporter family and mediates zinc-, iron-, copper-, and cad-
mium-ion uptake,” was cloned and coexpressed in proto IX
producing E. coli cells containing plasmids pAC-hemABCD,
pBBR-hemEF, and pUC-hemH or pUCmod (control). After culti-
vation of E. coli transformants in the presence of ZnSO, or
FeSO, for 48 h, all porphyrin compounds were extracted and
analyzed by HPLC. Overexpression of zupT together with the
heme pathway doubled the production level of heme and of
Zn-proto IX (Table 1 and Figure S1 in the Supporting Informa-
tion showing HPLC analysis of porphyrin extracts). The same
effect was observed when ZupT was overexpressed in proto -
IX-producing cells without the B. subtilis ferrochelatase (HemH)
present in the assembled pathway, probably due to the activity
of chromosomal E. coli ferrochelatase HemH. These results
clearly demonstrated that ZupT was functionally overexpressed
as iron and zinc transporter, and indicated that metal uptake is
a crucial limitation for overproduction of metal porphyrins in
engineered E. coli, which can be overcome by metal uptake
systems.
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Table 1. Metalloporphyrin biosynthesis in E. coli transformants overexpress-
ing the metal-ion transporter ZupT.

[b]

Overexpressed genes® Conversion [%]

Zn-Proto IX Heme
hemA, B, C, D, E F 204 7.5
hemA, B, G D, E FH 323 12.9
hemA, B, C, D, E, F + zupT 41.1 14.7
hemA, B,C, D, E, F H + zupT 624 21.3

[a] E. coli transformants containing three plasmids: pACmod-hemABCD
and pBBR-hemEF or pBBR-hemEFzupT, and pUCmod-hemH or pUCmod.
[b] Calculation of conversion: [metalloporphyrin]/[metalloporphyrin  +
proto IX]x 100.

Development of a FACS-based high-throughput screen for
ferrochelatase activity

Because significant amounts of proto IX still accumulated in
cultures overexpressing zupT, ferrochelatase activity within the
overexpressed heme pathway appeared to be rate limiting
(Table 1). To obtain ferrochelatase variants with improved
metal-insertion activity in proto IX-overproducing E. coli cells,
we chose an in vitro evolution approach. Such an approach re-
quires a fast and specific assay for the screening of the large
mutant libraries. Unfortunately, reported ferrochelatase in vitro
assays are unsuitable for high-throughput screening, as they
require anaerobic conditions to maintain the ferrous substrate
in the reduced state thus resulting in cumbersome assay pro-
cedures and low sensitivities."” Alternatively, a stable bivalent
zinc ion may substitute the ferrous iron in the assay but the
ferrochelatase variants selected for in such a zinc-activity
screen may not show the desired enhanced iron-chelatase ac-
tivity. Thus, a cell-based screen that directly measures in vivo
activity by using the natural metal substrate would be the best
solution. Since screening for increased heme production in
E. coli by HPLC analysis is time consuming and laborious, we
developed a new high-throughput screening method based
on FACS analysis of E. coli cells overproducing porphyrins and
metalloporphyrins to screen a library of >10° ferrochelatase
variants.

As shown in Figure 1, FACS analysis can efficiently discrimi-
nate between three different E. coli cell populations at 650 nm
(FL3 region): 1) reference cells unable to overproduce porphyr-
ins (containing empty control plasmids pACmod, pBBR1 MCS-2,
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Figure 1. A) FACS analysis of E. coli transformants on the basis of ferrochela-
tase activity. Control cells (population 1, containing pACmod, pBBR1 MCS-2,
pUCmod), Zn-proto IX-producing cells (population 2, containing pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH168), and proto IX-producing
cells (population 3, containing pAC-hemABCD, pBBR-hemEF, pUCmod). B) FACS
histogram of proto IX-overproducing E. coli transformants coexpressing hemH
wild-type (1) and hemH library (2). Region R1 shows the sort gate used to iso-
late the ferrochelatases with increased activity.

pUCmod), 2) cells overproducing Zn-proto IX (containing pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH168), and 3) cells
overproducing proto IX (containing pAC-hemABCD, pBBR-
hemEF, pUCmod). The empty vector reference cells gave only
low intensity background fluorescence (population 1, Fig-
ure 1A) whereas the proto IX-overproducing E. coli cells gave
the highest fluorescence intensity at 650 nm (population 3, Fig-
ure 1A). The insertion of metal into proto IX decreased the
fluorescence intensity of the cells as observed with Zn-proto
IX-producing E. coli cells (population 2, Figure 1A). Thus, in
vivo metalloporphyrin overpro-

duction related to ferrochelatase

FULL PAPEI

T
J |l1_ | S |

(

detection of the produced Zn-proto IX at a blue-shifted emis-
sion maximum (578 nm compared to 650 nm for proto IX).

Isolation of ferrochelatase variants with increased chelatase
activity

To enhance ferrous iron (Fe*) activity, the ferrochelatase hemH
gene from B. subtilis 168 was subjected to error-prone PCR,
and the resulting mutant library cloned into pUCmod prior to
transformation into proto IX-producing E. coli cells (containing
plasmids pACmod-hemABCD and pBBR-hemEFzupT). The library
was cultivated for 48 h, as described in the Experimental Sec-
tion, and subsequently sorted by FACS (Figure 1B). The R1
region of the analyzed population (boxed in Figure 1B) with
the lowest proto IX fluorescence, indicative of a high proto IX-
to-heme conversion, was collected. A total of 2.4x10° cells
were evaluated in 24 min, and 3052 individual clones were re-
covered and isolated on selective LB agar plates. From these,
six clones were picked randomly, cultivated as described, and
analyzed by HPLC. The quantitative porphyrin analysis con-
firmed the increased proto IX-to-heme conversion of the FACS-
selected mutants compared to wild-type (WT) HemH (Table 2,
Figure 2). Thus, the developed FACS screen for proto IX-pro-
ducing E. coli cells proved to be a powerful and efficient direct
high-throughput method for the in vitro evolution of ferroche-
latases.

The selected mutant ferrochelatase genes contained one to
seven base-pair changes translating into one to three amino
acid substitutions (Table 1). To analyze the effects of the muta-
tions in vitro, the ferrochelatase variants and wild-type gene
were His-tagged at the C terminus and purified by immobilized
metal-affinity chromatography (Figure S2 in the Supporting In-
formation). All mutants, except for mutant M5 (R31G; ca. three-
fold increase in expression according to SDS-PAGE density
data, not shown), were expressed at levels similar to the wild-
type gene.

The catalytic properties of the mutants and wild-type ferro-
chelatase were determined with a discontinuous assay at dif-
ferent Fe’* and proto IX concentrations under anaerobic con-
ditions (to maintain ferrous iron in the reduced state), as re-
ported."” The kinetic constants given in Table 2 (Vi Keoo
KP©X k') were calculated from Lineweaver-Burk plots. The
detected catalytic turnover rate (k) of the wild-type ferro-

activity can be detected based
on a decrease in proto IX fluo-
rescence intensity, which is inde-
pendent of the incorporated

metal and makes this assay gen-
erally applicable for proto IX
metal insertion. For convenience
of culture handling, preliminary
experiments to establish this
assay were performed with the
stable zinc ion, which offered
the additional benefit of direct
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Table 2. Production of heme in recombinant E. coli overexpressing the proto IX pathway along with wild-type or
mutated hemH genes (M1-M6) identified by FACS and catalytic properties of ferrochelatases.
Ferrochelatases Conversion® Viax Ko KEe Kear

[%] [nmolmg~"min™"] [um] [um] [min™]
Wild-type 441 41 0.91 13 1.4
T302A (M1) 74.7 54 0.79 19 1.9
D76G, K102T (M2) 81.9 56 0.44 21 2.0
E61K (M3) 76.1 67 0.78 17 24
M11V, G104A (M4) 78.9 65 13 9.4 23
R31G (M5) 824 33 0.83 10 1.2
E61K, L185Q, 212D (M6) 89.3 93 0.86 14 33
[a] Calculation of conversion: [heme]/[heme + proto IX]x 100.
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Figure 2. A) HPLC analysis of porphyrin extracts from E. coli transformants har-
boring A) pAC-hemABCD, pBBR-hemEFzupT, pUCmod-hemH (WT) and B) pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH (M6). The separated peaks were
identified as heme (peak 1, A.,=502 [a], 628 [B], and 536 nm [shoulder];
[M+H]* at m/z=616.3) and proto IX (peak 2, Ayq= 505, 539, 574, and

628 nm; [M+H]™ at m/z=563.4).

chelatase with iron (Fe**; 1.4 min~") was 20-fold lower than
that published for Zn?*;™! this agrees with similar observa-
tions described previously® and may be explained by meth-
odological differences between continuous and discontinuous
assays as reported by Shi and Ferreira.'” However, to our
knowledge, a direct comparison of Zn’* and Fe?* turnover
rates of B. subtilis ferrochelatase has not been reported so far.
All FACS-selected ferrochelatase mutants, except for the over-
expression mutant M5, showed a 1.4-2.4-fold higher catalytic
turnover (k) compared to the wild-type enzyme.

Structural mapping of ferrochelatase mutations

The obtained mutations were mapped on the X-ray structure
of the B. subtilis ferrochelatase"” so as to find explanations for
the observed catalytic effects. Except for amino acid substitu-
tions L185Q and R31G, all mutations were located on the sur-
face of the B. subtilis protein and far away from the active site
(Figure 3).

Interestingly, mutated residue R31 is part of a positively
charged “lid”, formed by residues R31, R30, R33, and K188, that
covers the porphyrin binding cleft and participates in substrate
binding.® Our data suggest that the loss of a positive charge
in mutant R31G (M5) causes the slight decrease of catalytic
turnover (k) observed. However, the increased expression
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K102T

Figure 3. Structure of the B. subtilis ferrochelatase showing the location of the
mutations.

level over-compensated for the decrease in activity and en-
hanced heme biosynthesis in vivo (Table 1).

The active site of HemH contains two invariant residues
(H183 and E264) and hosts several aromatic residues that limit
the space in the porphyrin-binding cleft. From previous calcu-
lations it was assumed that ring A of proto IX is tilted 15° out
of the plane of the tetrapyrrole, and that the other three rings
are tilted as well: ring C is slightly tilted, about 4°, in the same
direction, whereas rings B and D are tilted in the opposite di-
rection, by 2° and 9°, respectively.® The authors suggested
that the saddled structure of the tilted proto IX facilitates the
insertion of the central metal ion into the tetrapyrrole. These
data were later partially confirmed by the X-ray structure,
which disclosed that the invariant glutamate residue E264 was
responsible for the distortion of ring A. The residue L185, dis-
covered from mutant M6 (E61K, L185Q, G212D), is one of the
few nonaromatic residues in the active site, is located above
the pyrrole rings B and C of the tetrapyrrole (Figure 3), and
may alter distortion of the tetrapyrrole ring upon substitution.
If so, this particular residue may be a hotspot for increasing
ferrochelatase activities by using rational design strategies. Fur-
ther investigation into this is currently underway.

Conclusion

Intriguingly, most of the mutations selected by FACS analysis
were located on the surface of the protein. As the B. subtilis
ferrochelatase is soluble, it differs from most other ferrochela-
tases, which are membrane-associated."""® Our mutants, with
increased in vivo activity based on certain structural or electro-
static changes at the surface of the B. subtilis ferrochelatase
(Figure 3, Table 1), might therefore reflect a membrane or pro-
tein-protein interaction, which possibly enhances activity.

ChemBioChem 2004, 5, 1069 - 1074
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However, our in vitro data confirmed that all mutants have en-
hanced catalytic turnover rates (Table 2); this suggests a com-
bination of surface effects and long-range activity effects.

This report represents the most exhaustive in vitro evolution
approach to ferrochelatases and successfully combines assay
development with directed-evolution methods and in vivo pro-
duction of porphyrin compounds. We have demonstrated the
effectiveness and power of our novel high-throughput-screen-
ing system for the directed evolution of ferrochelatase genes
based on catalytic activity. The results presented herein enable
us to discover new ferrochelatase variants with higher activity
by rational and in vitro evolutionary approaches.

Experimental Section

Bacterial strains, plasmids, and cultivation: Strains and plasmids
used in this study are listed in Table S1 in the Supporting Informa-
tion. The proto IX pathway consisting of genes hemA, hemB, hemC,
hemD, hemE, and hemF was cloned in a modular fashion on plas-
mids pACmod and pBRR1MCS-2 yielding plasmids pAC-hemABCD,
pBBR-hemEF as reported.”! B. subtilis ferrochelatase hemH was
cloned on pUCmod." E. coli were routinely grown in LB medium
supplemented with carbenicillin (100 ugmL™"), chloramphenicol
(50 pgmL™"), and kanamycin (30 pgmL™") where appropriate.

The zupT gene from E. coli (GenBank Accession No.: AE000386)"
was amplified from chromosomal DNA and cloned into the
pUCmod. The cloned gene (zupT), including the lac-promoter, was
reamplified from pUC-zupT and assembled into pBBR1-hemEF yield-
ing pBBR-hemEFzupT. For purification purposes, a modified vector
pUC-His was constructed from pUCmod following a QuickChan-
ge™ protocol (Stratagene, CA) by using the primers pUChis-F (5'-
GACTCGAGCATCACCATCACCATCACTGATTCTCCTTACGCATCTGTG-
CG-3') and pUChis-R (5-TCAGTGATGGTGATGGTGATGCTCGAGCG-
GAATACCGCAGCGGCCGC-3'), creating a new Xhol-site for subse-
quent cloning in frame with the His-tag.

Analysis of metalloporphyrins: E. coli transformants were grown
for 24 h at 30°C in selective LB medium (50 mL). After 24 h, ZnSO,,
(100 um) or FeSO, (500 um) was added into the media, and the
bacterial cells were cultivated aerobically another 24 h for direct
comparison of Fe and Zn uptake. The cells were harvested by cen-
trifugation (4000g, 20 min), resuspended in Tris/HCI (100 mm,
pH 7.6) containing EDTA (50 mMm) to remove the divalent ions
added, washed twice with Tris/HCl (pH 7.6), and finally extracted
with acetone/6 N hydrochloric acid (10:1). HPLC and LC-MS analysis
were performed as described.”

Library construction and FACS analysis: The initial library of ferro-
chelatase mutants was created by error-prone PCR of the hemH
gene from B. subtilis by using the Diversify™ PCR Random Muta-
genesis Kit (Becton Dickinson, San Jose, CA). The amplification
products were ligated into pUCmod," pooled, and transformed
into proto IX-producing E. coli® containing pACmod-hemABCD and
pBBR-hemEFzupT for library screening. The transformants were cul-
tivated for 24 h at 30°C in LB media (50 mL) containing carbenicil-
lin (100 ugmL™), chloramphenicol (50 ygmL™"), and kanamycin
(30 pgmL™"). After 24 h, FeSO, (500 um) was added to the media,
and the bacterial cells were incubated anaerobically (to reduce
iron oxidation) for another 24 h. An aliquot (100 uL) of culture was
pelleted, and the cells were washed three times with PBS buffer
(1 mL), suspended in PBS buffer (1 mL), and examined with the
FACSCalibur™ Flow Cytometry System (Becton Dickinson, Oxnard,
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CA). Empty plasmids and wild-type ferrochelatase were used as
controls. Sorting was performed in exclusion mode on about 10°
events at approximately 2000 events per second. After sorting, the
cells were isolated on LB plates containing carbenicillin
(100 pigmL™"), chloramphenicol (50 ugmL™"), and kanamycin
(30 pgmL™") at 30°C for 24 h. The clones for further in vitro experi-
ments were randomly picked from the plate and cultivated in LB
media (50 mL) as described above.

Enzyme purification and kinetic analysis: His-tagged ferrochela-
tases (wild-type and variants) were purified by using metal-affinity
chromatography (BD Talon™, San Jose, CA). Protein purity was as-
sessed by SDS-PAGE, and protein concentrations were determined
by using the Bio-Rad protein assay (Hercules, CA) with bovine
serum albumin as standard. Ferrochelatase activity was assayed by
measuring the rate of proto IX disappearance! (excitation at
410 nm and emission at 634 nm) with a Gemini XS spectrofluorom-
eter from Molecular Device (Sunnyvale, CA). The reaction mixture
(1 mL) contained proto IX (0.75, 1.5, 2.5 um) and 10 ug of purified
ferrochelatases (wild-type and variants) in Tris/HCl (100 mm,
pH 7.6) and Tween 80 (0.5% v/v) at 30°C. The reaction was initiat-
ed by injecting ferrous iron (12.5, 25, 50 um). Anaerobic conditions
were maintained in septum-capped reaction vials by a continuous
nitrogen stream to keep iron in its reduced ferrous state.

Structure analysis. The mutations were identified in the X-ray
structure of Bacillus subtilis HemH (PDB database entry 1C1H) by
using SWISS-PDB software.l'®
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A Stable Miniature Protein with Oxaloacetate

Decarboxylase Activity

Chris J. Weston,? ®! CharIP/]H. Cureton,™ Melanie J. Calvert, Oliver S. Smart,™
a

and Rudolf K. Allemann*

An 18-residue miniature enzyme, Apoxaldie-1, has been designed,
based on the known structure of the neurotoxic peptide apamin.
Three lysine residues were introduced on the solvent-exposed
face of the apamin a-helix to serve as an active site for decar-
boxylation of oxaloacetate. The oxidised form of Apoxaldie-1, in
which two disulfide bonds stabilise the a-helix, formed spontane-
ously. CD spectroscopy measurements revealed that, in its oxi-
dised form, Apoxaldie-1 adopted a stably folded structure, which
was lost upon reduction of the disulfide bonds. Despite its small
size and the absence of a designed binding pocket, Apoxaldie-1
displayed saturation kinetics in its oxidised form and catalysed

Introduction

Simple peptides decorated with functional groups rarely, if
ever, display significant catalytic activities. Presentation of the
same array of functional groups to a substrate within the struc-
turally ordered environment of the active site of an enzyme,
however, normally creates catalysts of high efficiency. The ra-
tional redesign of enzymes is a difficult task due to the delicate
balance between stability and catalytic activity and the intrinsic
instability of many naturally occurring proteins. One way to
overcome this problem is to create catalysts by grafting active-
site residues onto stable polypeptide scaffolds."”!

A wide range of natural protein motifs have been used to
create miniature enzymes that present functional groups on
the surface of specific elements of secondary structure. Exam-
ples include a BPa motif,® a-helical bundles,”*™ mixed poly-
proline/a-helices*™® and triple-stranded p-sheets.'>'3 Such
scaffolds often require oligomerization for stability and func-
tional activity.**”? In addition, their resistance to high temper-
atures,*® denaturants such as guanidinium hydrochloride
(Gdn-HCl) or urea,”” and extreme pH values is normally rather
low. The reduced thermal stability of miniature proteins is
thought, at least in part, to result from their small size and
hence low number of stabilizing interactions between different
parts of the peptide chain.

We have recently described two strategies to restrict the
conformational space available to small peptides with DNA
binding activity. The first relied on the introduction of covalent
nonpeptidic cross-linkers that can be activated by light.'"*'
The second approach made use of the stabilising effect of di-
sulfide bonds between the DNA-recognition helix of the basic
helix-loop-helix protein MyoD and an N-terminal extension de-
rived from the bee venom peptide apamin.'®'”! Apamin is an
18-residue neurotoxic peptide, in which two turns of the C-ter-
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the decarboxylation of oxaloacetate at a rate that was almost
four orders of magnitude faster than that observed with n-butyl-
amine. This rivals the performance of the best synthetic oxaloace-
tate decarboxylases reported to date. Unlike those, however,
Apoxaldie-1 displayed significant stability. It maintained its secon-
dary structure at temperatures in excess of 75°C, in the presence
of high concentrations of guanidinium chloride and at pH values
as low as 2.2. Apamin-based catalysts have potential for the gen-
eration of miniature peptides that display activity under nonphy-
siological conditions.

minal a-helix are stabilised through two disulfide bonds, there-
by conferring significant stability on the peptide."**” Proteoly-
sis, CD and NMR spectroscopy revealed that, upon air oxida-
tion, the disulfide bonds in apamin formed exclusively be-
tween Cys1 and Cys11, and Cys3 and Cys15 (Figure 1).'%229
Apamin has been used to stabilise the a-helical conformation
of several peptides, including S-peptide.”” These studies re-
vealed that the stability of the apamin motif was based mainly
on the formation of the disulfide bonds, while other residues
in the a-helix could be altered without significantly changing
the secondary structure.

Based on a general understanding of the amine-catalysed
decarboxylation of [(-keto acids, a reaction that proceeds
through a protonatable imine intermediate, we have previous-
ly reported the construction and characterisation of a series of
peptides that folded in solution and displayed catalytic activity
as oxaloacetate decarboxylases. a-Helical bundles (Oxaldie-1
and -2)®% and the scaffold of the dimeric pancreatic polypep-
tide (Oxaldie-3 and -4)*® were used to constrain a reactive
amine of a lysine residue, the pK, of which was depressed by
up to two orders of magnitude due to the proximity of further
lysine residues. These designs were successful in that imine for-
mation, which is the slow step during the decarboxylation of
[-keto acids by simple amines, was no longer rate determining
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A)
Apamin NCKAPETALCARRCQQH-amide
Apoxaldie-1 CNCKAPETKLCAKACKLN-amide

B)

Figure 1. Design of catalytically active peptide Apoxaldie-1. A) Alignment of the
amino acid sequence of the bee venom peptide apamin and of Apoxaldie-1.
The naturally produced disulfide pattern of apamin"®?'*" s indicated in
orange. B) Molecular model of Apoxaldie-1 based on the NMR structure of
apamin.??’ Cysteine residues are shown in orange, helical residues in red,
proline in black, lysines in blue and other residues in green.

in reactions catalysed by these peptides. However, the folding
and the activity of these peptides were concentration-depend-
ent; this suggests that these scaffolds were stabilised by oligo-
merisation and aggregation (Table 1).*%%? Their resistance to
denaturation by elevated temperature, denaturants or changes
in pH was low.

Table 1. Kinetic parameters of the catalytic decarboxylation of oxalo-
acetate.”!
Peptide Keat Kw Kear/ Kin
[1073s™] [mwm] M's7]
Oxaldie-2 (200 pm)™ 7.5 48.0 0.16
Oxaldie-2 (100 pm)™ 15.0 2100 0.07
Oxaldie-3* 86.0 494 1.74
Oxaldie-4" 229.0 64.8 3.53
Apoxaldie (oxidised) 66.0 29.8 2.22
Butylamine® - - 0.0005
Phe-OEt™ - - 0.0061
Spontaneous'® 0.013 - -
[a] For details, see the main text and the Experimental Section.

Here we describe the suitability of an apamin-based scaffold
for the creation of monomeric peptides with catalytic activity
and high stability. To this end we have designed an oxaloace-
tate decarboxylase based on the peptide venom apamin
(Apoxaldie-1) and containing three lysine residues on the sol-
vent-exposed face of the a-helix. While the catalytic efficiency
of Apoxaldie-1 was comparable to that of the best designed
peptide-based oxaloacetate decarboxylases described to date,
its thermal and chemical stability were dramatically improved.
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Results and Discussion

Design and synthesis of Apoxaldie-1

Our previous work had revealed that peptides containing
lysine residues in close proximity within the structural context
of an a-helix could act as efficient catalysts for the decarboxy-
lation of P-keto acids. Amino acid residues 9, 13 and 16 of
apamin, which are solvent-exposed in consecutive turns of the
a-helix and in close proximity, were therefore replaced with
lysine residues to provide an active site similar to that of Oxal-
dies-2 to -4 (Figure 1).*%? A further three residues were
changed from the original apamin sequence (Argl14Ala,
GIn17Leu, His18Asn) to facilitate the inclusion of the three
lysine residues by minimising potential side-chain conflicts.

Apoxaldie-1 was synthesized by solid-phase peptide synthe-
sis by using standard Fmoc chemistry, purified by C18 reverse-
phase HPLC and identified by MALDI-TOF and electrospray
mass spectrometry. The experimentally observed mass of
1937 Da for reduced Apoxaldie-1, was identical to the calculat-
ed mass.

The oxidised form of Apoxladie-1 could be generated by
simple air-oxidation of a dilute solution of the peptide. Both
MALDI-TOF and electrospray mass spectrometry revealed the
correct mass of 1933 Da for oxidised Apoxaldie-1. No free
thiols could be detected with Ellman’s reagent”” As with
apamin,”*® intramolecular disulfides formed spontaneously,
and no evidence for intermolecular disulfide formation was
found.

Folding of Apoxaldie-1 is dependent on redox state

The structural properties of Apoxaldie-1 were characterised by
CD spectroscopy. At 20°C, the spectrum of Apoxaldie-1 pos-
sessed a minimum at 205 nm and a shoulder at 222 nm

(Figure 2) and closely resembled those of unmodified
20 -
o )
Reduced Apaxaldie-1
\ {21.10 um + 0.5 s TCEP)
| oH
[,

10% deg cm? -10
dmol residue™

=0 /! Oxidised Apoxaldie-1
il (1,38 - 21,10 )

SD . . . . i - . . i - - . " - . i
200 220 240 260 280

Anm —=

Figure 2. Dependence of the CD spectrum of Apoxaldie-1 both on the concen-
tration of the peptide and on its redox state. The range of peptide concentra-
tions used was 1.38-21.10 um. The CD spectrum of 21.1 um Apoxaldie-1 in the
presence of 0.5 mm TCEP is indicated (dotted line). Potassium phosphate buffer
(10 mm , pH 7.0) at 20°C was used. Note that the reduction in the intensity of
the CD signal below 190 nm was due to an increase in absorbance at these
wavelengths both from the buffer and from the peptide. The CD spectrum of
the TCEP-treated peptide has been truncated at 198 nm due to the absorbance
of TCEP in this region.
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(18] 28]

apamin™ and its diselenide analogue® (Figure 2). The mean
residue ellipticity at 222 nm, [0], ,2,,m Of Apoxaldie-1 was meas-
ured to be —115004 1000 degcm?dmol™" per residue. From
this value, the a-helical content was estimated to be ~35%;
this suggests the formation of approximately two turns of an
a-helix. The addition of 5% 2,2,2-trifluoroethanol led to a shift
of the minimum from 205 nm to 208 nm (data not shown).
The [6];222nm Value increased slightly to —15000 degcm?dmol ™
per residue by the cosolvent (equating to ~48% helicity). The
a-helical content of Apoxaldie-1 was therefore lower than
would have been expected from the NMR structure®?! of
apamin (~44%). This suggested that the C-terminal end of
Apoxaldie-1 might have been frayed. This interpretation was
supported by molecular dynamics (MD) simulations, which in-
dicated an unravelling of the three N-terminal residues of
Apoxaldie-1. The structure of apamin, on the other hand, re-
mained largely stable during comparable MD simulations (C. H.
Cureton, unpublished work). The presence of the three neigh-
bouring positively charged lysine residues on the solvent-ex-
posed face of the helix, might therefore have been the cause
of the apparently reduced a-helicity. An alternative explanation
for the reduced [6],,,,,m intensity measured for Apoxaldie-1
might be the formation of a 3,,-helix rather than an a-helix
due to electrostatic repulsions between neighbouring lysines.
Indeed it has been suggested that 3;,-helices possess CD spec-
tra in which the [0], 52,m[0],208nm ratio is distinctly smaller than
unity.?? The ratio was measured to be 0.69 for Apoxaldie-1
and 0.82 for apamin; this suggests that while apamin had a
largely a-helical CD signal consistent with its NMR struc-
ture,?%2*29 the CD spectrum of Apoxaldie-1 was more repre-
sentative of a 3;-helix. It must be noted, however, that the
“correct” ratio of the values for [0],,5,,m and [6],s.m alone is
not sufficient to prove the presence of a 3,,-helix.®"

The extent of helicity observed for Apoxaldie-1 was inde-
pendent of the concentration of peptide throughout the
whole concentration range studied (1-21 um; Figure 2); this
suggests that Apoxaldie-1 remained folded at concentrations
as low as 1 um, as was expected for a monomeric peptide. Ad-
dition of the reducing agent tris(2-carboxyethyl) phosphine
(TCEP) to a solution of oxidised Apoxaldie-1 led to a significant
change in the CD spectrum (Figure 2). [6],,5;,m Was measured
as —4150 degcm?dmol™' per residue, which indicates that the
amount of helicity was reduced to ~13%. The minimum at
205 nm observed for oxidised Apoxaldie-1 was shifted to
200 nm (i.e. a “random-coil” CD spectrum). It appeared, there-
fore, that the structure of oxidised Apoxaldie-1 was dependent
on the disulfide bonds; in their absence the peptide was large-
ly “unfolded”.

Apoxaldie-1 displays high thermal and chemical stability

The structures of all designed oxaloacetate decarboxylases re-
ported previously were of rather limited stability. Oxaldies-1
and -2 formed poorly defined a-helical bundles.”** Oxaldie-3,
which relied for stability on the avian pancreatic polypeptide
fold, formed a molten globule-like structure of only limited sta-
bility. The unfolding process of Oxaldie-3, induced by both
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temperature and chemical denaturants, showed no cooperativ-
ity.” The stability of Oxaldie-4, the design of which was based
on bovine pancreatic polypeptide, was slightly higher with a
melting point of 50°C and a midpoint of the chemical denatu-
ration of approximately 4 m urea.”

Apoxaldie-1, on the other hand, was highly resistant to de-
naturation. Thermal unfolding experiments revealed that it
maintained its secondary structure at temperatures in excess
of 75°C. Up to this value, the CD spectrum of Apoxaldie-1 was
independent of temperature. It was only at temperatures
above 75°C that the CD spectrum of the peptide changed
(Figure 3). This change was very gradual, however, and might

A) 20

!@r 0
10 deg cm?
dmol ! residue!

-10
"‘Innreasinog?'
| {10 - 90 “C)
20— P S S S T - i PR
200 220 240 260 280
Anm —=
B) 0
-2
i -4
. B
ll'[“rr.222' nm
110 degcm® B
dmol™! residue!
-10
12
14
v] 20 40 60 80 100

T°C —=

Figure 3. Temperature dependence of the CD spectrum of Apoxaldie-1.

A) Changes in the CD spectrum of Apoxaldie-1 from 10-90°C (10°C increments
were used). B) The temperature dependence of the measured ellipticity at

222 nm, [0],5,,m of Apoxaldie-1 between 10-95°C. The buffer was 10 mm po-
tassium phosphate, pH 7.0 and the concentration of Apoxaldie-1 was 15 um.

have reflected a conformational change of Apoxaldie-1 as a
whole rather than a loss of helicity per se. Apamin underwent
a similar conformational change (data not shown); this indicat-
ed that the substitution of residues on the solvent- exposed
face of the C-terminal helix did not affect the thermal stability
of the peptide to any great extent.

Apoxaldie-1 also showed significant resistance to chemical
denaturants. Only a slight change in the CD spectrum was ob-
served upon the addition of 1-6 M Gdn-HCI (Figure 4). Apamin
itself was resistant to denaturation by Gdn-HCl, reiterating the
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Figure 4. Dependence of the CD spectrum of Apoxaldie-1 on the concentration
of guanidinium-hydrochloride. A) Effect of 0-6 m Gdn-HCI addition to solutions
of Apoxaldie-1 (30 um) in 1M increments on the CD spectrum of the peptide.
B) Changes in the [0],,,,,» signal with increasing concentrations of Gdn-HCI.
For comparison, the [0],,,;,, for Apoxaldie-1 at 95°C (m) or in the presence of
0.5 mm TCEP (A) are indicated at 0m Gdn-HCl. These two data points are ex-
trapolated across the range of Gdn-HCI concentrations studied. The concentra-
tion of Apoxaldie-1 was 30 um.

slightly reduced stability of Apoxaldie-1. It is interesting to
note, however, that, like apamin,"® Apoxaldie-1 retained its
structure to pH values as low as 2.2 (data not shown).

Apoxaldie-1 is an efficient catalyst of the decarboxylation of
oxaloacetate

The peptide-catalysed decarboxylation of oxaloacetate was
studied by UV spectroscopy in an enzyme-coupled assay
(Scheme 1).#%% The assay revealed that Apoxaldie-1 was not
only a highly stable, but also a very efficient peptide catalyst.
For the oxidised form of Apoxaldie-1, the reaction followed
saturation kinetics with a k, of 0.0660+0.02 s™' and a Michae-

) CO, O NADH  NAD* OH
oA A
O O o} o

Scheme 1. The assay of decarboxylation of oxaloacetate to form pyruvate and
carbon dioxide was based on monitoring the conversion of NADH to NAD*
during the reduction of pyruvate.
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lis constant, Ky, of 29.8+5mm (Figure 5 and Table 1). The
kinetic efficiency k. /Ky of Apoxaldie-1 was therefore
2.22 M 's”'. Due to its monomeric structure, the folded state

0.8
ol
0.6 o ©
T 0.4} 5
(o)
vipms™ 0.2+
H 0 /©
0n/8 &
0.0¢g [m] O O =)
o B8 A A 8
a
—02} a s
_04 L L L |
50 100 150 200
[OAAYMM —=

Figure 5. Rate of the catalysed decarboxylation of oxaloacetate as a function
of substrate concentration. Typical example of a rate profile for a reaction
carried out at 293 K in N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid
(50 mm, pH 7) containing 10 mm NaCl in the presence of oxidised Apoxaldie-1
(0), reduced Apoxaldie-1 (o) and wild-type apamin (A).

and hence catalytic efficiency of Apoxaldie-1 were not depend-
ent on the concentration of the peptide (Table 1). Following re-
duction of Apoxaldie-1 with TCEP, the peptide no longer dis-
played saturation kinetics (Figure 5). Neither the reduced form
of Apoxaldie-1 nor wild-type apamin speeded the decarboxyla-
tion reaction to any significant extent when compared to the
uncatalysed reaction (Figure 5). This indicated that both the di-
sulfide-stabilised folded structure and the presence of the
three lysines within the a-helix of oxidised Apoxaldie-1 were
central to the catalytic activity of Apoxaldie-1. The absence of
comparable catalytic activity of apamin indicated that the ac-
tivity of oxidised Apoxaldie-1 was not due to the amino termi-
nal amine or Lys4, which is also solvent-exposed but not
flanked by additional lysine side chains. Because of its central
position between Lys9 and Lys16 (Figure 1), Lys13 could be ex-
pected to be the most nucleophilic of the amines. However, it
is worth noting that all lysine residues of Oxaldie-2 showed
similar reactivity.?®

Support for the involvement of an imine intermediate in the
decarboxylation reaction was obtained from reductive alkyla-
tion experiments.”’ Oxidised Apoxaldie-1 was incubated with
oxaloacetate in the presence of NaCNBH;. Analysis of the reac-
tion products by MALDI-TOF mass spectrometry revealed a
mass increase in the peptide of 72 Da (data not shown); this
indicated the reductive alkylation of Apoxaldie-1 by one mole-
cule of pyruvate. This result suggested that decarboxylation of
the imine formed with oxaloacetate occurred more rapidly
than its reduction by NaCNBH,.

The small size of Apoxaldie-1 was clearly not a limitation for
its catalytic performance; its catalytic efficiency was similar to
that measured for Oxaldie-3 and -4 (Table 1). While the catalyti-
cally active form of Oxaldie-4 was a dimer of 62 amino acids,
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Apoxaldie-1 acted as a monomer of only 18 amino acid resi-
dues. On a molecular weight basis, Apoxaldie-1 was therefore
more than twice as efficient as Oxaldie-4. Naturally occurring
oxaloacetate decarboxylases speed the decarboxylation reac-
tion by approximately eight orders of magnitude relative to
simple amines, such as butylamine. Despite the absence of a
designed binding pocket, Apoxaldie-1 enhanced the rate of
decarboxylation by almost four orders of magnitude. Even rela-
tive to a catalyst such as phenylalanine ethyl ester, which for
catalysis at physiological pH has the nearly optimal pK, of 7.2,
Apoxaldie-1 speeded the reaction almost 400-fold (Table 1).2
Its catalytic performance was equal to that of the catalytic anti-
body 38C2, which, in addition to efficiently catalysing aldol,
retroaldol and deuterium-exchange reactions, also decarboxy-
lated 2-(3'-(4"-acetamidophenyl)propyl)acetoacetic acid (k./
Ky=2.9 M 's").B? The catalytic performance of Apoxaldie-1,
however, was achieved by a peptide that is 100 times smaller
than naturally occurring enzymes and abzymes.

In summary, Apoxaldie-1 is an 18 amino acid peptide of sig-
nificant stability that, despite its small size, catalyses the decar-
boxylation of oxaloacetate with an efficiency rivalling that of
the best, designed peptide catalysts. However, its remarkable
thermal stability and high resistance to chemical denaturation
suggest that apamin-based catalysts might be useful for the
generation of peptides that retain their catalytic activity under
nonphysiological conditions, such as high temperature or low
pH.

Despite the replacement of six of the nine residues of the
apamin a-helix and the close proximity of three charged lysine
residues, Apoxaldie-1 displayed a high degree of resistance to
denaturation. This study reinforces the concept that, due to
its high stability, the apamin fold serves as a useful general

scaffold for molecular-recognition processes based on a-heli-
ces [17,23,25,33]

Experimental Section

Materials: All chemicals were purchased from Sigma unless stated
otherwise. Apoxaldie-1 was synthesized by Jerini AG (Berlin, Ger-
many). Peptide concentrations were determined by amino acid
analysis conducted by Alta Biosciences (University of Birmingham,
UK).

Molecular modelling: Apoxaldie-1 was constructed on an apamin
template based on recent NMR coordinates® and adjusted to in-
corporate likely interactions®3* with Thr9 and Asn2. The helix-sta-
bilising cysteine spacing of apamin (i, i+2, j, j+4) was maintained,
and Apoxaldie-1-specific residues were introduced by using the
Sybyl 6.7 package. To assess the likely stability of Apoxaldie-1, MD
simulations were undertaken. The structure was minimised by
using AMBER 7.0, implementing the all-atom Amber force field and
parm99 parameters.>” The peptide was then solvated in an 8.0 A
periodic water box (WATBOX216) and neutralised with chloride
counter ions. Subsequently, a 1 ns solvated MD simulation was per-
formed at 300 K by using SHAKE to constrain hydrogen bonds to
permit a 1 fs time step with an 8.0 A nonbonded cut-off and PME
to treat long range electrostatics.

Oxidation and purification of Apoxaldie-1: Samples (517 pm) of
Apoxaldie-1 were reduced with TCEP (15 mm) under N, for 3 h
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with constant stirring. The sample was then allowed to air oxidise
overnight at room temperature. The sample was applied to a Se-
phadex G-10 size-exclusion column (Amersham Biosciences) to
remove excess reducing agent and allowed to further air oxidise
overnight. The resulting solution was lyophilised, resuspended in a
small volume of water and applied to a C18 reverse-phase HPLC
column. The peptide eluted as a single peak at approximately 75%
acetonitrile/water in 0.05% TFA. The mass of the peptide
(1933 Da), as determined by MALDI-TOF and ESI mass spectrome-
try, corresponded exactly to that of Apoxaldie-1 with all four cys-
teine residues in their oxidised form. In addition, treatment of
Apoxaldie-1 with Ellman’s reagent®” indicated that the peptide did
not possess any detectable free thiol groups.

CD measurements: CD spectra were collected by using a JASCO-
810 spectropolarimeter that was fitted with a Peltier temperature
controller. Spectra were recorded between 190 and 280 nm with a
data pitch of 0.2 nm. A stepped scan was employed with a 0.5 s re-
sponse and a 2 nm bandwidth. The buffer used was potassium
phosphate (10 mm, pH 7.0) in a 5 mm path-length cuvette. Buffer
background signals were subtracted in all cases. For temperature
scans, the temperature was increased at 40°Ch™". Reported meas-
urements are averages of at least five separate scans. Mean residue
ellipticity ([0]g) was calculated by using Equation (1).

(6]
[Q]R:1O><(n—1)><c><l M

Here [6] is the measured ellipticity in mdeg, n is the number of
amide bonds, ¢ is the molar concentration, and / is the pathlength
in cm. The predicted [0]; for 100% helix was calculated according
to Equation (2):2%

—40000 x (n—4)

[H]R, 100 % helix — - n (2)

Determination of catalytic activity: The catalytic activities of oxi-
dised and reduced Apoxaldie-1 (7-14 pm) and of wild-type apamin
(28 um) were monitored by using the enzyme-coupled assay de-
scribed previously (Scheme 1).”! Kinetic experiments were carried
out by using a Shimadzu UV-2401PC UV/Vis spectrophotometer
equipped with a Shimadzu Peltier temperature controller. The rate
of formation of pyruvate from oxaloacetate was measured at 298 K
in  N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid (50 mm,
pH 7) and NaCl (10 mwm). Lactate dehydrogenase was employed to
follow the decrease of NADH (0.2 mm) absorbance at 340 nm (e=
6.23x10° m~'cm™"). Concentrations of oxaloacetate were between
0 and 200 mMm. Peptide concentrations were determined by quanti-
tative amino acid analysis. Kinetic parameters were determined
with the program SigmaPlot. All kinetic values reported were cor-
rected for the background rate observed in the absence of cata-
lyst.

To detect imine formation, Apoxaldie-1 (1 mm) was incubated at
293 K with oxaloacetate (10 mm) in the presence of NaCNBH,
(10 mm) in N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid
(50 mm, pH 7) and NaCl (10 mm). The reaction products were puri-
fied by reverse-phase chromatography in a Zip tip (Millipore) ac-
cording to the manufacturer’s protocol and analysed by MALDI-
TOF mass spectrometry.
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Dendritic Polyamines: Simple Access to New
Materials with Defined Treelike Structures for
Application in Nonviral Gene Delivery
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Dedicated to Professor Dr. Fritz Vigtle on the occasion of his 65th birthday

Polycationic dendrimers are interesting nonviral vectors for in
vitro DNA delivery. We describe a simple approach to the synthe-
sis of dendritic polyamines with different molecular weights and
adjustable flexibility (degrees of branching; DB). Both parameters
influence the transfection efficiency and the cell toxicity of the
polymer. Functionalization of hyperbranched polyethylenimine
(PEl) by a two-step procedure generated fully branched pseudo-
dendrimers (analogues of polypropylenimine (PPI) and polyami-
doamine (PAMAM) dendrimers). The DNA transfection efficiencies
observed for these polymers depended on the cell line investigat-

Introduction

The most concrete structural evidence currently available for
use in the rational design of nonviral poplycationic gene deliv-
ery systems is the X-ray structure of a DNA-histone complex.!"
As a result of the problems associated with viral gene transfec-
tion, such as immune response and limited selectivity, the
search for nonviral alternatives remains an important chal-
lenge.” However, nonviral polycationic transporters still lack
three orders of magnitude in transfection efficiency as com-
pared to viral vectors. In the past decade, several (more or less
systematic) approaches have been taken to this problem, such
as the use of cationic amphiphiles, polymers, or block copoly-
mers.B® Another approach is to use perfect polyamine den-
drimers®®? to mimic the globular shape of the natural DNA-
histone complex. However, the synthetic effort required to
obtain dendritic structures in the size-range of the natural pro-
tein complex (around 8 nm) is tremendous (12-18 steps)™” and
in some cases a partially destroyed (hydrolyzed) dendritic back-
bone shows even higher transfection efficiencies than the
intact dendrimer.®” More recently, self-assembled amphiphilic
dendrons have been prepared'® that mimic the natural his-
tone complex in size, surface charge, and flexibility and ach-
ieve good DNA complexation and high transfection efficien-
cies. A simple access route to dendritic nanoparticles of differ-
ent sizes and flexibilities (degree of branching) would allow
molecular structure to be correlated with transfection efficien-
cy.

We describe herein an efficient two-step approach to the
synthesis of dendritic polyamines from hyperbranched poly-
ethylenimine (PEl). Some of the reported hyperbranched PEls
(M,,=5000, 25000, and M,=600000 gmol~') are commercially

ChemBioChem 2004, 5, 1081~ 1087 DOI: 10.1002/cbic.200300905 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ed. The highest efficiencies were observed for polymers whose un-
functionalized PEl cores had molecular weights in the range
M,, = 6000-25000 gmol~'. The cytotoxicity of the dendrimers
generally rises with increasing core size. The data collected for
NIH/3T3 and COS-7 cells indicate a maximum transfection effi-
ciency at around 60% branching for the PPl analogues, and at a
PEl-core molecular weight of M,,= 25000 gmol~'. PAMAM func-
tionalization of PEI (M,,= 5000 and 21000 gmol~') leads to poly-
mers with little or no cytotoxity in the cell lines investigated.

available, all others were prepared by BASF AG. In only two
synthetic steps, fully branched analogues of polypropylenimine
(PPI, Astramol’, DSM Fine Chemicals) and polyamidoamine
(PAMAM, Starburst’, Dendritic Nanotechnologies) dendrimers
can be prepared that have high molecular weights and a
narrow molecular weight distribution. Our strategy also allows
the degree of branching (DB) to be controlled in the case of
PPI analogues. The degree of branching has a significant effect
on the flexibility of these macromolecules and hence their abil-
ity to complex and transport DNA. The synthesized polymers
were tested for in vitro transfection efficiency and cell toxicity
and these properties were correlated to the degree of branch-
ing and molecular weight.
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Results and Discussion

Hyperbranched PEl (1) is a readily available material that was
initially developed as an additive for use in paper production
and has since found many other applications, for example in
complexation agents, surface coatings, etc. A major drawback
of large-scale technical products like PEI for many high-end ap-
plications is the relatively broad molecular weight distribution
(MWD) and low DB of some such products. We prepared sever-
al well-defined hyperbranched PEls either by using controlled
reaction conditions and performing the synthesis on a smaller
scale, or by membrane filtration of the technical products
(Scheme 1, Figure 1)."" Both methods gave PEls with narrow
molecular weight distributions (1.2-1.7) and degrees of
branching ranging from 65 to 75% (84 % for the PEl with M,,=
800 g mol™), as determined by inverse-gated *C NMR spectro-
scopy (see the Supporting Information).'”? The highly defined
structures of these globular molecules allow them to serve as
branching scaffolds for more elaborate dendritic architectures.

Dendritic PPl analogues

We recently developed a general method for converting hyper-
branched polyglycerols into fully branched dendritic polymers
by applying one dendrimer sequence." This method can also
be used to prepare close analogues of the PPl and the PAMAM
dendrimers (Scheme 1). This simple process allows the genera-

HzN .-"\_\_U.NH:

CNH | H' (cat)

HzN H;N

a) PPI-Analogue
i: (2: R=CN
ii: (3): R = CHzNH;

b} PAMAM-Analogue
iii, iv: {4): R = CO:Me
¥: (5): R = CONHCH;CHaNH;

Scheme 1. Functionalization of PEI to obtain a) PEI/PPI polymer 3: i) CH=CHCN
in water, 25°C, 2 days; ii) LIAIH,/AICl; in THF, 25°C, 1 day; or b) PEI/PAMAM
polymer 5; iij) CH=CHCOOMe, THF, 25°C, 4 days; iv) CH=CHCOOMe, 25°C,

8 days; v) H,NCH,CH,NH,, 50°C, 8 days. THF, tetrahydrofuran.
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Figure 1. Gel permeation chromatograph of some PEls used in our experiments.
From right to left: PEl,z (M,, =800 gmol~', MWD = 1.3, DB=84%), PEI,
(M,,=2000 gmol~', MWD = 1.2, DB=73%), PEl; (M,,= 5000 gmol~’,

MWD = 1.4, DB=72 %), PEl; (M,,=6000 gmol~', MWD = 1.4, DB=70%), PEl,,
(M,,= 21000 gmol~', MWD = 2.0, DB=62%), PEl,; (M,,=25000 gmol ™',

MWD =2.6 [1.7 after dialysis], DB=65%). DBs were determined by inverse-
gated *C NMR spectroscopy.

tion of high-molecular-weight dendritic polymers in only two
synthetic steps, while the corresponding “perfect” structures
have to be prepared by a multistep process." ' Dendritic PPI
analogues were prepared by conversion of a PEI (M, =
25000 gmol~', MWD=1.7) into a dendritic polyamine (M, ~
60000 gmol™") in only two steps (Scheme 1). This product
corresponds to an eighth-generation perfect PPl dendrimer
(16 synthetic steps!) with a molecular weight of M, =
60276 gmol~'. However, like our analogues, higher genera-
tions of perfect dendrimers prepared by using a divergent
approach are not monodisperse.’®

The protocol we used for the conversion of hyperbranched
PEl into a dendritic PPl analogue was initially developed by
Végtle etal”” and later optimized by Meijer™ and Miil-
haupt."® Michael addition of acrylonitrile to hyperbranched PEI
(1) occurs almost quantitatively and the dendritic nitriles 2
were obtained in high yields (>95%). This process can be
monitored easily by IR spectroscopy; the disappearance of the
NH band and the appearance of a CN band in the spectrum in-
dicate the progress of the reaction (Figure 2a). Another inter-
esting feature of this process is that it provides control of the
degree of branching. Several different DBs ranging from 50 to
almost 100% were obtained by adding varying amounts of
acrylonitrile to the PEIl solution (Figure 2b). There is a linear
correlation between the DBs (determined by inverse-gated
3C NMR spectroscopy) and the ratios of acrylonitrile/NH in the
reaction mixture. Our approach thus allows precise DB adjust-
ment and control of the polymer flexibility.

Several reduction methods were investigated for the conver-
sion of the polynitrile into a polyamine in the second step of
the preparation of dendritic PPl analogues. While catalytic re-
duction (Raney Ni or Co with H, in methanol) did not go to
completion or resulted in hydrolysis of the dendrimers, treat-
ment of the polynitrile with LiAIH,/AICl; led to the formation
of the corresponding dendritic polyamines in good yields (50—
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Figure 2. a) IR spectra of pure PEl,s (M,,= 25000 gmol~'; small dots) and PEl,s
functionalized by treatment with reaction mixtures with two different acryloni-
trile/NH ratios (big dots, 50%; line, 100%). b) Linear correlation between the DB
of PEl,sPPI (determined by inverse-gated ’C NMR spectroscopy; DB of PEl,s sub-
strate, 65 %) and the acrylonitrile/NH ratio in the reaction mixture.

70% after dialysis). The IR spectra (Figure 3) of the products in-
dicate that almost complete conversion of the nitrile groups
into amine groups was achieved (cf. Figure 2a). The spectra
also indicate that the products are structural homogeneous
(only dendritic and terminal groups) since only very few bands
are present, as expected for a pseudodendritic structure.

Dendritic PAMAM analogues

We used the same concept to prepare dendritic PAMAM ana-
logues with high molecular weights (Scheme 1). Addition of
PEI (1) to methylacrylate and subsequent treatment of the PEI
methylester 4 with ethylene diamine gave rise to the dendritic
polyamidoamine 5 in high yield (>95%). As a result of the
lower reactivity of methylacrylate compared to acrylonitrile,
the highest conversion of amino groups reached was about
93%. The extent of conversion was calculated by integration
of the "H NMR spectra of the reagents and products. A higher
degree of functionalization (almost 100%, no linear units, only
terminal units detectable by *C NMR spectroscopy) could be

ChemBioChem 2004, 5, 1081-1087 www.chembiochem.org
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Figure 3. IR spectra of PEl,; (1, dots) and the PEl,;PPl,,, pseudodendrimer (3,
line): ¥=3300-3500 (N—H), 2800-3000 (C—H), 1630 (prim. N—H), 1580 (sec.
N—H), 1450-1480 cm™' (C—H).

achieved by using methylacrylate as a solvent in a second
step. A drawback of methylacrylate addition, however, is the
resulting lack of accessibility of lower DBs. In contrast to
acrylonitrile, methylacrylate has to be added to PEI (1) in large
excess to avoid cross-linkage. In the second reaction step, we
also used inverse addition (ester 4 into ethylene diamine) to
avoid cross-linkage caused by double amide formation by an
ethylene diamine unit. As a result of the rather high reaction
temperature (120-140°C) used for the reaction at the begin-
ning of these experiments, partial degradation of the PAMAM
shell was observed, as described in the literature."” Use of a
lower reaction temperature (60°C) leads to incomplete conver-
sion and results in PAMAM analogues 5 with a functionaliza-
tion of 90% (DB~95%) after two days. Complete conversion
of the ester groups is achieved after seven days at room tem-
perature.

Both dendritic polyamines 3 and 5 are available on a multi-
gram scale after only two synthetic steps. In addition, the mo-
lecular weights (1000-60000 gmol~') of both polymers and
the degree of branching (50-100%) of PEI/PPI dendrimer 3 can
be tailored to provide dendritic nanoparticles (2-15 nm) with
different structural flexibilities.

Gene transfection with dendritic polyamines

The influence of the DB (0-23%) of copolymers of ethylene
imine and N-(2-hydroxyethyl)-ethylene imine on their gene
transfection efficiency was recently reported by Kissel et al.?”
The synthesis of low-molecular-weight PEIs with a DB of 50%
has also been reported by Kissel et al.?"! The DB was observed
to have an influence on gene transfection; more-branched
polymers form smaller complexes and are more efficient in
gene transfection. However, the polymers examined by Kissel
etal. have a molecular weight of about 2000 gmol™', which
does not correspond to the size of the natural DNA-histone
complex."’ Cheradame et al. recently reported the synthesis of
linear copolymers from 2-ethyl-2-oxazoline and ethylenimine
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and/or propylethylenimine units.”? Incorporation of 2-ethyl-2-
oxazoline units into the polymers did not affect gene transfec-
tion, while polymers with propylenimine units were less effi-
cient than those containing only ethylenimine. The researchers
also showed that, in one cell line, linear PEI molecules with a
molecular weight of 3.6 kDa have a transfection efficiency simi-
lar to that of branched PEI with a molecular weight of 25 kDa.
They concluded that the flexibility of the polymer plays an im-
portant role in transfection.

Our goal was to prepare dendritic polymers with higher mo-
lecular weights and to investigate the structure-activity rela-
tionship between the size and flexibility (DB) of these nanopar-
ticles and their transfection efficiency in different adherent cell
lines. For this purpose, the above-described dendritic poly-
amines (Scheme 1) were evaluated in transfection experiments.
All polymers were either dissolved in water or first diluted with
H,PO, /HPO,*~ buffer solution (pH 6) then further diluted with
water to a final concentration of 1 mgmL™". The resulting solu-
tions then underwent sterile filtration. The transfection capaci-
ty of the dendritic polyamines was determined by using the
plasmid pCMV[ as a reporter construct, and the dendrimers
were tested in various adherent
cell lines. One day before the
start of the transfection experi-
ments the cells to be used were
plated in complete Dulbecco
modified eagle medium (DMEM)
in 96-well plates with a cell den-
sity of 2x10* per well.” Each 150
transfection experiment was run
with a constant amount of DNA
(usually 1 ug per well) in combi-
nation with four different 50
amounts of dendritic polyamine
(1, 2, 3, and 4 pg per well) to
allow the optimal DNA/dendri-
mer ratio and possible cytotoxic
effects of the polymer to be
investigated. The plasmid DNA b)
and the polyamines were diluted
in 30uL and 20uL DMEM
medium without serum, respec-
tively. The two solutions were
mixed and incubated for approx-
imately 10 minutes to allow
complex formation. The com-
plexes were then transferred,
together with 150 u. DMEM 50
medium containing serum, onto
the cells from which the
medium was previously re-
moved. After incubation for
approximately 4 hours, the com-
plex-containing medium was
removed and fresh complete
DMEM was added to the cells.
The p-galactosidase activity of

a)
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the cells was measured 48 h later by a B-Gal assay,”* and the
results were used to determine the transfection efficiencies of
the dendrimers. Untransfected and transfected cells were ex-
amined microscopically before the (3-Gal assay was performed
to investigate whether any potentially cytotoxic effects were
induced by transfection.

Influence of molecular weight

The dependence of gene transfection efficiency upon molecu-
lar weight was initially analyzed with regard to unfunctional-
ized polyethylenimines. PEls with different molecular weights
(800-600000 g mol™", PEl,s—PEl,) were used to transfect four
different cell lines (NIH/3T3, CHO-K1, Cos-7, and Hela). The re-
sults of these experiments indicate that two important param-
eters have to be considered: the molecular weight of the poly-
ethylenimine and its cytotoxicity (Figure 4a,b). The unfunction-
alized hyperbranched polyethylenimines all had DBs within a
narrow range (65-75%; 84% for PEl,s) according to *C NMR
spectroscopy results.

NIH/3T3
IE ii ...
PEI5 PEIB PEI21 PEI25 PEI25 PEI25big PEIS00
small
COS-7
T
| | I]j B
PEI5 PEIS PEI21 PEI25 PEI25 PEI25big FEI&00

small

Figure 4. Transfection efficiencies of several PEls in a) NIH/3T3 and b) COS-7 cells, expressed as (-Gal units. Increasing
amounts of polyamine (1-4 ug (left to right) per well of a 96-well plate) were used for the transfection experiment, in
combination with 1 ug DNA. The results shown represent the average of the efficiencies determined for two replicates
that have been performed in parallel. PEl,s was dialyzed (M, cut-off, 20000 Da) to separate the low-molecular-weight
fraction (PEl,; small) from the high-molecular-weight fraction (PEl,s big). 166 [3-Gal units were detected in NIH/3T3
cells after transfection with SuperFect”.
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It was reported recently that low-molecular-weight  a) NIHI3T3
polymers only loosely condense DNA and form big 180
aggregates. This problem can be solved either by at-
taching the small PEls to a poly(ethylene glycol) 10 |
star® to obtain polymers with a molecular weight of 120
19000-26000 gmol ™', or by attaching L-lactic acid/ = 4o
cosuccinic acid oligomers to the PEIs.® The modified i ]
polymers show higher gene transfection efficiencies % »
than the unmodified polymers with low molecular = @
weights. Our results clearly show that higher-molecu- 40 |
lar-weight polyethylenimines (M,, >5000 gmol™") are "
better-suited to gene transfection. However, depend- |i]]
ing on the cell line investigated, cytotoxicity may also oMl Bl 1 =
rise with increasing molecular weight. These two fac- iasilas FRaENE RR e wEmA
tors determine the optimum molecular weight (M,,) b) COS-7
of a PEI for transfection: around 6000 gmol™' (sensi-
tive cell lines) to 21000/25000 gmol™" (relatively 80
robust cell lines). Polymers with molecular weights of S
600000 gmol™" or less than 5000 gmol™' showed re- i
duced transfection efficiencies compared to polymers 40 | o
with weights within this optimum range in most &
cases. This observation supports an analogy between “: 30
the size of the naturally occurring DNA-histone com- g
plex, which has a diameter of 8 nm,/ and the opti- 20
mal sizes of the dendritic polyamines, which are in -
the 6-10 nm range. An alternative explanation for
this optimum weight range is that the optimal com- 0 | oo - | -
PEZSPPI00 PERSPPIT2 PERSPPISE FELL22 PERL4D

plex size is reached by polyamines with molecular
weights in the 6000-25000-g mol~' range.

Figure 5. Transfection efficiencies of PEl,sPPI dendrimers with different degrees of branching

(DB =58, 72, 100%) and linear PEI (PEI-L, DB=0%) molecules with two different molecular

Influence of flexibility (degree of branching)

Functionalized PEls (PEI/PPI) 3 with various degrees
of branching were analyzed (Figure 5a, b). Functional-
ization was achieved by Michael addition of acryloni-
trile to PEl and reduction of the nitrile groups in a
second step to obtain the corresponding amine 3
(see above). The PEI used has a molecular weight of
25000 gmol~' and the degrees of functionalization of the N—H
bonds in the analogues (ratio acrylonitrile/N—H in the reaction
mixture) were 35, 54, and 100%, which gave DBs of 58, 72,
and 100%, respectively (see Figure 2b). For comparison, linear
PEIs with molecular weights of 22000gmol™' and
40000 gmol™" were analyzed. We were surprised to find that
both the linear PEI analogues and the fully branched polymer
(PEl,sPPl,o0) have very low transfection efficiencies. The two
polymers with a lower degree of branching (PElsPPls; and
PEl,sPPI,,) performed much better, both in NIH/3T3 cells and in
COS-7 cells (Figure 5a,b). Addition of greater amounts of the
linear PEI with a molecular weight of 40000 gmol™ resulted in
a transfection efficiency comparable to those of PEl,;PPl; and
PEl,sPPI,, in COS-7 cells.

A significant increase in gene transfection efficiency can be
seen in NIH/3T3 and CHO-K1 (data not shown) cells under opti-
mal transfection conditions when the less-branched PEIl,;PPl,
dendrimer is used rather than PEl,;PPl,,. The difference was
less pronounced in COS-7 cells. To evaluate this interesting

used.
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weights in a) NIH/3T3 and b) COS-7 cells. Several amounts of polyamine (1-4 ug (left to
right) per well of a 96-well plate) were used for the transfection experiments. The results
shown represent the average of the efficiencies determined for two replicates that have
been performed in parallel. NIH/3T3 cells reached 147 units 3-Gal after transfection with Su-
perFect’. The transfection efficiencies of the PEI/PPI analogues were all at least a factor of
four lower than that obtained with SuperFect” in COS-7 cells depending on the analogue

observation in more detail, three different PEls (M,,=5000,
21000, and 25000 gmol™'") were functionalized with acryloni-
trile to obtain PEI;PPlg, PEL,PPly, and PELsPPls, each with a
DB of around 60% (Figure 6a,b).

The DNA transfection efficiency in NIH/3T3 increases when
PEI cores with molecular weights of 25000 gmol™" are used in-
stead of lower-molecular-weight cores if other transfection pa-
rameters are optimal. This effect was also observed in COS-7
cells although to a smaller extent. In this cell line, use of
PEl,;PPl resulted in the best transfection efficiencies. No obvi-
ous cytotoxicity was observed microscopically for any of these
polymers, in contrast to pure PEIl with a similarly high molecu-
lar weight (see the first set of experiments, Figure 4a,b). The
results show that a degree of branching of about 60% pro-
vides the dendritic architecture with the optimal flexibility for
efficient interaction with the DNA backbone and still allows
the polymer to swell after protonation in the endosome
(proton sponge effect), as has been discussed elsewhere for
linear polyethylenimines.™
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Figure 6. Transfection efficiencies of PEI/PPI analogues with different degrees of
branching and PEl cores with different molecular weights in a) NIH-3T3 b) COS-
7 cells. Various amounts of polyamine (1-4 ug (left to right) per well in a 96-
well plate) were used for the transfection experiment. The results shown repre-
sent the average of the efficiencies determined for two replicates that have
been performed in parallel. After transfection of NIH/3T3 cells with SuperFect”,
125 units B-Gal were detected. SuperFect” transfections in COS-7 cells had effi-
ciencies at least a factor of two higher than those achieved with the corre-
sponding PEI/PPI analogues.

Molecular weight dependence of the transfection 120
efficiency of PAMAM analogues

100
In a third set of transfection experiments, PAMAM

analogues (functionalized PEls) 5 with two different 80

core sizes were analyzed (PEI;PAMAM and PEl,,PA- E
MAM, Figure 7). It was not possible to control the ? &0
DBs of these polymers through the degree of func- 5
tionalization because the synthetic route used allows b
side reactions to occur even when the reagents are 20
present in stoichiometric amounts. Two PEls (M,,=

5000 and 21000 gmol~') were used as starting mate- 0

rials and modified with a PAMAM analogue shell (see
above) to obtain DBs in the 90-95% range. Depend-
ing on the cell line, these two investigated PEls
(M,,=5000 and 21000 gmol™") showed either com-
parable transfection efficiencies (NIH/3T3) or at least
a factor of two lower transfection efficiencies than
SuperFect’. No obvious cytotoxicity was observed

microscopically for either of the PAMAM analogues.  used.
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These results suggest that a core molecular weight between
5000 and 21000 gmol~' should be used to obtain PAMAM an-
alogue polymers that are suitable for DNA transfection in more
sensitive cell lines (e.g. COS-7).

Conclusion

We have developed a simple synthetic route to dendritic poly-
amines with defined structures. We studied the influence of
the size and degree of branching of the dendritic polymers on
in vitro DNA transfection in several adherent cell lines. Both
parameters influence the transfection efficiency and the cell
toxicity. Depending on the cell line investigated, the optimum
molecular weight for the PEl core is in the range 6000-
25000 gmol~', although cytotoxicity generally rises with in-
creasing core size. Polymers with a lower degree of branching
and more flexibility were also synthesized. Treatment of a
25000 gmol~' PEI with a reaction mixture containing acryloni-
trile/NH in a ratio of 30-50%, followed by reduction of the ni-
trile groups, gave PEI/PPI polymers with DBs in the range of
50-70% and good gene transfection efficiencies. A higher DB
results in a significantly lower gene transfection efficiency as a
result of the lower flexibility of the structure, which might lead
to a decreased swelling capability in the endosome after pro-
tonation (reduced proton sponge effect). As a side effect of
functionalization, the cytotoxicity was lowered in the cell lines
tested. Fully branched PEI/PPI polymers and linear PEls
(22000 gmol™" and 40000 gmol™") have low transfection effi-
ciencies. Smaller PEI/PPI polymers with molecular weights of
5000 and 21000 gmol~' and DBs of 63% or 60%, respectively,
are not as efficient as larger PEI/PPI polymers (25000 gmol™)
with a DB of 58%. These results, together with the data gath-
ered for NIH/3T3 and COS-7 cells, indicate that maximum
transfection efficiency is obtained at a degree of branching of

around 60% and a PEl-core molecular weight of
NIH/3T3 b) cos-7
120
100 l
l _ 80
[}
2
a 60
5 T
40
20
0
PEISPAMAM PEIZ1PAMAM PEBPAMAM PER1PAMAM

Figure 7. Transfection efficiencies of PEI/PAMAM analogues with two different PEl-core mo-
lecular weights in a) NIH-3T3 and b) COS-7 cells. Various amounts of polyamine (1-4 ug (left
to right) per well of a 96-well plate) were used for the transfection experiment. The results
shown represent the average of the efficiencies determined for two replicates that have
been performed in parallel. Transfection of NIH/3T3 cells with SuperFect” resulted in the pres-
ence of 109 units 3-Gal in the cells. Transfection with PEI/PAMAM analogues in COS-7 cells
was at least a factor of two less efficient than with SuperFect’, depending on the analogue
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25000 gmol~'. PAMAM functionalization of PEl (5000 and
21000 gmol™) also leads to polymers with little or no cyto-
toxity in the cell lines investigated.
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Preliminary Characterization of Light Harvesting
in E. coli DNA Photolyase

Allison A. Henry, Ralph Jimenez, Denise Hanway, and Floyd E. Romesberg*™

E. coli DNA photolyase is a monomeric light-harvesting enzyme
that utilizes a methenyltetrahydrofolate (MTHF) antenna cofactor
to harvest light energy for the repair of thymine dimers in DNA.
For this purpose, the enzyme evolved to bind the cofactor and
red-shift its absorption maximum by 25 nm. Using the crystal
structure as a guide, we mutated each protein residue that con-
tacts the cofactor in an effort to identify the interactions respon-
sible for this selective stabilization of the cofactor’s excited state.

Introduction

DNA photolyases are soluble enzymes that repair UV-light-
induced DNA lesions, including the cyclobutane pyrimidine
dimer (CPD) and the (6-4) photoproduct.” These enzymes
have high sequence homology to the blue-light photoreceptor
proteins of plants, though these are functionally divergent,
and the DNA photolyases are themselves represented in many
prokaryotic and eukaryotic organisms.”) The CPD photolyase of
E. coli (PL) is a monomeric protein that noncovalently binds
two chromophoric cofactors: methenyltetrahydrofolylpolyglu-
tamate (MTHF) and flavin adenine dinucleotide (FAD). Previous
biological and physical studies of this enzyme by Sancar and
Jorns elucidated its photoreactivation mechanism.> The
MTHF antenna cofactor absorbs near-UV light and transfers
this energy to the redox-active FAD cofactor by a Foerster-type
mechanism.” In the active site of the holoenzyme, the first ex-
cited singlet state of FADH, transfers an electron to the CPD
substrate, generating a labile radical anion that undergoes ring
opening.

One of the most important but least understood aspects of
PL-mediated DNA damage repair is how the MTHF binding site
is able to tune the MTHF cofactor so that it can function as an
antenna. In aqueous solution, MTHF absorbs light maximally at
358 nm. At this wavelength, the flux of solar radiation is lower
than it is at longer wavelengths; so, to efficiently utilize MTHF
as a light antenna, PL induces a 25 nm red-shift in the absorp-
tion maximum of the chromophore (to 383 nm) upon binding.
This greater than 5 kcalmol™" decrease in transition energy
must result from protein-mediated stabilization of the excited
state and/or destabilization of the ground state of MTHF. The
specific protein—cofactor interactions that cause this significant
and functionally critical red-shift are unknown, although they
must include structural, electrostatic, dipolar, and hydrogen-
bonding (H-bonding) contributions.

The crystal structure of PL at 2.3 A resolution, solved in
1995,” reveals several interactions that might contribute to
the red-shift. The structure shows the MTHF pteridine ring
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Hydrogen bonding, packing, and electrostatic interactions were
examined. Remarkably, a single residue, Glu109, appears to play
an important, if not exclusive, role in inducing the observed red-
shift. Thus, this protein, the simplest light-harvesting system
known, appears to have evolved a remarkably simple mechanism
to tune the photophysical properties of the antenna cofactor
appropriately for biological function.

system in a surprisingly shallow and solvent-exposed binding
site formed by H44, N108, E109, C292, and L375 (Scheme 1).
Both the side-chain oxygen and the main-chain nitrogen of

Leu375

’ - 5
Glu109-~ N7
His4

----0
Ir/é
=z

Asn108

Scheme 1. Schematic representation of MTHF in its PL binding site. R=N-(p-
aminobenzoyl)polyglutamate.

N108 are within H-bonding distance of the pteridine exocyclic
oxygen, while the side chain of E109 is positioned to partici-
pate in two H-bonds donated from N' and N3. The main-chain
oxygen of €292 is only 3.1 A away from N'°, which shares the
delocalized positive charge with N°. The pteridine is also
packed between H44, in the vicinity of N?, and L375 from the
opposite side. To determine which of these interactions have
been evolved to tune the antenna cofactor’s absorption spec-
trum, we undertook a site-directed mutagenesis study. Each
residue that interacts with the chromophoric moiety of MTHF
was changed to alter the electrostatics, polarity, packing, and
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H-bonding of the antenna cofactor binding site. The light-
harvesting properties of the resultant mutant proteins were
characterized by steady-state and femtosecond time-resolved
spectroscopy.

Results and Discussion
Polarity-induced red-shift

To determine the potential contribution of bulk polarity to the
red-shift of MTHF observed upon binding to the enzyme, UV/
Vis absorption spectra were recorded for MTHF in aqueous
buffer containing increasing amounts of methanol (Figure 1).
The chromophore’s absorption maximum shifts to the red by
approximately 6 nm as the dielectric constant decreases from
78.5 to 32.6. This change in transition energy is significantly
smaller than that observed upon binding to PL, and this result
implies that nonspecific polarity effects within the MTHF bind-
ing site cannot be solely responsible for the observed red-shift.
Thus, specific protein—-cofactor interactions were examined.

366 -
365 -

364 -

362 |-

361 |-

359 -

358 -

MTHF Absorption Maximum / nm

1 1 1 1 1 1

0 20 40 60 80 100

Methanol / % ——

Figure 1. MTHF in citrate buffer with varying percentages of methanol.

Protein-cofactor interactions

Based on the crystal structure of PL, it appears that four of the
five residues in the MTHF binding site that contact the pteri-
dine ring system of the MTHF cofactor interact with the
ground state of MTHF through their side chains.” There is no
crystallographic evidence that the side chain of C292 interacts
with the ground state of MTHF, only its main-chain oxygen;
however, this does not preclude the possibility that this side
chain has a role in stabilization of the excited state of MTHF. To
determine which residues contribute to the observed red-shift,
the side chain of each was changed by site-directed mutagen-
esis. Asn108, the side-chain and main-chain nitrogen atoms of
which are within H-bonding distance of the pteridine exocyclic
oxygen, was mutated to Leu. This substitution is isostructural
but removes the H-bonding interaction involving the side
chain. Glu109, the side chain of which shares H-bonds with N’

ChemBioChem 2004, 5, 1088-1094 www.chembiochem.org
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and N3 of the pteridine, was mutated to Asp or GIn. These mu-
tations alter the structural or electronic properties of the two
protein—cofactor H-bonds. Cys292, which appears to interact
electrostatically with the N>-to-N'° delocalized positive charge
of MTHF through its main-chain oxygen, was mutated to Ser in
order to probe this potential contribution to excited-state sta-
bilization. Mutation of H44 to Phe allows the stacking interac-
tion to be retained while significantly reducing polarity. Leu375
was substituted by both His and Phe to introduce polar and
nonpolar aromatic interactions in place of aliphatic packing. In
this manner, each of the direct interactions between the pro-
tein and the cofactor can be examined, and the specific contri-
butions of H-bonding, packing, and electrostatics to the en-
zyme's light-harvesting properties may be determined.
Mutation of the MTHF binding site clearly affects the appa-
rent binding affinity of the enzyme for the antenna cofactor, as
judged by the loss of MTHF upon purification of the wild-type
(wt) and mutant proteins. The UV/Vis spectra shown in
Figure 2 confirm the expected form of the isolated proteins,

0.20
—wt
- - - C292S
—-—- L375F
---—- L375H
0.15F

Absorbance /a.u.

0.051

0.00]

300 400 500 600 700 800
Wavelength/ nm ——

Figure 2. UV/Vis spectra of purified wt and mutant proteins.

with substoichiometric MTHF and stoichiometric FAD in its
neutral radical semiquinone oxidation state (FADH)."”! The ab-
sorption band centered at 580 nm is due to FADH" (55, =4.8 %
10°m~'ecm)® and that at 443 nm is due to FAD,, (g453=11.2X
10®m~'ecm™").”! The absorption band centered at 380 nm rep-
resents a sum of contributions from MTHF (e55,=25.9%
10°mM 'em™"),®" FADH" (£35,=6.0x10°m 'cm™"),”) and FAD,,
(£350=11.0x10°M"'em™"),®! but it is dominated by MTHF by
virtue of its larger extinction coefficient. The differences in the
spectra indicate only different amounts of FADH', FAD,,, and
MTHF in the various protein samples. The mutants L375F and
C292S appear to bind MTHF with affinity similar to wt, as dem-
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onstrated by the approximately equal amount of cofactor that
was retained throughout purification. L375H appears to bind
MTHF somewhat more weakly than wt. In contrast, H44F,
N108L, E109D, and E109Q retain no MTHF at all upon purifica-
tion. However, the H44F and N108L mutant proteins were able
to bind and retain MTHF under normal reconstitution condi-
tions (see below), whereas the E109 mutants were unable to
bind the cofactor under any conditions examined. Though this
is obviously a qualitative determination of MTHF binding, it
nonetheless clearly demonstrates that mutation of the MTHF
binding site affects binding of the ground state of the antenna
cofactor.

To determine the effect of each mutation on the spectral
profile of MTHF, steady-state UV/Vis absorption and fluores-
cence emission spectra were obtained for each MTHF-reconsti-
tuted protein. The large absorption red-shift characteristic of
wt protein-bound MTHF is conserved in each mutant protein,
as the absorption maxima vary within a range of only 2 nm
(Figure 3 and Table 1). The only spectral differences are attrib-

—wt
cevvvesnnens HAAF

- - -C2928
—-—-L375F
---=- L375H

Absorbance / a.u.

02

0.0 -

PR T B B R |
300 400 500 600 700 800

Wavelength / nm

Figure 3. UV/Vis spectra of MTHF-reconstituted wt and mutant proteins.

Table 1. Spectral data for wild-type and mutant-bound MTHF

Mutant Amax (@bs) Amax (€M) Stokes shift [cm™"] ket [s7']
wt 383 470® 4974 5.4x10°
H44F 381 484" 5906 4.8x10°
N108L 383 481 5805 7.5x10°
2925 382 480" 5765 6.2x10°
L375F 383 474 5174 3.4x10°
L375H 381 4810 5764 55x10°
MTHF(aq.) 358 470® 6638 na

[a] See text for experimental details. [b] A, =370 nm. [c] =375 nm.
[d] Not applicable.
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uted to small amounts of FAD,, (see above). The emission
spectra show little variation in position and shape at the high
frequency side, but all of the mutants have spectra that are
broadened to the red (Figure 4 and Table 1). This observation
is also attributed to the presence of FAD,,, for which the wave-
length of maximum emission is 521 nm.”! Apparently, none of
the interactions mediated by the side chains of H44, N108,
€292, or L375 contribute to selective stabilization of the excit-
ed state of MTHF.

08 |- - = =(C2928

—.—.-L375F

Fluorescence fau. ———+

1 1 1 1 1
400 450 500 550 600

Wavelength / nm

Figure 4. Fluorescence emission spectra of MTHF-reconstituted wt and mutant
proteins.

Interchromophore energy transfer

Although there were no significant changes in the absorption
or emission profile of enzyme-bound MTHF with mutation of
its binding site, the presence of small amounts of FAD,, inter-
fered with the steady-state spectra of the E-MTHF-FADH* form
of the enzymes and might have masked small changes in the
spectra of the antenna cofactor. Thus, to independently probe
the light-harvesting properties of the PL mutants, we meas-
ured the interchromophore energy-transfer rate for each pro-
tein in the physiologically relevant form, E-MTHF-FADH,."”! The
second harmonic of a cavity-dumped Ti:sapphire femtosecond
regenerative amplifier was used to generate pump and probe
pulses for single-color (406 nm) transient absorption experi-
ments. UV/Vis spectra were recorded before and after laser
scanning and indicated, by comparison of the ratios of absorb-
ance at 360 nm and 385 nm, that: 1) no measurable dissocia-
tion of the MTHF cofactor occurred during the experiments,
and 2) the extent of photodecomposition of the MTHF cofactor
ranged from 1% to 10%, averaging 6% and depending only
on the number of scans required for enhancing the signal-to-
noise ratio. The raw transient absorption data were normalized

ChemBioChem 2004, 5, 1088 - 1094
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and fitted to a sum of exponential terms convoluted with the
pulse width that yielded the time constants for MTHF ground-
state repopulation in the various proteins (Figure 5, Table 1,

o
=

residuals

AAat 406 nm/a.u.

0 100 200 300

Delay /ps ———

Figure 5. Representative transient absorption spectrum of MTHF-reconstituted
wt PL with nonlinear least-squares fit and residuals.

and Supporting Information). The minor fast component (ap-
proximately 30 ps) is attributed to resonant energy transfer to
FADH', and the minor slow component (1.4 ns), which causes
the signal to become negative, is attributed to absorption of
the probe beam by a transiently formed excited state of the
flavin."” The major component (>80%) of each fit, represent-
ing both resonant energy transfer to FADH, and the radiative
transition, has an associated time constant of approximately
120 ps. The rate constant for energy transfer was determined
from this parameter by using the previously determined rate
constant for the cofactor’s radiative transition, 2.8x10°s™
(Table 1)."? Mutant L375F exhibited the least efficient inter-
chromophore energy transfer while mutant N108L displayed
the most efficient interchromophore energy transfer. However,
overall the rates of resonant energy transfer were found to
vary by only 2.2-fold (Table 1).

The greatest effect of mutation of the MTHF binding site
was the abrogation of cofactor binding that resulted from
even minor perturbations at Glu109. In each of the other five
mutants, it is interesting that mutation had such minor effects
on the antenna cofactor’s absorption and interchromophore
energy transfer. The aromatic and aliphatic packing interac-
tions of His44 and Leu375 do not appear to be involved in
red-shifting the chromophore. This implies that geometric dis-
tortion of MTHF is not critical for the red-shift and that these
residues do not play a role in positioning the chromophore ap-
propriately for energy transfer to the FAD cofactor. The invari-
ance of the absorption maximum to mutation at Asn108 and
Cys292 implies that if these residues contribute to the de-
crease in transition energy, it is through their main-chain
atoms. Because each residue that contacts the pteridine of
MTHF was examined, the results allow for two possible inter-
pretations: that the red-shift is induced by main-chain-cofactor

ChemBioChem 2004, 5, 1088-1094 www.chembiochem.org
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interactions, or that Glu109 is of paramount importance not
only to MTHF binding, but also to stabilizing its excited state.

Contributions of the Glu109 side chain and protein back-
bone to the red-shift

Main-chain amide groups contain H-bond donor and acceptor
functionalities and have permanent dipoles that may interact
differentially with the MTHF ground and excited states, thus
affecting the chromophore’s transition frequency. The crystal
structure of PL shows two close contacts between main-chain
atoms and the cofactor: the peptide oxygen of Cys292 is 3.1 A
from N'° of the cofactor, and the peptide nitrogen of Asn108 is
2.7 R from the pteridine exocyclic oxygen.” Electrostatic inter-
actions in the former case and a H-bond in the latter case may
selectively stabilize the MTHF excited state and contribute to
the observed red-shift.

Alternatively, several arguments support a role for Glu109 in
the red-shift of the antenna cofactor. In the crystal structure,
two H-bonds are observed between the Glu109 side chain and
atoms N' and N? of the pteridine ring system (Scheme 1). As
discussed above, this interaction is required for cofactor bind-
ing, and does not tolerate even small electronic or structural
perturbations. Though this precludes direct evaluation of the
Glu109 side chain’s contribution to the red-shift of MTHF by
the methods described above, previous molecular-orbital cal-
culations predicted that this residue might significantly stabi-
lize the MTHF excited state, as well as the ground state. These
calculations suggest that, upon excitation, charge migrates
away from N' and N° of the pteridine, where an appropriately
positioned negative charge, such as the carboxylate of the
Glu109 side chain, would stabilize the excited state of MTHF
relative to its ground state.!™

Because mutation of Glu109 abrogates MTHF binding, and
because the protein backbone cannot easily be altered, it is
difficult to experimentally determine the relative contributions
of these groups to the selective stabilization of the MTHF excit-
ed state. However, FTIR may be used to evaluate the contribu-
tions of these same functionalities to MTHF ground-state bind-
ing, as the vibrations of any group that strongly interacts with
the cofactor will differ between the bound (E-MTHF-FADH")
and unbound (E-FADH") states of the protein. These differences
will be made manifest as negative and positive peaks in the IR
difference spectrum, the negative features corresponding to
the lost absorptions of the unbound state and the positive fea-
tures corresponding to the absorptions gained in the bound
state. The frequencies observed for these features may be
used to identify the functional groups that interact strongly
with the added MTHF.

We measured the FTIR spectra of wt PL in both MTHF-
depleted and MTHF-reconstituted forms under standard PL-
handling conditions (see below). Both the unreconstituted
sample and the reconstituted sample were incubated under
identical conditions, except for the presence of MTHF in the
latter, and both were passed over a desalting column and con-
centrated immediately prior to the FTIR measurements. Thus,
the only difference in sample composition should be the state
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of the protein with respect to MTHF. In the difference spec-
trum (Figure 6), the positive band centered at 1608 cm™' prob-
ably results from MTHF absorption, as do the overlapping ab-

0.012

0.010 -

1699 cm’'
\

0.008

0.006

AAJa.u.

0.004

0.002

0.000

|
1548 cm’'

.0.002 1 1 1 1 1

1800 1700 1600 1500 1400 1300

-1
Wavenumber /cm

Figure 6. FTIR difference spectrum of wt PL with and without bound MTHF.

sorptions at frequencies lower than 1500 cm™'. However, there
is a prominent negative band at 1548 cm™' and a prominent
positive band at 1699 cm™". The frequency of the positive ab-
sorption is too high to correspond to an amide vibration, and
this implies that backbone amide groups do not strongly inter-
act with the cofactor in the ground state. Furthermore, in the
absence of significant conformational rearrangement, this will
also be true for MTHF in the excited state. Instead, these spec-
tral features are consistent with the loss of a COO™ asymmetric
stretching absorption and the gain of an absorption by proto-
nated or hydrogen-bonded COO™ upon reconstitution of wt PL
with MTHF™ Thus, this result suggests that, in the ground
state, the MTHF cofactor interacts strongly with the carboxyl-
ate of either an Asp or a Glu side chain and not the protein
backbone. This observation strengthens the conclusion that
Glu109 plays a central role in MTHF binding, as discussed
above. Although it is difficult to precisely interpret, the fre-
quency of the positive peak in the difference spectrum
(1699 cm™) is lower than what would be expected for a fully
protonated carboxylic acid moiety (often observed at up to
1750 cm™");"¥ this implies that the Glu109 side chain-MTHF H-
bond may not be optimized in the ground state. If this is the
case, the H-bond may be strengthened in the excited state,
leading to its selective stabilization and induction of the ob-
served red-shift. This hypothesis is consistent with the increase
in positive charge at the N'/N* H-bond donors predicted to
characterize the MTHF excited state." Thus, Glu109 might not
only be required for antenna cofactor binding, but also for the
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selective stabilization of the MTHF excited state and thereby
the absorption red-shift that is important for the biological
function of the enzyme.

Conclusion

Proteins have evolved to bind cofactors or substrates and ma-
nipulate their physical properties appropriately for biological
function. This is accomplished by differential stabilization of
the molecule’s ground state and excited or transition state. For
light-harvesting proteins, for which the wavelength of light
absorption is critical, the stability of the ground and excited
states of the chromophore must be manipulated so that their
difference in energy is matched with the energy of the availa-
ble light. The electronic energy gap of MTHF is too large to ef-
ficiently absorb photons of visible light and efficiently function
as a light-harvesting antenna. Therefore, in order to employ
MTHF in this capacity, photolyase must selectively stabilize its
excited state relative to its ground state.

The data presented above clearly indicate that the residues
seen to contact the MTHF cofactor in the crystal structure, es-
pecially Glu109, are critical for ground-state binding, although
more detailed studies are required to quantify the contribu-
tions of each residue. The steady-state and time-resolved data
also clearly demonstrate that each direct interaction, other
than with Glu109, does not contribute to the functionally criti-
cal red-shift. The FTIR data, along with these results, imply that
PL has evolved to tune the antenna cofactor by positioning it,
with respect to Glu109, in a manner that does stabilize the
ground state but stabilizes the excited state to an even greater
extent. Specific positioning of the cofactor, relative to the
Glu109 side chain, is consistent with the complete loss of co-
factor binding that accompanies even the most conservative
mutation of this residue to Asp. Thus, this protein, the simplest
light-harvesting system known, appears to have evolved a re-
markably simple mechanism to tune the photophysical proper-
ties of the antenna cofactor appropriately for its biological
function.

Experimental Section

General methods: All antibiotics and molecular biology reagents
were purchased from Sigma, except DTT and IPTG, which were pur-
chased from Promega. M15(pRep4) cells and the hyperexpression
vector for E. coli DNA photolyase, pEphr, were kindly provided by
Dr. Gerald Richter (Technical University of Munich). Site-specific mu-
tations to the MTHF binding site were made with the QuikChange
Site-Directed Mutagenesis Kit (Stratagene). The appropriate over-
lapping mutagenic primers with silent restriction sites were ob-
tained from Operon. The mutations were confirmed by sequenc-
ing. All buffers used in protein purification were degassed with ni-
trogen, and DTT was added immediately prior to use. Blue Sephar-
ose 6 Fast Flow and Sephacryl 300 HR column media were pur-
chased from Amersham Biosciences; Bio-Gel P-6 DG Desalting Gel
was purchased from Bio-Rad Laboratories.

Protein expression and purification: PL wt and mutant proteins
were hyperexpressed and purified according to a slightly modified
literature procedure.™ M15(pRep4) cells harboring wild-type or
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mutant pEphr were cultivated in baffled flasks containing LB
medium (2 L) supplemented with kanamycin (15 ugmL™") and am-
picillin (100 ugmL™"). The cultures were incubated with shaking at
25°C until an ODgy, of 0.8 was reached. IPTG was added to a final
concentration of 1 mm, and incubation with shaking was contin-
ued until the culture reached stationary phase. Cells were harvest-
ed by centrifugation (10000g, 10 min, 4°C) and the pellet (259
from 10L) was thawed at 4°C in lysis buffer (50 mm Tris-HCI,
pH 7.5, 100 mm NaCl, 10% (w/v) sucrose, and 10 mm DTT). Cells
were lysed by sonication and centrifuged to remove cell debris
(480009, 1 h, 4°C). The supernatant was combined with (NH,),SO,
(0.43 gmL™"), centrifuged (48000g, 1h, 4°C), and the resultant
pellet was dissolved in buffer (50 mm Tris-HCl, pH 7.5, 1 mm EDTA,
0.1 M KCl, 20% (v/v) glycerol, and 2 mm DTT) and desalted by dialy-
sis against the same buffer. The protein solution was loaded onto
a Blue Sepharose 6 Fast Flow column (50 mL), washed with low-
salt buffer (50 mm Tris, pH 7.5, 1 mm EDTA, 0.1m KCl, 20% (v/v)
glycerol, and 1 mm DTT) and eluted with high-salt buffer (50 mm
Tris, pH 7.5, 1 mm EDTA, 2m KCl, 20% (v/v) glycerol, and 10 mm
DTT). Blue fractions were combined, concentrated with a Centri-
plus YM-30 device (Amicon), and loaded onto a Sephacryl 300 HR
column (40 mL) equilibrated and run in phosphate buffer (67 mm
potassium phosphate, 1 mm EDTA, 10% (v/v) glycerol, and 2 mm
DTT). Blue fractions were combined with (NH,),SO, (0.43 gmL™),
centrifuged (48000g, 1 h, 4°C), and the pellets were dissolved in
storage buffer (50 mm Tris-HCI, pH 7.5, 50 mm NaCl, 1 mm EDTA,
50% (v/v) glycerol, and 10 mm DTT). The protein solution was de-
salted by dialysis against storage buffer and stored at —80°C. The
protein concentration was determined by visible-light absorbance
due to FADH" (550=4.8x10°M 'cm™").®!

Reconstitution and photoreduction: 5,10-methenyltetrahydrofo-
late was synthesized from 5-formyltetrahydrofolic acid by a previ-
ously reported method and stored at —20°C in HCl (0.01 ).
MTHF-depleted purified protein was reconstituted by a method
based on a literature procedure."® MTHF (20 mwm) stock was dilut-
ed tenfold in citrate buffer (50 mm citrate, pH 6, 50 mm Nadl,
1 mm EDTA, 10 mm DTT) and added, in twofold molar excess, to
the enzyme in storage buffer. The solution was incubated at 0°C
for 30 min and passed over a Bio-Gel P-6 DG desalting column
(4 mL) run in enzyme storage buffer with reduced glycerol content
(Buffer E) (50 mm Tris-HCI, pH 7.5, 50 mm NaCl, 1 mm EDTA, 20%
(v/v) glycerol, and 10 mm DTT). Binding of MTHF to the protein
was confirmed by the UV/Vis spectrum of the sample, indicated by
an increase in absorbance around 383 nm. To convert enzyme-
bound FAD,, and FADH' to FADH,, samples were combined with
additional fresh DTT (to a final concentration of 2 mm), degassed
under positive pressure with argon, and transferred anaerobically
to the spin cell for pump-probe analysis. Samples were photo-
reduced in the spin cell by illumination with 532 nm (5 mW) laser
light for 10-20 min. Photoreduction was confirmed by a loss of
absorbance at wavelengths longer than 400 nm in the UV/Vis
spectrum.®'”

Steady-state spectroscopy: UV/Vis spectra were collected for
30 um samples in Buffer E with a Cary 300 Bio UV/Vis spectropho-
tometer, in steps of 0.2 nm with an averaging time of 0.3 s at
25°C. Fluorescence spectra were collected for 250 um samples in
Buffer E with a SPEX Fluorolog fluorescence spectrophotometer;
the excitation wavelength was 370 nm or 375 nm and its band-
width 2 nm. Emission was scanned at 25°C in 1 nm steps over 1s
with a bandwidth of 2 nm. The raw data were fitted to a log
normal distribution to determine the wavelength of maximum
emission and to quantify the asymmetry of each spectrum."®
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Transient absorption spectroscopy: A fused silica spin cell was
used with a 250 um Teflon spacer; this enabled the use of 200 uL
of a 0.5 mm protein solution in Buffer E, giving optical densities of
approximately 0.2 at 400 nm. The pump and probe pulses, both
406 nm, were generated by means of a cavity-dumped Ti:sapphire
oscillator pumped by 3 W of 532 nm light from a Spectra Physics
Millenia solid-state laser. The repetition rate was set to 5 kHz, and
the pulse energy was 20 nJ; this gave a chopped pump beam
power of 50 mW and a probe beam power of 6 mW. The spatially
overlapped pump and probe beams were focused by means of a
lens onto the spinning sample (4000 rpm). A silicon photodiode
was used to detect the amount of the probe beam exiting the
sample cell. The time delay of the probe pulse, increasing in steps
of 2 ps over a total of 400 ps, was set by a mirror mounted on a
stage under electronic control. Typically, 20 complete scans were
averaged to yield the raw kinetic data. The raw data were normal-
ized and fitted with a nonlinear least-squares function, including a
Gaussian convolution for the instrument response (negligible due
to the ultrafast incident pulse of 25 fs). This fit yielded the ob-
served time constants for MTHF ground-state repopulation, which
were converted to the rate constant for energy transfer by a
simple calculation based on the relationship between the observed
time constant (r,), the rate constant for the radiative transition
(k..q), and the rate constant for energy transfer (ke): 1/Tqps = Krag+Ket-

FTIR spectroscopy: FTIR spectra were collected with a Bruker Equi-
nox 55 spectrometer equipped with a DTGS detector and continu-
ously flushed with dry nitrogen. Spectra were constructed from
128 scans, two orders of zero filling, and Blackman-Harris three-
term apodization. All protein samples were measured at a concen-
tration of 600 um in Buffer E. Samples were loaded into a modified
liquid transmission cell with 25 mm diameter CaF, windows (Pike
Technologies, Madison, WI) and a 15 pm Teflon spacer. Spectral
subtraction was performed by using the Bruker OPUS software
with a subtraction factor close to 1.

Abbreviations

MTHF, 1,5-methenyltetrahydrofolate; FAD, flavin adenine dinu-
cleotide; FAD,,, FAD in its fully oxidized state; FADH", FAD in its
semireduced state; FADH,, FAD in its fully reduced state; PL,
E. coli DNA photolyase; DTT, dithiothreitol; IPTG, isopropyl-3-
thio-p-galactopyranoside
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The Identification of an Adenovirus Receptor by
Using Affinity Capture and Mass Spectrometry

Sunia A. Trauger,®

Gary Siuzdak*™

A tandem mass spectrometry-based approach is demonstrated
for detecting a receptor for Ad37, one of the causative agents for
epidemic keratoconjunctivitis. Partial purification of membrane
glycoproteins was performed by using lectin-affinity chromatog-
raphy and SDS-PAGE. Gel bands that were shown to bind Ad37
by using Viral Overlay Protein Blot Assay (VOPBA) were excised,
proteolyzed and analyzed by using nanoLC-MS/MS to identify
putative receptors contained in a mixture of proteins. Four candi-
date receptors were identified among approximately 50 proteins

Introduction

Identifying the cellular receptors involved in virus-host cell in-
teractions is an important first step in developing new and ef-
fective antiviral therapies. However, the identification of viral
receptors requires a considerable undertaking when using tra-
ditional methods. These methods can include the generation
of function-blocking monoclonal antibodies, construction of
cDNA expression libraries from receptor-bearing cells, and as-
saying viral infectivity in receptor-negative host cells following
transfection with receptor cDNA. It can take months to years
to perform the necessary analyses to identify the functional
properties of putative receptors. For example, the characteriza-
tion of the receptors and coreceptors involved in HIV infection
took years and required the combined efforts of numerous
labs.™

Adenoviruses type 37, 19, and 8 (Ad37, Ad19, and Ad8 from
group D) cause a severe eye infection called epidemic kerato-
conjunctivitis (EKC) also known as “pink eye”. The onset of in-
fection is characterized by the association of the adenovirus
fiber protein with the conjunctival cell membrane.>* Ad37
binds to a 50 kDa cell-surface protein that is distinct from the
46 kDa coxsackievirus adenovirus receptor (CAR), which medi-
ates infection of other adenovirus serotypes as well as cox-
sackie B viruses.®” By using a virus overlay protein blot assay
(VOPBA), calcium-dependent and sialic acid-independent bind-
ing was observed between Ad37 and a 50 kDa protein on per-
missive conjunctival Chang (Chang C) cells. Ad37 also bound
to a 60 kDa protein (calcium dependent) in both permissive
and nonpermissive cell lines.”’ Therefore, these earlier studies
suggested that Ad37 uses a receptor that is distinct from that
used by other adenovirus serotypes. Arnberg et al. also report-
ed that Ad37 recognizes sialic acid on an unspecified mem-
brane glycoprotein in A549 lung epithelial and Chinese ham-
ster ovary cells.®f! However, these two cell lines support re-
duced levels of Ad37 infectivity compared to conjunctival
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based on a search against a protein database. Inhibition of gene
delivery mediated by an Ad37 vector, with antibodies against the
glycoproteins identified by tandem mass spectrometry, strongly
indicated that Membrane Cofactor Protein (MCP), a member of
the complement regulatory family of proteins, is the receptor.
This rapid and sensitive MS/MS-based strategy is perceived to
have wide potential applications for the detection of viral
receptors.

cells.”” Together these observations support the concept that
Ad37 uses distinct cell receptor(s).

Here, a direct, sensitive, and rapid approach for identifying a
viral receptor is described that employs mass spectrometry as
a key methodology. Nanoscale reverse-phase chromatography
combined with nanoelectrospray tandem mass spectrometry
(nanoLC-MS/MS) and genomic-database searching has become
a proven technology for identifying proteins in cellular and ex-
tracellular fractions."” By using this powerful technique, frag-
mentation data obtained on proteolytic peptides is compared
to theoretical fragments predicted from the proteins contained
in a database, such as the human genome. Established statisti-
cal criteria are then used to determine significant hits. This
method of identifying proteins by using a database search is
being widely used since the completion of the human and
other genomes. However, to our knowledge, it has yet to be
exploited for virus-receptor identification.

Our approach involved pooling and purifying glycoproteins
contained in a membrane fraction from human conjunctival
epithelial cells (Chang C) by using affinity chromatography, fol-
lowed by nanoLC-MS/MS. Since many cell-surface proteins are
glycosylated, we anticipated that the Ad37 receptor would
bind to a lectin-affinity column (i.e., lentil lectin). The eluted
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glycoproteins from the affinity column were further
fractionated by molecular weight (M,,) by using SDS-
PAGE. A virus overlay protein blot assay was subse-
quently used to identify protein bands that bound to
Ad37. Briefly, this method involves blotting proteins
separated by SDS-PAGE onto a polyvinylidene fluo-
ride (PVDF) membrane and incubating these with a
virus suspension. The virus-binding region is detected
by using a technique similar to a Western Blot. The
50 and 60 kDa bands that bound to the virus were
excised and digested, and the proteolytic peptides
were extracted and analyzed. The list of approximate-
ly 50 candidate proteins obtained from this analysis
was narrowed to four, based on their predicted size
and subcellular localization (i.e. plasma membrane):
CD46, CD87, CD98, and CD147.

An experiment involving the inhibition of virus-
mediated gene delivery by using antibodies directed
against CD46, CD87, CD98, and CD147 strongly sup-
ported the identity of the receptor as CD46. Further-
more, immunodepletion and virus binding analysis
reported elsewhere have provided additional evi-

G. R. Nemerow, G. Siuzdak et al.
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Figure 2. Lentil lectin chromatographic purification of Ad37 receptors. 10.8 mg of protein
were extracted from the membrane fraction of Chang C conjunctival cells with a buffer con-
taining 1% CHAPS detergent and separated by lentil lectin chromatography as described in
the Experimental Section. Protein weights in various fractions are displayed above each bar.
An Ad37 virus overlay protein blot assay indicates the relative amounts of Ad37 receptors in
each fraction (inset).

dence for CD46 as the receptor for Ad37."" An over-
all representation of the mass spectrometry-based
approach is shown in Figure 1.

VOPBA , Adenovirus
SDS-PAGE
s 8 _pgg:g::‘ proteclyzelextract peptides
membrane -

nano-LC-ESI ..] g_. MSIMS

Ll

mz

identification CD46

Figure 1. A representation of the mass spectrometry-based detection of the viral receptor
following partial purification by lentil lectin chromatography and SDS-PAGE. The recon-
structed cryoelectron microscope image of Ad37 was taken from ref. [30] with permission.

Results and Discussion

Membrane proteins were fractionated from cultured Chang C
cells, solubilized by 1% CHAPS detergent, and separated by
lentil lectin chromatography. Analyses of fractions by a Brad-
ford protein assay and an Ad37 VOPBA showed the enrich-
ment of the 50 and 60 kDa candidate receptors by lentil lectin
chromatography (Figure 2). Purified proteins with apparent
molecular weights of 50 and 60 kDa were then proteolyzed by
trypsin and deglycosylated. By using nanoLC-MS/MS, peptides
from approximately 50 unique proteins were identified in the
membrane fraction for each of the 50 and 60 kDa bands. An-
notated collision-induced dissociation (CID) mass spectra of
two of the seven peptide ions used for identifying CD46 are
shown in Figure 3. The identified proteins included many 50
and 60 kDa isoforms of keratin. This is not surprising since ker-
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atin is highly expressed on the ocular epithelium."*'"® Based
on their subcellular localization, plasma membrane proteins
were identified as putative cell-surface receptors for
Ad37: CD46, or membrane cofactor protein (MCP),
CD87, CD98, and CD147. Interestingly, peptides from
isoforms of CD46 were identified in both the 50 and
60 kDa gel slices that corresponded to proteins that
bind Ad37. Flow cytometric analysis (FACS) with anti-
bodies specific to CD46, CD87, CD98, or CD147 con-
firmed that all four identified glycoproteins are ex-
pressed on Chang C cells (Figure 4a).

To identify the Ad37 receptor, Chang C cells were
preincubated with antibodies directed against the ex-
tracellular domains of CD46, CD87, CD98, and CD147
and then infected with Ad37.GFP, an adenovirus
vector carrying a green fluorescent protein (GFP)
transgene, and the Ad37 fiber. After being cultured,
the cells were analyzed for expression of GFP by flow
cytometry. In contrast to antibodies against CD87,
CD98, or CD147, an antibody against CD46 significantly
blocked Ad37.GFP-mediated gene delivery to conjunctival cells
(Figure 4b), indicating that CD46 plays a key role in Ad37
entry. In addition, in a series of experiments reported else-
where,"" CD46 expression in Chinese hamster ovary (CHO)
cells conferred increased permissiveness to Ad37 infection,
supporting its role as the primary Ad37 receptor. These experi-
ments also indicated that Ad5 does not use CD46 as a recep-
tor. The identification of CD46 as a receptor for Ad37 infection
implies that it is also the receptor for Ad19a, which has an
identical knob sequence to Ad37 and also causes EKC.["¥

The sequence coverage for CD46 (~25%) is shown in
Figure 5. Two peptides detected (GTYLTDETHR and ADG-
GAEYATYQTK) are from two different isoforms of CD46. The
presence of these two peptides from the cytoplasmic tail of

ChemBioChem 2004, 5, 1095 - 1099
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Figure 3. Base peak chromatograms observed from the nano-LC MS/MS of the 50 kDa frac-
tion show a highly complex mixture containing hundreds of peptides. a) and b) are annotat-
ed tandem mass spectra showing MS/MS of [M+2HJ** ions of the proteolytic peptides
VLCTPPPK [126-133], and GFYLDGSDTIVCDSNSTWDPPVPK [225-248], respectively, two of

the seven peptides observed from the putative receptor CD46 (MCP).
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Figure 4. Expression of identified membrane proteins on conjunctival cells and inhibition of
Ad37 infection by CD46 antibody. a) Expression of CD46, CD87, CD98, and CD147 on

Chang C cell surfaces was analyzed by flow cytometry. Secondary antibody alone showed
no reactivity (control). B) PBS (control) and antibodies against CD46, CD87, CD98, and
CD147 were tested for inhibition of Ad37.GFP infection as measured by gene delivery. Data
represent the averages and standard deviations of quadruplicates. The CD46 antibody signif-

icantly decreased gene delivery (ANOVA, P < 0.001).

CD46" demonstrates the presence of both isoforms in Chang
conjunctival cells. Additionally, no peptides from the heavily O-
glycosylated serine-threonine-proline-rich “STP” region were
observed, since only a general N-linked deglycosylation step
was adopted in the procedure. One peptide (N*HTWLPVSDDA-
CYR) was identified from a N-glycosylated site;'® this shows
that the deglycosylation step with PNGase-F was effective in
removing N-linked sugars. An additional deglycosylation with
an O-glycosidase such as neuraminidase could result in the
identification of more peptides from CD46 in the highly glyco-
sylated STP domain.

CD46 is a membrane glycoprotein that serves as a cofactor
of serine protease factor | for the deactivation of C3b and C4b
through proteolytic cleavage. Importantly, it also is known to
function as a receptor for the Edmonston strain of the measles

ChemBioChem 2004, 5, 1095-1099 www.chembiochem.org
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tains disulfide bridges and a calcium ion in crystal
form;"™ this might help explain the sensitivity of
virus-receptor binding to the presence of reducing
agents and calcium ions. Furthermore, CD46 is exten-
sively expressed in human corneal epithelium,
stroma, and photoreceptor rods and cones.” Soluble
CD46 is also present in ocular fluids.”? Its availability
on the exposed eye surface also makes it a good
match for the putative receptor.

We have shown an alternative approach for identi-
fying viral receptors that involves purifying cell sur-
face glycoproteins, crudely fractionating proteins by
molecular weight, performing a VOPBA to ascertain
virus binding, followed by a proteolytic digest and
identifying proteins based on a single reverse-phase
separation and peptide sequence data obtained
using tandem mass spectrometry. The identity of the
receptor was confirmed through affinity-based ex-
periments including the inhibition of gene delivery
by using antibodies against the identified glycopro-
teins. This approach significantly reduces the number
of receptor candidates that must be tested in further
cell-based assays involving receptor expression and
gauging susceptibility to viral infection. In addition,
other lectins or chromatographic techniques can be
applied to this approach. The application of mass
spectrometry to receptor identification removes the
need for pure protein from antibody or viral ligand
chromatography. Partial purification of the receptor
with lentil lectin chromatography was used to
remove ~99% of protein weight from the initial cell
extract (Figure 2). Therefore the crude membrane
fraction would have been expected to contain many
thousands of proteins in a single SDS band; this
would make the mixture too complex for analysis by
the nanoLC-MS/MS approach. Even when improved
separation strategies such as multidimensional chro-
matography are employed to identify more proteins, a com-
prehensive list cannot be generated due to the presence of
thousands of proteins. Multidimensional LC-MS/MS approaches
have typically been used to identify several hundred to less
than 1600 proteins in highly complex mixtures, like yeast-cell
lysates.?>?% It is also important to note that this partial purifi-
cation is not feasible with techniques such as Edman sequenc-
ing or MALDI/TOF peptide mass mapping-based identification,
since both require a highly purified protein sample and have a
limited capacity to identify proteins in mixtures.

Recently, two reports have been published that identify
CD46 as the cellular receptor for group B adenoviruses Ad11
and Ad35.%% Segerman and co-workers hypothesized that
CD46 or its homologue, CD55, was the Ad11 receptor based
on similarities between adenovirus and picornavirus receptors
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Peptides Identified from Structural Domains of CD46

G. R. Nemerow, G. Siuzdak et al.

cidation of the functional mech-
anisms involved are unequivo-
cally linked to the development
of effective antiviral therapies.

TR CEEPPTFEAMELIGI(PK YYEIGERVDYKCKK
oo SCR1 GYFYIPPLATHTICDRNHTWLPVSDDACYRE
TCPYIRDPLNGOQAVPANGTYEFGYOQMHFICNE
> SCR2 SYYLIGEEILYCEL KGSVAIWSGKPPICEK Experimental Section
VLCTPPPKIKNGKHTFSEVEVFEYLDAVTYSCD Partial purification and VOPBA:
<+ SCR3 PAPGPDPFSLIGESTIYCGDNSYWSRAAPECKVY i
Chang C cells were resuspended in
KCRFPVWENGKQISGFGKKFYYKATVMFECDK sucrose (250 mm), HEPES (20 mwm),
o *+=* SCR4  ory| DGSDTIVCDSNSTWDPPVPKCLKY pH7.0, EDTA (1 mm), aprotinin,
ofillcc  +— STP(s) STSSTTKS PRPTYKPPVSNY and leupeptin (2 pgmL™"). Cells
were then homogenized/disrupt-
— M ed, and the organelles and nuclei
\ Tails 11 RYLS AKKKGTYLTDRTHREVKFTSL _ were pelleted at 500g for 15 min.
2 CVWPYRYLORRKKKGKADGGAEYATYQTKSTIPAEQRG  plasma-membrane fragments were
-BC -C pelleted from the supernatant of
B0kD 50kD

Figure 5. A pictorial representation of the different domains of CD46 (adapted from ref. [31]). Domain regions are
roughly indicated to show the location of peptides identified by MS/MS sequencing within the entire CD46 sequence.
Five peptides were found from the short consensus repeat units (SCR1-4). Two peptides sequenced from the cytoplas-
mic tail domains indicated the presence of at least two isoforms of CD46 resulting from alternative splicing. No se-
quence coverage was obtained in the transmembrane (TM; cylinders) and serine-threonine-rich (STP; squares) regions.

Hexagons in the diagram denote sites of glycosylation.

and found that CD46 mediated Ad11 binding using antibodies
and infectivity studies with CD46-expressing cells.”” Unfortu-
nately, this approach requires previous knowledge of several
other receptors for separate virus families and cannot be gen-
erally adopted for other viruses. In comparison, our approach
relied on the empirical identification of CD46, as well as other
membrane proteins in the fractions containing 50 and 60 kDa
proteins that were determined to bind the virus, by using
VOPBA. In another work by Gaggar and co-workers, CD46 was
directly determined to bind to Ad35 after the extensive purifi-
cation of the knob fiber domain by using recently developed
protocols.”” In contrast to these reports, our approach for the
identification of CD46 as the receptor for the specific case of
group D adenovirus Ad37, does not depend on the develop-
ment of specific protocols to purify the fiber knob domain and
protein purification, and offers a rapid and more general
method based on partial purification and tandem mass spec-
trometry that can potentially be applied to other cases.

It is important to note that this general approach to identify-
ing receptors has some aspects that can limit applicability.
These include, having enough copies of the receptor to identi-
fy it in the presence of other more abundant proteins, the
availability of antibodies against putative receptors, and the
availability of GFP fusions of viral proteins. The rapid and sensi-
tive mass spectrometry-based approach described here used
only a few picomoles of sample and required less than a week
to identify candidate receptors. Thus, we anticipate that similar
approaches may accelerate progress towards the identification
of other viral receptors in cases in which the mode of cell
entry is still poorly understood. The substantial list of viral dis-
eases under this category includes SARS, which is caused by
the coronoavirus. Identification of these receptors and the elu-
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cell lysates at 200000g for 1 h and
then resuspended in Tris-HCL
(10 mm), pH 8.1, aprotinin and leu-
peptin (10 mgmL™"). The mem-
brane fraction from Chang C cells
(~5x10° cells) was then solubilized
in 1% CHAPS (3-((cholamidopro-
pyl)dimethylammonio)propanesul-
fonate), and membrane glycopro-
teins containing terminal mannose groups were separated on a
lentil lectin sepharose affinity column. The glycoproteins were
eluted initially with three 0.5 mL aliquots of a-methylmannoside
(0.2m), EDTA (1 mm), Tris-HCI (16 mm), pH 8.1, 0.4% CHAPS, NaCl
(0.4 m; elutions 1-3) and then with three 0.5 mL aliquots of SDS-
PAGE sample buffer (elutions 4-6). The eluted glycoproteins from
this separation were pooled and concentrated by using a Centri-
con YM-30 spin column. Semi-native PAGE-VOPBA was performed
as previously described.”

Chromatography and mass spectrometry: The 50 and 60 kDa
bands recognized by Ad37 were excised and treated with dithio-
thrietol (10 mm) to reduce disulfide linkages. Alkylation was per-
formed with iodoacetamide (55 mm; Sigma-Aldrich) before diges-
tion with trypsin (Promega) over night at 37°C, with an estimated
1:30 enzyme/substrate ratio in ammonium bicarbonate (50 mm).
Soybean Trypsin inhibitor (Sigma-Aldrich) was used in a 1:1 (w/w)
ratio to trypsin in order to suppress proteolytic activity before de-
glycosylation. The extract was incubated for 1 h with the inhibitor
at 37°C and then for 2 h with PNGase-F (10 pL, 1.2 units per pL;
Roche Applied Sciences). The treatment with PNGase-F, an N-glyco-
sidase, was performed as a general deglycosylation step in order
to simplify mass spectral interpretation, since the presence of com-
plex carbohydrates on a protein tends to result in missed cleavag-
es and difficulty in identification when using database searching.
The LC separation was performed on a laser-pulled 100 um ID Cyg
column with a tip of <5 um that was also used as a nanoelectro-
spray emitter. Gradient elution was performed with 0.1% formic
acid/acetonitrile as the mobile phase, and from 5% to 60% aceto-
nitrile over 90 min. This was maintained for an additional 20 min
with a flow rate of ~200 nLmin~". The MS/MS analysis was per-
formed on a LCQ-DECA (Thermo Finnigan, San Jose, CA), as well as
an Agilent LC/MSD Trap ion-trap mass spectrometer. Data-depend-
ent scanning was used to maximize the number of peptides se-
quenced in the highly complex mixture. This mode of operation
uses preset criteria to select unique peptides on-the-fly for under-
going MS/MS. Over 4000 MS/MS spectra were obtained during the
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run. These were searched with MASCOT (Matrix Science, Limited)
and Sequest (University of Washington, WA) search engine soft-
ware by using the NCBInr (nonredundant database). To improve
searching efficiency, the taxonomic category was limited to mam-
malian proteins. Only peptides producing good-quality fragmenta-
tion spectra and scoring higher than the threshold required for a
95% confidence level for Mascot were used for protein identifica-
tion. We estimate that the analyzed SDS band contained approxi-
mately 5-10 pmol of receptor.

Flow cytometry: Chang C cells were incubated with Dulbecco’s
Modified Eagle’s Medium, 10% fetal bovine serum (DMEM-FBS) or
1:100 dilution of a monoclonal antibody specific for CD46, CD87,
CD98, or CD147 (Becton Dickenson Pharmingen, San Diego, CA) in
DMEM-FBS. Cells were washed twice and incubated with a 1:250
dilution of Alexa488-conjugated anti-mouse antibody (Molecular
Probes, Eugene, OR) in DMEM-FBS. After the cells had been
washed twice more, they were detached with ethylenediamine-
tetraacetic acid (5 mm) in DMEM-FBS and analyzed for fluorescence
with a FACScan flow cytometer (Becton Dickenson, San Jose, CA).

Antibody inhibition of virus-mediated gene delivery: Goat anti-
bodies raised against terminal peptides of extracellular domains of
CD46, CD87, CD98, and CD147 (200 ugmL™~" each; Santa Cruz Bio-
technology, Santa Cruz, CA) were dialyzed in PBS (2L) at 4°C to
remove any trace contaminants. 40000 Chang C cells were gently
rocked with 2X 199 Medium (125 pL; Invitrogen, Carlsbad, CA), hy-
droxyethylpiperazine ethanesulfonate (HEPES; 25 uL, 1m) pH 7.0,
and phosphate-buffered saline (PBS; 80 uL) or dialyzed CDA46,
CD87, CD98, or CD147 antibody for 30 min at room temperature.
Ad37.GFP, an adenovirus vector carrying a green fluorescent pro-
tein (GFP) transgene and the Ad37 fiber (20 uL of 2x 10° particles
per uL; 4x 107 particles or 1000 particles per cell),"" was added to
each antibody/medium mixture. Cells were gently rocked for 1 h at
room temperature, and unbound virus was removed by three
washes with DMEM-FBS. Cells were cultured overnight and ana-
lyzed for GFP transgene expression by flow cytometry.

Statistical analysis: Antibody-inhibition data were tested with an
ANOVA by using SPSS 11.0 (SPSS, Chicago, IL).
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Conformationally Gated Electrochemical Gene

Detection

Chad E. Immoos,® Stephen J. Lee,” and Mark W. Grinstaff*®!

The synthesis and characterization of a 26-base DNA hairpin con-
taining both a redox-active reporter (ferrocene) and terminal
thiol functionality for electrochemical gene detection is described.
This electrochemical DNA sensor exploits electron-transfer dy-
namics that alter as a consequence of a large structural rear-
rangement (hairpin-to-duplex) induced by hybridization of the
target DNA sequence. Melting temperature and circular dichroism

Introduction

Identifying specific nucleic acid sequences of viral or bacterial
pathogens, hereditary diseases, or genetic abnormalities is of
widespread interest in the areas of medicine, biotechnology,
and homeland security. Current methods for DNA detection
include both sequencing techniques and hybridization assays.
The advantages of hybridization assays over sequencing tech-
niques include rapid detection of the analyte and the elimina-
tion of sample amplification and purification steps. Electro-
chemical detection schemes possess several advantages in-
cluding sensitive electrochemical transducers, single amplifica-
tion, low cost, rapid detection, minimal power requirements,
and compatibility with microfabrication techniques." Several
methods for sequence-specific DNA detection based on elec-
trochemical methods have been reported. The groups of
Barton and Thorp describe the detection of DNA using an elec-
trocatalytic scheme for signal amplification.*® Electrochemilu-
minescence assays have also been reported for the detection
of specific DNA sequences.”” Another common assay design is
a sandwich-type assay possessing three components: a cap-
ture strand, a target strand, and a probe strand containing an
electroactive reporter group.®'” Very recently, the electro-
chemical detection of DNA by using immobilized hairpins'"'?
and single-stranded DNA"™ has been reported. Such electro-
chemical DNA sensors, in which electron-transfer dynamics are
altered as a consequence of a structural rearrangement in-
duced by hybridization, are of interest. Herein, we report the
synthesis and characterization of ferrocene-labeled DNA hair-
pins, and the use of a solid-phase hybridization assay on a
gold-ball electrode to electrochemically detect DNA.

The design criteria for this conformationally gated DNA-
detection device are: 1) an easily addressable redox probe and
2) a large structural/conformational change upon hybridization
of the target DNA strand. Ferrocene was chosen as the electro-
active probe in these studies because of its proven utility in
biological diagnostics,”'' its stability during DNA synthe-
sis,"®' and its accessible redox potential under physiological
conditions. To afford significant structural rearrangement of

1100

studies confirm that the 26-mer DNA forms a hairpin structure in
the absence of target DNA. The loop region of the DNA hairpin is
shown to form a stable duplex in the presence of complementary
single-stranded DNA. Atomic force microscopy and ellipsometry
experiments of immobilized self-assembled DNA monolayers sug-
gest that hybridization with complementary DNA affords a con-
formational change that alters the electrochemical response.

the electroactive DNA, we selected a DNA stem-loop sequence,
with the loop DNA sequence complementary to a specific DNA
target. Binding of target DNA induces a hairpin-to-duplex tran-
sition. This structural rearrangement has been previously char-
acterized by using fluorescence resonance energy transfer
(FRET) techniques with fluorophore-labeled hairpins."® Such
fluorophore-labeled hairpins, termed “molecular beacons”, are
of interest for diagnostic applications." For our studies, when
the DNA hairpin is immobilized on the electrode, the five 3'-
and 5'-terminal nucleobases form a stem that places the 5'-ter-
minal redox probe in close proximity to the electrode surface,
thereby making it electrochemically accessible. Upon binding
of the complementary DNA strand to the exposed loop por-
tion of the immobilized sequence, the hairpin will open to the
extended-duplex form; this increases the distance between the
5'-terminal ferrocene and the electrode surface. The increased
distance between the redox probe and the electrode is mani-
fested as a loss of the electrochemical signal (Scheme 1).

Results and Discussion

The bifunctionalized 26-mer oligodeoxynucleotide was synthe-
sized by using a 3'-hexylthiol-modified controlled-pore glass
(CPG) resin and a ferrocene phosphoramidite on an ABI 392
solid-phase DNA synthesizer."”! The probe sequence contained
within this hairpin motif is complementary to a sequence char-
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T Fe-(CCCA CG OCTTG TGG GTC AAC COC CGT GGHC,)-5H 2

Scheme 1. Ferrocene-labeled hairpin for electrochemical DNA hybridization
detection. A Fc-hairpin-SH macromolecule is immobilized on a gold electrode.
When a complementary DNA target strand binds to the hairpin, the hairpin
opens, and the ferrocene redox probe is separated from the electrode; this
leads to a decrease in the observed current. The Fc-hairpin-SH sequence is
shown at the bottom. The underlined bases indicate the stem-forming region.

acteristic for Mycobacterium tuberculosis.”® The UV-visible spec-
trum of the ferrocenyl hairpin possesses a weak absorbance
band at =450 nm, characteristic for ferrocene compounds (& <
1000 M 'cm™").2" Melting-temperature studies confirm that
the 26-mer DNA strand forms a DNA hairpin in the absence of
target DNA, with a melting temperature of 45°C. The Fc-hair-
pin:target DNA duplex showed a melting temperature of 62 °C.
As expected, the extended duplex is more stable than the hair-
pin. The circular dichroism spectrum of the Fc-hairpin-SH oligo-
nucleotide shows modest transitions at the wavelengths char-
acteristic for B-form DNA, Figure 1; this suggests formation of

-504

-100+

220 240 260 280 300 320
Anm —>

Figure 1. Circular dichroism spectra of Fc-hairpin-SH () and Fc-hairpin-SH +
target sequence (—).

a stem-loop structure in the DNA hairpin. Upon binding of
target DNA, the molar ellipticity increases; this indicates
duplex formation.

A gold-ball electrode was coated with the bifunctionalized
oligodeoxynucleotide, Fc-hairpin-SH, and -mercaptoethanol
(the B-mercaptoethanol to Fc-hairpin-SH ratio was 10:1). Cyclic
voltammograms (CV) of the Fc-hairpin-modified gold electro-
des in 1M NaClO, show a quasireversible wave at 0.482 V (vs. a

ChemBioChem 2004, 5, 1100~ 1103 ~ www.chembiochem.org
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normal hydrogen electrode (NHE)). The measured potential of
the Fc-hairpin-SH is consistent with previous reports of ferro-
cene derivatives in well-defined self-assembled monolayers.”?
The electrochemical behavior of the immobilized Fc-hairpin-SH
was also investigated by using alternating-current voltammetry
(ACV). Of the electrochemical techniques available to study
redox events in monolayers, ACV has been particularly effec-
tive.” Voltammetry with uncoated or B-mercaptoethanol-
coated gold-ball electrodes yielded no electrochemical re-
sponse. Likewise, immobilized hairpins containing no ferrocene
also showed no current response within the potential window.
The peak potential was determined to be 0.480 V (vs. NHE), in
agreement with cyclic-voltammetry experiments. The peak-cur-
rent-to-baseline ratio decreased with increasing AC frequency
(Figure 2a), as previously seen for immobilized ferrocenyl al-

a) 1.4
1.2
1.0
0.8
(Iobs h Ibase) 0.6+

0.4+

base

035 040 045 050 055
E/Volts ———>

b)

0.35 0.40 0.45 0.50 0.55 0.60
E/Volts ——>

Figure 2. a) AC voltammograms of immobilized Fc-hairpin at 1 Hz (—), 10 Hz
(-----), and 100 Hz (--). b) AC voltammograms at 1 Hz before (—) and after
(~-) addition of 1 um target DNA. Conditions: 1m NaClO, amplitude=25 mV,
sample period=1 s.

kanethiol monolayers.**?! The greatest current response was
observed at a frequency of 1 Hz. From the integrated area of
the AC voltammogram, the average surface coverage of
electroactive ferrocene-labeled hairpin was calculated to be
2.55x 1072 molcm™. The majority of the surface is covered
with -mercaptoethanol.

The ACV signal diminishes when target DNA is added to the
electrochemical cell. Incubation in the presence of 1 um target
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DNA affords a loss of >90% of the electrochemical signal
after 1 hour (Figure 3b). Probe sensitivity is improved at lower
temperatures. For example, at 5°C the electrochemical re-
sponse decreases by ~70% within 10 minutes following addi-
tion of 10 nm target DNA to the electrochemical cell (data not
shown). Addition of 10 um random, noncomplementary DNA
sequence has no effect on the current response. When com-
plementary DNA containing a single-base mismatch is added,
the probe current decreases by ~30% after 1 hour. These re-
sults suggest that single-base-mismatch detection may be pos-
sible, since such discrimination is observed with optimized
fluorescence-based systems.

Moiroux and co-workers have reported that immobilized
single-stranded DNA containing a terminal ferrocene also gives
well-defined electrochemistry, and that the scan rate depend-
ence is consistent with a surface-confined electrochemical re-
action."¥ To eliminate the possibility that our electrochemical
signals arise from disordered single-stranded DNA and to
verify the formation of the immobilized stem-loop structure on
the gold surfaces, we characterized self-assembled monolayers
of Fc-hairpin-SH on Au(111) surfaces. Studies of DNA duplex
monolayers by AFM have been previously reported by Kelley
and co-workers.”® AFM measurements of the Fc-hairpin-SH im-
mobilized on a Au surface showed that the distance from the
gold surface to the top of the adsorbed hairpin monolayer
was ~28 A. Incubation of the sample in the presence of target
DNA increases the height of the monolayer to ~42A, as
shown in Figure 3. By assuming that the thiol linker is fully ex-
tended and collinear with the DNA, the length of the immobi-
lized DNA hairpin and the extended duplex are estimated to
be 54.8 A and 80.5 A, respectively.””” Monolayer heights of 28
and 42 A correspond to orientations ~32° normal to the gold
surface; this is consistent with previous studies of DNA mono-
layers. Ellipsometric measurements of immobilized Fc-hairpin
on a gold surface gave thicknesses of 29.1+0.4 and 41.6+
0.5 A after target binding. These data, combined with the CD
spectra and T,, measurements, support the formation of the

a)

M. W. Grinstaff et al.

immobilized stem-loop structure on the Au surface, and the
extended duplex upon addition of target DNA.

As mentioned earlier, electrochemical detection systems
based on a large structural rearrangement of the probe strand
provide a new approach for gene detection. Recently Fan et al.
have described immobilized hairpin DNAs on flat Au electrode
surfaces for gene detection."? They observed, as we have, that
the electrochemical signal was strongly dependent upon the
presence of target DNA and that the peak currents were di-
rectly proportional to the scan rates. Optimization of the
system enabled detection at 10 pm; this indicated that the ap-
proach has potential real-world applications. In addition, DNA
hairpins of varying sizes can be prepared as done previously
for fluorescence-based assays with molecular beacons.” Our
results are consistent with their findings. Importantly, our solu-
tion characterization studies of the DNA probe and target se-
quences as well as the surface characterization studies on the
hairpin and duplex strands provide support for the detection
mechanism, which entails a target-strand induced structural
rearrangement on the electrode surface. These combined de-
tection results and mechanistic data support the development
of new approaches, surface immobilization chemistries, and
probes for the detection of DNA.

Conclusion

In summary, the detection signal originates from the electroac-
tive ferrocene probe, which is covalently attached to one stem
of the DNA hairpin, and this signal is dependent on the DNA
conformation (i.e., hairpin vs. extended duplex). Upon duplex
hybridization, the distance between the ferrocene and the
electrode surface increases, and the current associated with ox-
idation of the tethered probe diminishes. This approach does
suffer from several limitations including a lack of single-base
mismatch discrimination, nontrivial immobilization procedures,
and that detection is recorded as a loss of signal (i.e., “off-
sensor”). Importantly, however, this design concept does com-
plement existing electrochemical detection methods
and provides further motivation for chemical and
biological devices based on conformationally gated
sensing.

Experimental Section

All oligodeoxynucleotides were synthesized from 3'- to

0 e 1.0

nith b)

+target

15 5-end on an ABI 392 solid-phase DNA synthesizer by

using previously described methods.'” The modified
DNA (Fc-hairpin-SH) was synthesized by modifying the
CPG resin with a Cs-thiol linker (Glen Research). The 5
end was modified with ferrocenyl phosphoramidite by

-3

using the method previously described by Mirkin and
co-workers."™ The 26-mer modified DNA sequence (5'-
Fc-Cs-CCACGCTTGTGGGTCAACCCCCGTGG-C4-SH-3')  was

Figure 3. AFM cross sections of immobilized Fc-hairpin-SH monolayers a) before and b) after

addition of target DNA.
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is5 purified by HPLC (Varian, Prostar) with triethylamine ace-
tate (TEA)/CH;CN and characterized by UV/Vis spectros-
copy, MALDI-TOF mass spectrometry, and CD. The target
(5'-GGGGTTGACCCACAAG-3'), random sequence (5'-
CCCAATCTGGATGTTA-3), and mismatch DNA (5'-

ChemBioChem 2004, 5, 11001103
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GGGGTCGACCCACAAG-3') were synthesized, purified on PolyPak
cartridges (Glen Research), and characterized by MALDI-TOF mass
spectrometry. Hybridization of complementary strands to form du-
plexes was accomplished by heating the DNA strands to 90°C in a
heating block and allowing them to cool to room temperature
over a period of 1h. Melting temperatures (T,,) of the duplexes
were determined by using a Varian 500 spectrophotometer equip-
ped with a Peltier temperature controller. Duplexes were typically
<2 um (5 mm sodium phosphate, 50 mm NaCl, pH 7.0 buffer). The
temperature was increased at a rate of 0.2°Cmin~', while monitor-
ing the absorbance at 260 nm. The melting temperatures were cal-
culated by using standard procedures.

A CH Instruments 440 electrochemical analyzer was used in a stan-
dard three-electrode cell that consisted of a Pt-wire counter elec-
trode, a Ag/AgCl reference electrode, and a gold-ball working elec-
trode. The reference electrode was separated from the working
compartment by a modified Luggin capillary filled with the analysis
buffer. Gold-ball working electrodes were constructed by melting a
gold wire (0.127 mm, Aldrich) in a H, flame until a small ball

(~0.5 mm) formed on the end. Gold-ball electrodes were cleaned
by multiple oxidation-reduction cycles in H,SO, (1m) at 20 mVs™'
until a well-defined voltammogram was obtained. The gold-ball
electrodes were thoroughly washed with Milli-Q water, and soaked
overnight in a DNA modification solution containing Fc-hairpin-SH
(0.1 mm), p-mercaptoethanol (1 mm) in phosphate buffer (50 mm),
and NaCl (100 mm). The electrodes were then washed with phos-
phate buffer (50 mm) and NaCl (100 mm) and transferred to the
electrochemical cell. Electrochemical experiments were carried out
at room temperature (22 +2°C) in NaClO, solution (1 m) unless oth-
erwise indicated.

AFM measurements were similar to those described by Kelley and
co-workers.”™ They were conducted by using a Nanoscope llla
multimode atomic force microscope (Digital Instruments) in either
tapping or contact mode. Si;N, cantilevers (MikroMasch) were used
for all experiments. Au(111) substrates (~500 nm) were created by
thermal vapor deposition onto Si(111) substrates by using a 10 nm
Cr adhesion layer. Substrates were annealed in a hydrogen flame
and then modified by incubation with 0.1 mm solutions of modi-
fied DNA in phosphate buffer (pH 7.0, 50 mm), MgCl, (0.1 m) for
12-24 h. For AFM experiments, -mercaptoethanol was excluded
from the DNA deposition solutions. The DNA-modified surfaces
were thoroughly rinsed with incubation buffer prior to AFM meas-
urements. In a typical experiment, a small (500 nm) patch of DNA
was removed from the surface by applying a large vertical force
and increasing the scan rate to 25 Hz with the AFM tip in contact
mode for 1 min. The surface was then imaged (2x2 um) in contact
mode at a scan rate of 2-4 Hz by using the smallest possible verti-
cal force. Samples imaged in tapping mode gave similar results.
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Selective Estrogen-Receptor Modulators
(SERMs) in the Cyclopentadienylrhenium
Tricarbonyl Series: Synthesis and Biological

Behaviour

Siden Top,” Anne Vessiéres,*™ Pascal Pigeon,”® Marie-Noélle Rager,”
Michel Huché,™ Emmanuel Salomon,™ Claude Cabestaing,”
Jacqueline Vaissermann,”® and Gérard Jaouen*®

A series of organometallic antiestrogens based on the OH-tamox-
ifen (OH-Tam) skeleton and bearing the (1°-CsH,)Re'(CO); unit has
been prepared by using McMurry coupling for the purpose of
studying their biological behaviour. The cyclopentadienylrhenium
tricarbonyl moiety is indeed stable in biological media, compact,
lipophilic and easy to handle. Furthermore, this study allowed us
to select the best candidates for subsequent use as radiopharma-
ceuticals either for imaging or therapy by using appropriate
radionucleides, namely *"Tc and '®Re. In these molecules the
B-phenyl group of OH-Tam has been replaced by the (i7>-
CsH,)Re(CO); moiety, and the length of the dimethylamino side
chain —O(CH,),N(CH;), was varied (n=2, 3, 4, 5 and 8). The com-
pounds 7a-7e were obtained as mixtures of their Z and E iso-
mers, which could be separated by semipreparative HPLC. Unlike
their ferrocene homologues, the compounds do not isomerise in
solution. Structural identification was carried out with NMR spec-
troscopy by using the HMBC and NOE techniques and was con-

Introduction

Despite the widespread occurrence of breast cancer in the
western world, where one woman in eight will be affected
during her lifetime, breast cancer therapy still suffers from seri-
ous deficiencies in available strategies for treatment, and mor-
tality remains close to 30%." The personal and social costs
involved make it imperative to seek novel approaches to treat
the disease. Until recently, two types of breast tumours were
generally recognised: those defined as hormone-dependent, in
which the estrogen receptor is found to be present (ER(+)),
and which make up two-thirds of tumours; and those consid-
ered hormone-independent, in which the estrogen receptor is
not detected (ER(—)), which account for the remaining third of
cases. For ER(+) tumours, adjuvant treatment normally in-
cludes administration of an antiestrogen. In most cases, this
will be tamoxifen (1a, Tam), the most widely used of the anti-
estrogens and the prodrug of hydroxytamoxifen—the active
molecule. However, it is known that one-third of the tumours
will respond to hormone therapy over a long period, another
third will only be responsive for a short period (3-6 months),
and the final third will not respond at all. It is thus evident that
there is a need for new selective estrogen-receptor modulators
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firmed by the X-ray structural determination of (E)-7a (n=2).
These molecules were more lipophilic than OH-Tam (logP,,, =
4.5-6.3) and they were all reasonably well recognized by the two
forms of the estrogen receptor (ERa and ERf3). For example, (Z)-
7b (n=23) has high relative binding affinity (RBA) values of 31%
for ERa. and 16.8% for ERB. The antiproliferative effects of two
pairs of isomers, (Z)- and (E)-7b (n=3) and (Z)- and (E)-7d (n=
5), were studied at a molarity of 1 um on two breast-cancer cell
lines, MCF7 (ERa positive) and MDA-MB231 (ERa negative). These
molecules had an antiproliferative effect on MCF7 cells slightly
higher than that of OH-Tam and no effect on MDA-MB231 cells.
Thus, the antiproliferative effect observed on the MCF7 cells
seemed essentially to be linked to an antiestrogenic effect. Molec-
ular modelling studies have allowed us to rationalise these effects
and select the best compounds for future development of a radio-
active series.

(SERMs) with a different, and possibly broader, therapeutic
range.””

Our understanding of the mechanism of action of estrogens
and antiestrogens has recently undergone substantial evolu-
tion owing to a number of major advances in endocrinology
research, such as i) the discovery of the existence of a second
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R R
CH,CH, @ CH,CH, O
— (Z+E) — (Z+E)
Fe
OCH,CH,NMe, :d): O(CHjy),NMe,
1a:R=H(Tam) 2 a: R =H; n=2 (Ferrocifen)
1b:R=0H(OH-Tam) 2 b : R = OH; n=3 (OHI[3]-Ferrocifen)

2 ¢ : R = OH; n=4 (OH[4]-Ferrocifen)

estrogen receptor, so that two differentiated receptors, ERa
and ERP, must now be considered; ii) the X-ray structural de-
termination of the ligand binding domain (LBD) of the two re-
ceptors ERa and ERf with estrogens and antiestrogens docked
in the binding site;*' and iii the discovery of two different
mechanisms of gene activation at the DNA level: either via an
estrogen response element (ERE), in which the receptor bound
to its bioligand dimerises and interacts with DNA, or via an ac-
tivated protein (AP1), in which the monomeric receptor bound
to its bioligand interacts with two proteins (Jun and Fos) to
form a complex that binds to DNA.'"'? In the latter case, the
receptor does not bind directly to DNA. Furthermore, the re-
cruitment of coactivators depends on the type of mechanism
and the nature of the target cells. This important multifaceted
breakthrough adds a degree of complexity to the problem,
but conversely also provides the first precise molecular and
supramolecular view of the situation, and allows a reasoned
chemical approach to be attempted.

It should first be borne in mind that, following the recent
breakthroughs, most tumours classed ER(—) as a result of their
lack of ERa have now been shown to contain the second form
of the receptor, (ERP), albeit in lower quantities,"” and it is
possible that tamoxifen-resistant tumours may respond via
ERB, although a precise role for this receptor has not yet been
elucidated despite recent advances.* %

Since breast tumours are usually heterogeneous and tend to
consist of cohorts of both hormone-dependent and hormone-
independent cells, finding a single SERM that can resolve the
problem is clearly going to be very difficult. Other functionali-
ties need to be added to the SERM in the hope of generating
different effects. Accordingly, we decided to use the “gold-
standard” SERM, tamoxifen, as the vector which could be tar-
geted to the receptor binding site, and to add a functional or
potentially functional group to tamoxifen, in this case an orga-
nometallic function, that might lead to an increased range of
applications. In this way we were able to show that in the fer-
rocifen series (Chart 1), complexes such as 2b and 2c are both
antiestrogenic, owing to their conformational effect on ERaq,
and cytotoxic, perhaps via ERp, probably as a result of oxida-
tion of the Fe" group of the ferrocene."” This new approach
produces an antiproliferative effect on breast cancer cell lines,
whether classed as hormone-dependent (MCF7) or as hor-
mone-independent (MDA-MB231), although the latter in fact
contains ERB."® This increased susceptibility of 2b and 2c¢ to
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oxidation may generate a cytotoxic effect at molarities com-
patible with therapeutic use'” and promote apoptosis phe-
nomena." In this context, it was interesting to explore the
effect of attaching other organometallic moieties to a nanovec-
tor based on a tamoxifen skeleton. The CpRe(CO); group
appeared particularly appropriate for this approach, since it is
lipophilic, robust, and small enough in size such that its substi-
tution for the B-phenyl of OH-Tam, the active metabolite of
tamoxifen, would not be expected to unduly inhibit the
modified SERMs’ recognition for their specific receptors.
Furthermore, in the group VIl series, *™Tc is a y emitter, while
'%Re, a radionucleide of Re, is a 90% [ emitter and a 10% vy
emitter. Therefore, incorporation of these elements should
allow the future development of novel organometallic radio-
pharmaceuticals that can be used in both therapy and
imaging.?>%

In this work, we present the synthesis and characterisation
of organometallic SERMs of CpRe(CO); derived from OH-Tam.
We have also included a set of biological tests designed to es-
tablish the potential interest of these molecules as targets for
a future radiopharmaceutical approach, as well as a molecular
modelling study to rationalise the observed effects.

Results
Synthesis and characterisation

Two guiding ideas lie behind the preparation of the products
shown in Scheme 1. Firstly, the metallic element Re is incorpo-
rated into the framework of the OH-Tam skeleton (1b) in the
form of (n*-CsHs)Re'(CO);, a robust, compact and nonbulky or-
ganometallic moiety which is not susceptible to oxidation. Pre-
vious studies have in fact illustrated the interest of the organo-
metallic approach via the chelate route (e.g. N,S, and with
Re"), leading to charged and bulky species that are unstable in
aqueous solution and mask the recognition factors of OH-Tam
for the estrogen receptor.?+%!

In the ferrocifen series, the length of the basic carbon chain
proved to be a major factor in the development of antiprolifer-
ative activity on breast cancer cell lines."” For this reason we
varied the length of the carbon chain in our syntheses from
n=2 to n=8, so as to cover a wide range of products. We
note that a preliminary study with n=4 has already given us a
good first approach to the problem.”?”

The McMurry coupling reaction arguably remains the
method of choice for preparation of alkene derivatives.”®
There are two ways of accessing the desired compounds: the
first strategy is to carry out the coupling reaction between pro-
pionylcyclopentadienylrhenium tricarbonyl with dihydroxyben-
zophenone, and to attach the aminoalkyl chain in the last
step; the second approach is to attach the aminoalkyl chain
onto the dihydroxybenzophenone before carrying out the cou-
pling reaction. Bearing in mind that rhenium is an expensive
metal, and that the reaction to attach the aminoalkyl chain is
not a high-yielding process as a result of the formation of sec-
ondary dialkylated products, it appears preferable to use the
second method. However, the coupling reaction with dihydroxy-
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OH OH
o, O
o) 0]
O an=2 X=Br O
b:n=3 X=8Br
c.n=4 X=Br O(CH,), X
OH 4 n=5X=8r (Cha)s
3 en=8 X=Cl da-e
CH5CH,
o+ 4
Re(CO), :
5 Re(CO); O(CHy),X

7a-e (2)

7a-e (E)

Scheme 1. Synthesis of the rhenium derivatives of OH-Tam (7a-e; n=2, 3, 5
and 8) by McMurry cross-coupling: i) KH, THF; i) X(CH,),X, THF/DMF; iii) TiCl,/
Zn, reflux; iv) HNMe,/MeOH, 60°C, autoclave. The Z and E isomers are separat-
ed by semipreparative HPLC.

benzophenone bearing the aminated chain does not give
good yields because of the insolubility of the ketone, probably
as a result of the formation of a zwitterion. To avoid this diffi-
culty, we used a halogenated chain instead of the aminoalkyl
chain, and converted the halogenated function to a dimethyl-
amino moiety in the final stage of the synthesis (Scheme 1).

In the first step, 4,4"-dihydroxybenzophenone (3) was mono-
alkylated with the selected halogenoalkyl chain by using the
corresponding dihalide and the monopotassium salt of 3 (pre-
pared by the action of potassium hydroxide). McMurry cou-
pling of the corresponding ketone 4a-e with ketone 5 gave
the alkenes 6a—e in good yield (>60%). These alkenes were
converted to amines 7a-e in an autoclave by treatment with
dimethylamine in methanol at 60°C. Heating at a higher tem-
perature (120°C) led to unidentified aminated by-products
which lowered the yield and were difficult to separate. For 6 a—
d, the bromated compounds were synthesised, and heating at
60°C for 24 h was sufficient to obtain the amines 7a-d. For
6e, the selected halogen is chlorine, and the reaction is much
slower, requiring 3 days at 60 °C.
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The McMurry coupling reaction gave a mixture of Z and E
isomers with a slight excess of the latter. Unlike the ferrocifens,
which interconvert rapidly between the geometric Z and E iso-
mers in solution, particularly in chloroform,"” none of the rhe-
nium complexes synthesised here showed this tendency to iso-
merise. This justified the separation of the isomers by HPLC
with a reversed-phase preparatory column. By using a mixture
of phosphate buffer (pH 7) and methanol of varied composi-
tion according to the isomer pairs, the less lipophilic Z isomer
eluted first from the column. Identification of the Z or E config-
uration of the isomers was carried out by NMR spectroscopy
and confirmed by an X-ray structural determination of (E)-7a.
The HMBC technique was used on the (E)-7b and (E)-7 c iso-
mers to permit definite assignments of the protons and car-
bons. The NOE technique revealed a through-space interaction
between the protons of the cyclopentadienyl ring and the
aromatic protons of the hydroxyl-bearing o’ ring on the one
hand, and an interaction between the protons of the ethyl
group and those of the aminoalkyl-bearing a ring on the
other. The existence of these effects is clear proof of the E con-
figuration of these two isomers. This identification is borne out
by the X-ray structural determination of (E)-7a.

Structure of (E)-7a

Crystallization of (E)-7a from CH,Cl,/hexane produced colour-
less crystals which were suitable for an X-ray structural deter-
mination. (E)-7 a crystallizes in the monoclinic space group P2,/
a. Crystallographic data are collected in Table 1. A representa-
tion of the molecular structure of (E)-7a is shown in Figure 1.

It is interesting to compare the structure of (E)-7a to that of
ferrocifen (2a).'"? The C(1)—C(2) bond length is 1.33(1) A, which
is shorter than that of 2a (1.37(2) A) but similar to that of
tamoxifen (1.34 A for the Z isomer and 1.33A for the E
isomer).” The C(2)-C(1)-C(21) and C(2)-C(1)-C(31) angles are
123.5° and 123.1°, respectively. While 2a showed a little distor-
tion by widening the C(1)-C(2)-C(11) angle (129.0°) and by nar-
rowing the C(1)-C(2)-C(41) angle (115.3°), (E)-7 a exhibits almost
normal values of 124.4° and 120.7°, respectively. It is clear that
cyclopentadienyltricarbonylrhenium has a smaller steric effect
on the o’ ring than ferrocene does in 2a. The C-C distance
values in the double bond are in agreement with the observed
order of ease of isomerisation.2%3"

Biochemical studies

Measurement of the relative binding affinities (RBAs) of the com-
plexes for the estrogen receptors ERa and ERf: The rhenium
complexes 7 a-e were tested as both Z+E mixtures and sepa-
rate Z and E isomers on the two forms of the estrogen recep-
tor ERa (from cytosol and purified) and on the § form of the
receptor (purified), and the values were compared to those
found for OH-Tam (1b). These values are shown in Table 2.

The decrease in global recognition of the organometallic
complexes of rhenium compared to OH-Tam is primarily as a
result of the greater steric hindrance of the CpRe(CO); moiety
relative to the less bulky phenyl group of OH-Tam (see model-

ChemBioChem 2004, 5, 1104-1113
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Table 1. Summary of crystallographic data for (E)-7 a.

octants collected

number of data collected

number of unique data collected
number of unique data used for refine-
ment

R=3||F,|—|F|[/Z]F,]

RWE = {Sw(| F, | — | Fe| )/ SwF3:
absorption correction

extinction parameter
goodness of fit
number of variables
Appin [A7?]

APpax [€A]

Parameter Value

Formula CygH,sNOsRe

M, 644.7

a[A] 13.900(9)

b [Al 12.039(4)

c[A] 16.030(7)

a[°] 90

Bl 102.00(5)

v [°] 90

VA% 2624(2)

z 4

crystal system monoclinic

space group P2,/a

plem™ 47.3

plgem™] 1.63
diffractometer Enraf-Nonius MACH3
radiation Moy, (A=0.71069 A)
scan type /20

scan range [°] 0.8 + 0.345 tg6

6 limits [°] 1-26

T room temperature

0.17; 0.14; —19.19
5636

5142 (R, =0.028)
2763 (F,)2> 30(F,)?

0.0420

0.0498

DIFABS (min=0.88,
max=1)

none

1.12

317

—0.79

1.12

F(max).

RIwW=wI1—((||Fo|—|F||)/60(F )T with w'=1/SrAT,(X) with 3 coeffi-
cients 4.89, —2.13 and 3.45 for a Chebyshev Series, for which X is F./

ling studies below). However, the complexes remain reason-
ably well recognised by the two forms of the estrogen recep-
tor, particularly in the case of 7a, 7b and 7c (n=2, 3 and 4).
As the chain is lengthened, the RBA value declines (in the case
of 7d and 7e; n=5 and 8). In all cases the RBA values of the Z
isomers are higher than those for the E isomers and the Z+E
mixture of the two isomers. This is also observed with OH-Tam.
The difference is more marked when working with the purified
receptors. The RBA values obtained for the E isomers are the
lowest but remain significant with a maximum of over 10% for
(E)-7b (n=3).

Determination of logP,,, values: The lipophilicity (logP,,, value)
of the complexes was determined by reversed-phase HPLC. All
the rhenium complexes have higher logP,,, values than estra-
diol (logP,,,=3.5) and the Z and E isomers of OH-Tam (logP,,
w=3.2 and 3.4, respectively). Substitution of the phenyl group
by a CpRe(CO); moiety increases the lipophilicity by 1.3, which
is in agreement with the result previously found for the estra-
diol series.® Increasing the length of the side chain results in

a progressive increase in the logP,,, value. The values obtained
for these rhenium complexes are very close to those found for
the ferrocifens, except in the case of n=2. For any given pair
of isomers, the E isomer is always slightly more lipophilic than
the Z isomer.

Study of the antiproliferative effects of (Z)- and (E)-7b and (Z)-
and (E)-7d on hormone-dependent (MCF7) and hormone-inde-
pendent (MDA-MB231) breast cancer cell lines: Separation of the
Z and E isomers of all the rhenium complexes 7 a-e was car-
ried out by preparative reversed-phase HPLC. Since we have
previously shown that these complexes do not isomerise in
solution, we have chosen two representative pairs of isomers,
(2)- and (E)-7b and 7d, to study their proliferative/antiprolifera-
tive effect on the MCF7 and MDA-MB231 cell lines, which are
considered the archetypes of ERa(+) and ERa(—) cell lines, re-
spectively. OH-Tam (1b) and estradiol were added as controls
in each series. The results obtained are shown in Figures 2
and 3.

At an incubation molarity of 1um, the two isomers (2)- and
(E)-7b and 7d have an antiproliferative effect on MCF7 cells
which is slightly higher (12-15%) than that of OH-Tam. In both
series (=3 and n=5), the Z isomer is more effective than the
E isomer. However, the observed difference is quite modest at
around 5% (Figure 2). This antiproliferative effect of the com-
plexes must, like that of OH-Tam, be linked to an antiestrogen-
ic effect. However, the significant differences in RBA values of
7b and 7d found for cytosolic ER are not reflected in any
great variation in antiproliferative effects on these hormone-
dependent cells.

As expected, on MDA-MB231 cells with no ERa, neither es-
tradiol nor OH-Tam has any effect (Figure 3). At a concentration
of 1pm, the rhenium complexes have a weak antiproliferative
effect of 10% or slightly above. This antiproliferative effect
must be associated with a cytotoxic effect, and the complexes
with the longest chain (n=5) are somewhat more effective
than those with a 3-carbon chain. On these cells, the Z and E
isomers have identical behaviour for any given pair.

Overall the results obtained with these stable and lipophilic
rhenium complexes are essentially linked to an antiestrogenic
effect of the same order as or slightly higher than that of OH-
Tam. This augurs well for the future introduction of active
group-VIl radionucleides to create another functionality in the
binding site.

Discussion

The behavioural similarity between the rhenium complexes 7b
and 7d and OH-Tam (1b) justifies the use of the crystallo-
graphic data underpinning the biological behaviour of OH-
Tam. In particular, the structure of the ligand binding domain
(LBD) of human estrogen receptor alpha (hERa) occupied by
OH-Tam (1b) has been published.”) We digitally removed the
bioligand 1b from the site and replaced it with (2)-7b. To
obtain Figure 4, we used MacSpartan Pro,**’ Molview,** and
weblab viewer Accelys® software successively. This molecular
modelling study shows the overall position of (2)-7b in the
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Figure 1. View of the molecular structure of (E)-7a showing the atom numbering. Selected
bond lengths [A] and angles [°]: C(1)-C(2), 1.33(1); C(1)-C(21), 1.47(1); C(1)-C(31), 1.47(1);
C(2)-C(11), 1.48(1); C(11)-C(12), 1.43(1); Re(1)-C(11), 2.33(1); Re(1)-C(16), 1.89(1); C(16)-
0(16), 1.12(1); C(2)-C(1)-C(21), 123.5°(9); C(2)-C(1)-C(31), 123.1°(8); C(1)-C(2)-C(11), 124.4°(9);
C(1)-C(2)-C(41), 120.7°(9).

Table 2. Relative binding affinities (RBAs) for ERa (cytosol), ERa (purified), ERP (purified)
and lipophilicity (logP,,,) of the rhenium derivatives of OH-Tam, (Z+E) mixtures, and
separated Z and E isomers.®
OH O-(CH,),N(CH,),
- ()
Re Re
7N 0-(CH,),N(CH 7N OH
ocC COCO (CH,),N(CH;), ocC COCO
(2)-Ta-e (E)-7a-e
ERat ERat ERB log P,
(cytosol) (purified) (purified)
1b Z+6-1b 38.5 - 241
(n=2) @-1b 107" - - 3.2
7a (Z+B-7a 64+06 16.5+£ 1.1 9:£0.1
(n=2) (2)-7a 11.3+0.9 28+2 12+3 4.5
(E)-7a 35+0.1 4.0+0.5 5.1£0.8 4.7
7b (2-7b 123+£0.2 3143 16.8+£0.2 43
(n=3) (E)-7b 10.6£0.7 11.2+0.6 104+£04 4.5
7c (Z+E)-7c 85+0.79 85+0.5 641
(n=4) @-7c 74+024 226404 1841 44
(E)-7c 52+06 3.6+£06 56=£0.1 4.6
7d (Z+E)-7d 2+0.2 - -
(n=5) 2-7d 1.14£0.05 16.0+£2.6' 12£0.2 47
(E)-7d 1.13+£0.05 7.2£0.1 6.7£0.1 5.0
7e (Z+E)-7c¢ 1.0+£0.2 - 1.6+£0.1
(n=38) (2D)-7c 1.3+0.1 29+05 5+0.5 6.0
(E)-7c 0.7+0.1 0.75+0.05 2.7£05 6.3
[a] Measurements performed with stock solutions in DMSO for 3 h at 0°C. Mean of
two experiments (general case) or three (when specified). [b] Measured by reversed-
phase HPLC. [c] Value from ref. [17]. [d] Mean of three experiments.
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binding site with the phenol of (2)-7b bound to the
amino acid residues Arg-394 and Glu-353, while Asp-
351 reveals the possibility of a hydrogen bond with
the nitrogen atom of the basic chain O—(CH,);NMe,.
The CpRe(CO); moiety which replaces the phenyl of
1b is easily inserted at the level of His-524 causing
no notable perturbation. This view shows the steric
influence of the basic chain at the level of helix 12
of the protein. The latter can no longer bind to helix
4, and this new conformation prevents fixation of
the coactivators present. This new position of H12,
which is stabilised by the bond between Asp-351
and the nitrogen atom of the NMe, group of the
side chain, is responsible, as with OH-Tam, for the
antagonist effect observed with the MCF7 cell line.
A more detailed molecular modelling study re-
veals the precise role played by the organometallic
moiety, which in this case is based solely on the
steric effect, in contrast to the case of the ferrocifens
for which the possibility of oxidation of the ferro-
cene came into play."” Here, once again, we used
MacSpartan Pro®¥ software and the LBD structure
published by Shiau.”’ Only the amino acids forming
the wall of the cavity were retained, totalling
757 atoms. OH-Tam was removed and replaced with
the rhenium complexes 7b with Z and E geometry,
and with a 3-carbon side chain. With all the heavy
atoms of the cavity immobilised, a position search
was carried out to determine the energetically opti-
mal location for the mediator. Next, the side chain of
the amino acid Met-343, which represented a steric
hindrance for the organometallic moiety, was liberat-
ed. This was justified by the fact that this part of the
cavity has been shown to be flexible.? An energy
minimisation was then carried out with all the heavy
atoms immobilised, except those of the mediator
and of the Met-343 side chain, by using the Merck
molecular force field (MMFF). A conformational
study was also carried out inside the cavity to deter-
mine the best position for the organometallic
moiety in relation to the rest of the molecule. This
determined the ideal position for the bioligand.
Next, the affinity of the bioligand for its cavity was
determined by MMFF molecular mechanics, with cal-
culations for the bioligand-cavity combination, and
for the cavity and bioligand separately, with the last
two retaining the conformations they had in the mo-
lecular complex. This gives the AE energy change
for the reaction bioligand + cavity—molecular com-
plex. This gives a result of AE=—42 kcalmol™" for
(2)-7b and AE=—36 kcalmol™" for (F)-7 b. The calcu-
lation shows that these compounds have good affin-
ity for the cavity in agreement with the RBA values
obtained. Recognition of hERa is better for the Z
than the E isomer, despite the fact that these two
compounds have identical volumes (483 A® for (2)-
7b and 484 A® for (F)-7b). The difference in affinity
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Figure 2. Antiproliferative effect of 1 um of OH-Tam (1b), (Z)-7b, (E)-7b, (2)-7d
and (E)-7d on MCF7 cells (breast cancer cell line ERa-positive) after 6 days of
culture. In this experiment 10 nm of E, has a proliferative effect (198 %; data
not shown). Representative data of one experiment performed twice with simi-
lar results (8 measurements + limits of confidence; P=0.1, t=1.895).
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Figure 3. Effect of 1 um of OH-Tam (1b), (2)-7b, (E)-7b, (2)-7d, (E)-7d and of
10 nm of E, on MDA-MB231 cells (breast cancer cell line ERa-negative) after

6 days of culture. Representative data of one experiment performed twice with
similar results (8 measurements =+ limits of confidence; P=0.1, t=1.895).

lies in the fact that the Z isomer is a better fit for the shape of
the cavity than its geometric E isomer (Figure 5).

Calculations of AE for a 2-carbon chain give AE=
—38 kcalmol™' for (2)-7a and AE=—33 kcalmol™' for (F)-7a.
Here again, the results are in accord with the RBA values. The
reason for this is that the organometallic moiety CpRe(CO),
fills the volume of the cavity well. The molecule has little room
for free play at this level. Because of these constraints the 2-
carbon chain at the other end of the molecule does not opti-
mally stabilise the hydrogen bond with Asp-351. The situation
is completely different with (2)-OH-Tam (1b). This molecule is
less bulky, with a volume of only 395 A%. Consequently, the
phenyl does not by any means occupy the entire cavity. This
makes it possible for the molecule to adjust its position at this
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Figure 4. View of (Z)-7b docked in the antagonist binding site of hERa. This
view is based on the ligand binding site X-ray structural determination
obtained by Shiau™ and the use of several computer programs.**>*! For an
explanation see text.

level, and a 2-carbon chain is sufficient to give a good bond
with Asp-351 and to stabilise the system. A similar rationale is
applicable to the case of the ferrocifens, for which the antipro-
liferative effects with MCF7 cells are better with a 3-carbon
than with a 2-carbon chain."”*” This modelling study is consis-
tent with the published body of work involving hERa.

For hER, the available structural data are still insufficient to
allow this type of molecular approach.” As a first approxima-
tion the results obtained with MDA-MB231 are weak to non-
existent, similar to those of OH-Tam (1 b). It is possible that the
primary target here is estrogen receptor {3, for which, to the
best of our knowledge, there has been no X-ray structural de-
termination of the LBD with OH-Tam (1b) bound to the site.
The fact that there is a slight variation in the effect depending
on the length of the chain 7c (n=4) suggests that other tar-
gets of tamoxifen, such as the calmodulin receptor, may be
partially involved.®®

Since one of the future aims of this program is to find a
route to ®™Tc-labelled radiopharmaceuticals analogous to (2)-
7b, we carried out a AE energy variation calculation with this
hypothetical technetium molecule and found a variation of
AE=—36 kcalmol™". The result allows us to predict that this
radioactive complex should have good affinity for the estrogen
receptor, and will be an attractive target molecule to synthe-
sise.

Conclusion

These results reveal a striking analogy between the biochemi-
cal behaviour of OH-Tam and its organometallic rhenium ana-
logues. The differences between the two series are attributable
to the greater volume of CpRe(CO); compared to the (3-phenyl
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Figure 5. Space-filling models of (Z)-7b and (E)-7 b in the ligand binding site of the antagonist form of the ERo. as a basis for the structure previously described by

Shiau.”’

of OH-Tam (1b) which was substituted. This is very clear in the
molecular modelling studies in which moderate lengthening of
the basic chain retrieves the initial effect. The (2)-7b complex
represents the best compromise between recognition and
activity.

Based on the results of this study, and assuming that
CpRe(CO); does not play a functional role in the site, the effect
of the rhenium antiestrogens at the level of estrogen receptor
alpha is entirely conformational in nature. The basic carbon
chain plays the same role as its equivalent in OH-Tam: it
changes the conformation of helix 12 of ERa, thus causing an
antagonist effect. MDA-MB231 cells contain no receptor o but
only the B form of the estrogen receptor. Here again, the ob-
served lack of effect is analogous to that of OH-Tam, and for
the same reasons.” The slight chain effect observed may per-
haps be compared to the intervention of a partial inhibition
mechanism of the calmodulin receptor.®

Our results clearly demonstrate the approach to be followed
in making use of this type of product in the future: it is a case
of functionalising the CpRe(CO); moiety of the vectors 7. There
are two objectives: either to prepare a complex of the
Cp”™Tc(CO); type, a y emitter for use in medical imaging; or
to prepare Cp'®Re(CO),, also on the vectors 7, to give a novel
therapeutic product based on  emission. The chemistry is
identical in either case. It is still necessary, however, to find
novel reactions that are rapid, high-yielding and usable in
water.** > We are actively working on this. In particular, we
are exploring two routes, one involving use of Alberto’s
reagent [(H,0);Re(CO);1* or [(H,0);Tc(CO);1*,**? the other a
novel exchange reaction between [Re(CO)]* and the ferrocene
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derivatives developed in our laboratory.”® The first results are

encouraging, as we have successfully developed a one-step
synthesis of a ®™Tc-labelled steroid. This molecule is obtained
by exchange of a ferrocene with a Cp®*™Tc/Re(CO); moiety. The
reaction gives high yields of >90% at 95°C in a H,O/dimethyl
sulfoxide (DMSO) mixture in 3.5 h (Scheme 2).%

o (@]
OH OH _
e — 98m T,
@ oc” éf)oo
HO HO
> 90 % yield

Scheme 2. Synthesis of a novel, ™ Tc-labelled 17a-ethynylestradiol derivative:
i) P°™Tc(H,0)5(CO),I* in H,O/DMSO 1:1 mixture, 95°C, 3.5 h at atmospheric
pressure.l*¥

Experimental Section

General: Starting materials were synthesized by using standard
Schlenk techniques under an argon atmosphere. Anhydrous THF
and diethyl ether were distilled from sodium/benzophenone. Thin-
layer chromatography was performed on silica gel 60 GF254. FTIR
spectra of KBr plates were recorded on a BOMEM Michelson-100
spectrophotometer. 'H and CNMR spectra were acquired on
Bruker200 and Bruker400 spectrometers by using CDCl; as a sol-
vent. Mass spectrometry was performed on a Nermag R 10-10C
spectrometer. Melting points were measured with a Kofler device.
Elemental analyses were performed by the Regional Microanalysis
Department of the Université Pierre et Marie Curie.
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4-Halogenoalkoxyphenyl-4'-hydroxyphenyl ketones 4a: Potassi-
um hydride (5.70 g of 35% dispersion in oil, 50 mmol) was intro-
duced into a Schlenk tube filled with argon. The mixture was
washed three times with petroleum ether, and then the rest of the
petroleum ether was evaporated under reduced pressure for
10 min. Dry THF (100 mL) was added. A solution of 4,4'-dihydroxy-
benzophenone (10.7g, 50 mmol) in N,N-dimethylformamide
(200 mL) was carefully added with a syringe. The yellow mixture
was heated for 10min and then cooled. Dibromoethane
(250 mmol) was rapidly added, and the mixture was then heated
again at gentle reflux overnight. The solution was cooled, and the
solvent was removed under reduced pressure. The residue was
purified by column chromatography with silica gel using dichloro-
methane/acetone (95:5) as eluent. Recrystallization from dichloro-
methane furnished pure ketone 4a (12% yield). M.p. 141°C; IR
(KBr): #=3183 (OH), 1600 cm™' (C=0); 'HNMR: 6=3.68 (t, J=
6.2 Hz, 2H; CH,), 438 (t, J/=6.2 Hz, 2H; CH,), 6.93 (d, /=89 Hz, 2H;
Harom)s 6.98 (d, J=88 Hz, 2H; H,qp), 7.05 (s, 1H; OH), 7.74 (d, J=
8.8 Hz, 2H; H,,0), 7.79 ppm (d, J=8.9 Hz, 2H; H,.); *CNMR: 6 =
28.5 (CH,), 67.8 (CH,), 114.1 (2CH), 115.1 (2CH), 130.0 (C), 131.1 (Q),
132.3 (2CH), 132.6 (2CH), 160.1 (C), 161.4 (C), 195.2 ppm (CO); MS
(IE, 70 eV): m/z: 320 [M]™.

Alkene 6a: Titanium tetrachloride (2 mL, 18 mmol) was added
dropwise to a suspension of zinc powder (2.34 g, 36 mmol) in THF
(60 mL) at 0°C. The mixture obtained was heated at reflux for 2 h
and then allowed to cool to room temperature. A second solution
was prepared by dissolving 4-haloalkoxy-4'-hydroxybenzophenone
(4a) (6 mmol) and ketone 5 (2.35 g, 6 mmol) in THF (30 mL). This
latter solution was added dropwise to the first solution, and the re-
sulting mixture was then heated at reflux for 2 h. After cooling to
room temperature, the mixture was stirred with water and di-
chloromethane. The mixture was acidified with dilute hydrochloric
acid, filtered (Celite), and the organic layer was dried over magnesi-
um sulfate. After concentration under reduced pressure, the crude
product was purified by chromatography on silica gel plates with
dichloromethane as eluent to give a pure mixture of 6a (Z+E,
64% yield) as an oil. IR (KBr): #=3422 (OH), 2018 and 1920 cm™'
(C=0); MS (IE, 70 eV): m/z: 680 [M]*, 596 [M—3 CO]*; Major isomer:
"HNMR: 6=1.06 (t, J=7.5Hz, 3H; CH,), 2.26 (q, J=7.5Hz, 2H;
CH,), 3.63 (t, J=6.2 Hz, 2H; CH,), 4.28 (t, J=6.2 Hz, 2H; CH,), 5.01-
5.16 (m, 4H; C,H,), 6.68-7.15 ppm (m, 8H; H,..); °C NMR: 6 =15.2
(CH,), 29.1 (CH,), 30.8 (CH,), 67.7 (CH,), 82.7 (2CH, CsH,), 85.6 (2CH,
C4H,), 1089 (1C, CH,), 114.4 (2CH), 115.5 (2CH), 130.0 (2CH), 130.4
(C), 130.6 (2CH), 135.5 (C), 136.3 (C), 141.9 (C), 154.9 (C), 156.8 (C),
194.6 ppm (3CO); Minor isomer: '"HNMR: 6=1.06 (t, J=7.5Hz,
3H; CH,), 2.27 (q, J=7.5 Hz, 2H; CH,), 3.63 (t, J=6.2 Hz, 2H; CH,),
426 (t, J=6.2 Hz, 2H; CH,), 5.01-5.16 (m, 4H; C,H,), 6.68-7.15 ppm
(M, 8H; H,om); *CNMR: 6=15.2 (CHs), 29.1 (CH,), 30.8 (CH,), 67.7
(CH,), 82.7 (2CH, CH,), 85.6 (2CH, CsH,), 108.9 (1C, C.H,), 114.7
(2CH), 115.2 (2CH), 130.0 (2CH), 130.4 (C), 130.6 (2CH), 135.2 (Q),
136.6 (C), 141.9 (C), 154.7 (C), 156.9 (C), 194.6 ppm (3CO).

Amine 7a: Halide 6a (3 mmol) was added to a solution of di-
methylamine in methanol (2m, 15 mL, 30 mmol) and placed in an
autoclave. The mixture was heated with stirring at 60°C for 1 day.
After cooling, the solution was concentrated under reduced pres-
sure. The residue was purified by chromatography on silica gel
plates (chloroform/triethylamine, 80:20 as eluent). After evapora-
tion of the solvent, the residue obtained was dissolved in dichloro-
methane, and the solution was washed three times with water.
The organic layer was dried over magnesium sulfate, and the solu-
tion was then concentrated under reduced pressure to furnish a
pure mixture of Z and E isomers of 7a as an oil. The Z and E iso-
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mers (ratio 18:82, respectively; 82% yield) were separated on a
reverse-phase semipreparative Kromasil C18 column (diameter
2.cm, length 25 cm), eluent methanol/phosphate buffer (KH,PO,,
25 mwm, pH 7), flow rate 6 mLmin~'. Major (E) isomer: m.p. 141°C;
IR (KBr): #=3449 (OH), 2016 and 1913 cm™' (C=0); 'HNMR: 6=
1.04 (t, J=7.4Hz, 3H; CH,), 229 (q, J=7.4 Hz, 2H; CH,), 2.43 (s,
6H; NMe,), 2.83 (t, J=5.3 Hz, 2H; NCH,), 4.04 (t, /=53 Hz, 2H;
OCH,), 5.11 (s, 4H; CsH,), 6.48 (d, J=8.7 Hz, 2H; H,,m), 6.71 (d, J=
8.6 Hz, 2H; H,,.), 6.91 (d, J=8.6 Hz, 2H; H,,.), 6.97 ppm (d, J=
8.7 Hz, 2H; H,..); *CNMR: 6=15.3 (CH), 29.1 (CH,), 45.0 (2CH,),
58.0 (CH,), 64.1 (CH,), 82.6 (2CH, C;H,), 85.4 (2CH, CsH,), 109.8 (1C,
CsH,), 113.7 (2CH), 115.9 (2CH), 129.5 (C), 130.0 (2CH), 130.8 (2CH),
134.6 (C), 135.7 (C), 142.4 (Q), 156.2 (C), 157.3 (C), 194.7 ppm (3CO);
MS (IE, 70 eV): m/z: 645 [M]*, 561 [M—3CQO]™*; elemental analysis
caled (%) for C,gH,gNOsRe: C 52.16, H 4.38, N 2.17; found: C 51.53,
H 451, N 2.16; Minor (2) isomer: m.p. 110°C; IR (KBr): 7=3438
(OH), 2016 and 1913 cm™' (C=0); 'HNMR: 6=1.07 (t, J=7.4 Hz,
3H; CHy), 2.31 (q, J=7.4 Hz, 2H; CH,), 2.42 (s, 6H; NMe,), 2.82 (t,
J=53Hz, 2H; NCH,), 4.04 (t, J=5.3 Hz, 2H; OCH,), 5.00-5.20 (m,
4H; CH,), 655 (d, J=87 Hz, 2H; H,.), 6.77 (d, J=8.7 Hz, 2H;
H,on) 6.93 (d, J=8.7 Hz, 2H; H,..), 7.00 ppm (d, J=8.7 Hz, 2H;
Haom); C NMR: 6=15.2 (CHs), 29.0 (CH,), 45.1 (2CH,), 58.0 (CH,),
64.3 (CH,), 82.5 (2CH, CsH,), 85.5 (2CH, CsH,), 109.9 (1C, CsH,),
114.0 (2CH), 115.6 (2CH), 129.7 (C), 130.2 (2CH), 130.6 (2CH), 134.2
(Q), 136.1 (C), 142.5 (C), 156.0 (C), 157.4 (C), 194.6 ppm (3CO); MS
(IE, 70eV): m/z: 645 [M]*; elemental analysis calcd (%) for
C,sH,sNOGRe: C 52.16, H 4.38, N 2.17; found: C 52.04, H 4.55, N
2.29.

X-ray crystal structure determination of (E)-7a: A suitable crystal
of (E)-7a was mounted on an Enraf-Nonius Mach-3 diffractometer.
Accurate cell dimensions and orientation matrices were obtained
by least-squares refinement of 25 well-centred reflections. No sig-
nificant variations were corrected from Lorentz and polarization ef-
fects. The structure was solved by direct methods (SHELXS)*” and
refined by using the PC version of CRYSTALS." Scattering factors
and corrections for anomalous absorption were taken from
ref. [47]. All non-hydrogen atoms were anisotropically refined. Hy-
drogen atoms were introduced in calculated positions in the last
refinements and they were allocated one overall isotropic thermal
parameter. Main significant crystallographic data and collection
details are summarized in Table 1.

CCDC-233202 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (4+44) 1223-336033; or deposit@ccdc.cam.uk).

Biochemical experiments:

Materials: 175-Estradiol and OH-Tam (Z+E) were obtained from
Sigma-Aldrich (France); Ferrocene [(1’-CsHs),Fe] was from Strem
(Newburyport, MA, USA). Stock solutions (1x107*m) of the com-
pounds to be tested were prepared in ethanol and were kept at
—20°C in the dark; under these conditions they are stable for at
least 2 months. Serial dilutions in ethanol were prepared just prior
to use. Dulbecco’s modified eagle medium (DMEM) was purchased
from Gibco BRL; fetal calf serum was from Dutscher, Brumath,
France; glutamine, estradiol, and protamine sulfate were from
Sigma. MCF7 and MDA-MB231 cells were from the Human Tumor
Cell Bank.

Animal tissues: Sheep uteri weighing approximately 7 g were ob-
tained from the slaughterhouse at Mantes-la-Jolie, France. They
were immediately frozen and kept in liquid nitrogen prior to use.
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Determination of the relative binding affinity (RBA) of the com-
pounds for ERa. and ERf: RBA values were measured on ERa from
lamb uterine cytosol and on ERa and ERP purchased from Pan
Vera (Madison, WI, USA). Sheep uterine cytosol prepared in buf-
fer A (0.05m Tris-HCl, 0.25M sucrose, 0.1% fS-mercaptoethanol,
pH 7.4 at 25°C) as described in ref. [48] was used as a source of
ERa. For ERP, the solution containing 3500 pmolmL™" (10 uL) was
added to buffer B (16 mL, 10% glycerol, 50 mm Bis-Tris-Propane,
pH 9, 400 mm KCl, 2 mm DTT, 1 mm EDTA, 0.1% BSA) in a silanised
flask. Aliquots (200 uL) of ERa in glass tubes or ERp in polypropyl-
ene tubes were incubated for 3 h at 0°C with [6,7-H]-estradiol (2x
107%™, specific activity 1.62 TBgmmol~', NEN Life Science, Boston
MA) in the presence of nine concentrations of the hormones to be
tested. At the end of the incubation period, the free and bound
fractions of the tracer were separated by protamine sulfate precipi-
tation. The percentage reduction in binding of [*H]-estradiol (Y)
was calculated by using the logit transformation of Y (logitY: In[y/
1—Y] versus the log of the mass of the competing steroid. The con-
centration of unlabeled steroid required to displace 50% of the
bound [*H]-estradiol was calculated for each steroid tested, and
the results expressed as RBA. The RBA value of estradiol is by defi-
nition equal to 100 %.

Measurement of octanol/water partition coefficient (logP,,,) of
the compounds: The logP,,, values of the compounds were deter-
mined by reversed-phase HPLC on a C-8 column (nucleosil 5 C8,
from Macherey Nagel, France) according to the method previously
described by Minick® and Pomper.”” Measurement of the chro-
matographic capacity factors (k') for each compound was done at
various concentrations in the range 85-60% methanol (containing
0.25% octanol) and an aqueous phase consisting of 0.15% n-decyl-
amine in 0.02m MOPS (3-morpholinopropanesulfonic acid) pH 7.4
buffer (prepared in 1-octanol-saturated water). These capacity fac-
tors (k') are extrapolated to 100% of the aqueous component
given the value of k. LogP,,, (y) is then obtained from the formu-
la logP,,,=0.13418 + 0.98452logk’,,.

Culture conditions: Cells were maintained in monolayer in DMEM
with phenol red (Gibco BRL) supplemented with 8-9% fetal calf
serum (Gibco BRL) and glutamine 2 mm (Sigma) at 37°C in a 5%
CO, air-humidified incubator. For proliferation assays, cells were
plated in DMEM medium (1 mL) with phenol red, supplemented
with 10% decomplemented and hormone-depleted fetal calf
serum and 2 mm glutamine and incubated. The following day (DO),
1 mL of the same medium containing the compounds to be tested
was added to the plates (final volumes of alcohol: 0.1%; 4 wells for
each condition, one plate per day). After 3 days (D3) the incubation
medium was removed and fresh medium containing the com-
pounds was added. After 6 days (D6), the total protein content of
the plate was analysed by methylene blue staining as follows: cell
monolayers were fixed for 1 h in methanol, stained for 1 h with
methylene blue (1 mgmL™) in PBS, then washed thoroughly with
water. HCl (1 mL, 0.1 M) was then added, and the absorbance of
each well was measured at 620 nm with a Biorad spectrophotome-
ter. The results are expressed as the percentage of proteins versus
the control.
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Exploring Hoogsteen and Reversed-Hoogsteen
Duplex and Triplex Formation with Tricyclo-

DNA Purine Sequences

Dorte Renneberg and Christian J. Leumann*®

The duplex- and triplex-formation properties of the tricyclo-DNA
purine decamer 5'p-gagaaggaaa-3' as a single strand or as part
of a hairpin duplex with corresponding parallel and antiparallel
pyrimidine DNA and RNA complements, as well as with antipar-
allel purine DNA and RNA complements, were investigated by UV
melting curve analysis, circular dichroism spectroscopy, and gel
mobility shift experiments. It was found that tricyclo-DNA forms
very stable duplexes with the pyrimidine RNA and DNA comple-
ments not only in the Watson-Crick pairing mode, but also in

Introduction

The higher structural order of DNA and RNA is characterized
by a substantial degree of polymorphism. As well as the classi-
cal Watson-Crick base-paired duplexes,” parallel-oriented du-
plexes,” antiparallel Hoogsteen duplexes,™ triple helices,” and
quadruplexes®™® are also known, and all display distinct and
unique base-pairing patterns. The best-characterized nonstan-
dard nucleic acid structures are the triple helices,”” which can
be classified into two structural motifs. In the pyrimidine motif,
a homopyrimidine third strand binds in the major groove of a
DNA duplex in an orientation parallel to the purine strand of
the target duplex through Hoogsteen hydrogen bonding. In
the purine motif, a purine-rich third strand binds in antiparallel
fashion to the purine strand of the target duplex through re-
versed-Hoogsteen hydrogen bonding.

In the context of antisense research, a wide variety of oligo-
nucleotide analogues have been synthesized and investigated
in the past. Among those, the class of sugar-modified oligonu-
cleotide analogues has emerged not only as a source of pow-
erful antisense oligonucleotides, but also as a pool with which
to study the interrelation between nucleoside structure and
supramolecular association behavior of derived oligonucleoti-
des."™ Contributions from our laboratory include the ana-
logues bicyclo(bc)-DNA and tricyclo(tc)-DNA (Scheme 1).

Bicyclo-DNA contains an additional ethylene bridge fused to
the C(3') and C(5') centers of a deoxyribose unit. Structurally,
this additional five-membered ring constrains the furanose
unit in the C(1)-exo (south, S) conformation and orients torsion
angle y into the anticlinal range. As a consequence, this DNA
analogue shows an intrinsic energetic preference for the
Hoogsteen and reversed-Hoogsteen pairing modes in se-
quence contexts in which this is permitted (homopurine/ho-
mopyrimidine sequences).""'?

Tc-DNA deviates structurally from bc-DNA by an additional
cyclopropane unit. According to molecular-dynamics simula-

1114 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the Hoogsteen one. Below pH 6.0, the tc-DNA/DNA and tc-DNA/
RNA Hoogsteen duplexes were found to be more stable than the
corresponding Watson-Crick DNA duplexes. Triplexes of the hair-
pin structure with parallel pyrimidine complements revealed even
stronger Hoogsteen pairing relative to the duplexes, presumably
due to structural preorganization phenomena. Triplex formation
with antiparallel pyrimidine and purine third strands (reversed-
Hoogsteen motif) could not be observed and seem to be
unstable.

| |
O=I|3—O O=FI’—O'
e H 9 H
BP0 520
H 5 Base Base
- -3
0 (0]

Tricyclo(tc)-DNA Bicyclo(bc)-DNA

Scheme 1. Structural representations of tricyclo- and bicyclo-DNA, with indi-
cations of relevant backbone torsion angles. The centers C(5') and C(3') are
assigned as in DNA.

tions, this constrains the furanose unit preferentially into the
0O(3')-endo (north, N) conformation, while torsion angle y main-
tains the anticlinal orientation as in bc-DNA. A further conse-
quence of the cyclopropane ring seems to be a change of tor-
sion angle B from trans to gauche. Relative to DNA, tc-DNA
exhibits increased stability and base-pairing selectivity in the
Watson-Crick pairing mode when complexed to complementa-
ry ssDNA and RNA."*"5! Not surprisingly, tc-DNA thus performs
very well in cellular antisense experiments.'®'”

In our efforts to explore the molecular association properties
of tc-DNA comprehensively we report here on the Hoogsteen
and reversed-Hoogsteen duplex and triplex formation behavior
of tc-DNA purine sequences, by the use of UV melting, CD
spectroscopy, and gel mobility shift experiments as the analyti-
cal tools.
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Freiestra8e 3, 3012 Bern (Switzerland)
Fax: (+41)31-6313422
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Tricyclo-DNA Duplex and Triplex Formation

Results and Discussion

A purine tc-DNA decamer and a corresponding hairpin con-
taining the same asymmetric purine sequence were designed
and synthesized in order to study their duplex and triplex for-
mation properties with complementary pyrimidine and purine
DNA and RNA oligomers. The oligonucleotides used in the
present work are shown in Table 1. Figure 1 gives an overview
of the different pairing motifs that were investigated.

Table 1. Oligonucleotides prepared and used in this study.
Oligomer  Sequence 5'—3'® ESI-MS®’ ESI-MS®!
calcd found
tcl p-gagaaggaaa 3593.6 3594.1
tc2 TTTCCTTCTC-(EG)s-gagaag- 6839.4 6839.0
gaaa
dnal GAGAAGGAAA 3133.1 3133.6
dna2 TTTCCTTCTC-(EG)¢-GAGAAG- 6458.0 6458.6
GAAA
dna3 TTTCCTTCTC 2918.8 2919.6
dna4 CTCTTCCTTT 2918.8 29195
dna5 AAAGGAAGAG 3133.1 31333
rma’ vuuccuucuc 2994.8 2995.0
rna2 cucuuccuuu 2994.8 2995.1
rna3 AAAGGAAGAG 3293.1 3293.2
[a] Bold lowercase: tricyclo-DNA; uppercase: DNA; italic uppercase: RNA;
(EG)s: hexa(ethylene glycol) linker; p: 5'-phosphate. [b] Molecular masses
were recorded in the negative ion mode and are reported as [M—H]".

In pyrimidine-motif triplexes, the tc-DNA was part of the
duplex target and was hybridized to a parallel and antiparallel
oriented pyrimidine strand (Figure 1, motifs A and B). In the
purine motif, tc-DNA was either part of the target duplex and
hybridized to an antiparallel purine strand (Figure 1, motif C)
or was used as a third strand designed to bind to the duplex
target in the antiparallel orientation (Figure 1, motif D).

Pyrimidine Motif Purine Motif
A) C)

3/ -TTTCCTTCTC 5’ -AAAGGAAGAG

— — revH

bonds bonds

3’ -~aaaggaagag W 3’ -aaaggaagag . we

5 -TTTCCTTCTC bonds 5/ _TTTCCTTCTC bonds

B) D)

57 -TTTCCTTCTC 5’ -gagaaggaaa

. revH . TevH

, bonds , bonds

3’ -aaaggaagag —we 3’ -GAGAAGGAAA — we

bonds bonds

5/ -TTTCCTTCTC 5’ -CTCTTCCTTT
Figure 1. Simplified illustration of the different triplex pairing motifs investigat-
ed. Duplex target: bold and lowercase letters, tc-DNA; uppercase letters, DNA;

half-circle, hexa(ethylene glycol) linker. Third strands: DNA or RNA (U for T). H:
Hoogsteen; rev. H: reverse-Hoogsteen; W-C: Watson—-Crick pairing modes.
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Duplex formation and stability

In initial experiments, we were interested in the preferred pair-
ing mode of the tc-oligonucleotide in duplex formation. In
order to determine its hybridization properties we investigated
the pairing of tc1 (5'-phosphorylated for reasons of chemical
stability!"¥) with its parallel and antiparallel DNA and RNA com-
plements and compared it with that of natural DNA. UV melt-
ing curves exhibited cooperative and monophasic transitions
in all cases. Self-association of the purine strand could be ex-
cluded (data not shown). All melting temperatures are sum-
marized in Table 2, and the corresponding melting curves of
the parallel (Hoogsteen) duplexes are depicted in Figure 2.

Table 2. Melting temperatures (T,,) of the duplexes in the Watson-Crick and
Hoogsteen pairing modes.!

Watson—-Crick Hoogsteen
pH dna3 rnal dna4 rna2
dna1 5.5 24.6 ~11 ~8 ~10
6.0 259 ~12 <5 <10
tcl 5.5 52.7 58.7 31.0 343
6.0 533 59.1 259 29.6

[a] T, values are given in °C (260 nm) and were measured in NaOAc
(100 mm), EDTA (1 mm), c=1.5 pm.

35-
30
251
20
& 154
x
104 tol/dnad
5] 8 dnat/dnad
«  tet/ma2
04 lemmmer +  dnat/ma2
0 20 40 60 80

T[°C]

Figure 2. UV melting curves (260 nm) of the Hoogsteen duplexes tc1/dna4
(solid squares) and tc1/rna2 (solid triangles), dnal/dna4 (open squares), and
dnal/rna2 (open triangles) in NaOAc (100 mm), EDTA (1 mm), 1.5 um, pH 5.5.

The most stable of all investigated bimolecular duplexes was
found to be the antiparallel (Watson-Crick) duplex tc1/rna1l,
with a T, of 58.7 °C. Compared to the corresponding DNA/RNA
duplex, with a T, of ~11°C, this represents an increase in sta-
bility of +48°C (+4.8°C per base-pair (bp)). The correspond-
ing DNA hybrid tc1/dna3 showed a T, of 52.7°C, thus reveal-
ing a higher thermal stability of AT,,=+28°C (+2.8°Cbp™)
than for dnal/dna3, for which a T, of 24.6°C was found. The
fact that the DNA/RNA duplex is less stable than the pure DNA
duplex is in line with earlier observations on homopurine/
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homopyrimidine systems."® Within the experimental error, the

melting temperatures were, as expected, pH-independent,
excluding duplexes of the reversed-Hoogsteen type in all
cases.

In the parallel (Hoogsteen) duplex regime we found a T,, of
31.0°C at pH 5.5 for the hybrid tc1/dna4, revealing a remarka-
ble decrease in stability of almost —22°C in relation to the
Watson-Crick-paired tc1/dna3. At pH 6.0 a decrease of the T,,
to 25.9°C was observed, reflecting the pH dependency of the
Hoogsteen complexes due to the required protonation of cyto-
sine (C*). A slightly more stable duplex (T,,=34.3°C at pH 5.5
and T,,=29.6°C at pH 6.0) was formed by pairing of tc1 to the
parallel RNA complement rna2. The tc-DNA/RNA Hoogsteen
hybrid is also inferior to the Watson-Crick tc1/rnal duplex in
thermal stability in this case, by —24°C (pH 5.5). The Watson-
Crick motif is thus by far the most stable of all investigated
pairing motifs of tc-DNA. Interestingly, at pH < 6.0 the tc-DNA/
DNA Hoogsteen duplex is still of higher thermal stability than
the Watson-Crick duplex dna1/dna3. The CD spectra of the tc-
DNA Hoogsteen systems are somewhat different from standard
Watson-Crick duplexes and seem to be strongly influenced by
the nature of the counter-strand (DNA or RNA). The tc1/rna2
hybrid exhibits a positive maximum at 268 nm while the tc1/
dnad complex shows a less intense positive maximum at
277 nm (Figure 3A).

We also examined the thermal stabilities of the Hoogsteen
duplexes in the DNA series (dna1/dna4 and dnal/rna2). These
duplexes were found to be significantly less stable, with T s of
~8°C and 10°C at pH 5.5, respectively. Increasing the pH to
6.0 further reduced duplex stability with DNA and RNA to vir-
tual non-existence in the temperature range investigated.
Comparison with the tc-DNA Hoogsteen hybrids showed a dif-
ference in stability of about 424°C (+2.4°Cbp~") and is thus
in the same range as found for the tc-DNA Watson—Crick du-
plexes (with the exception of the DNA/RNA hybrid dnal/rna1l,
which is even less stable). These results show that tc-DNA
purine strands stabilize duplexes in both the Watson-Crick and
the Hoogsteen motif equally well.

The CD spectrum of the Hoogsteen duplex dnal/dna4
shows a characteristic low-intensity positive maximum at
280 nm and a negative minimum around 212 nm. In contrast,
the dnal/rna2 hybrid exhibits a hypsochromic shift of the posi-
tive maximum (270 nm) with higher intensity, suggesting more
A-type character in this case.'” Noteworthy are the large differ-
ences in intensity of the broad band with its center at about
225 nm. These are absent in the tc-DNA Hoogsteen duplexes.
Thus this CD spectral information reveals distinct differences in
secondary structures between the two systems as a function
of the nature of the counter-strand.

As expected, the two intramolecular (Watson—Crick) hairpin
duplexes tc2 and dna2, with the same sequence composition
as the corresponding bimolecular duplexes, were found to be
of much higher thermal stabilities. While the hairpin dna2
shows a T, of 68.6°C, for tc2 we observed a melting tempera-
ture of 90°C or more. Once again, tricyclo-DNA stabilizes by
more than 2.2°Cbp ™" relative to DNA, even in an intramolecu-
lar arrangement.
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20 4 A »  tcl/dnad
+  tc2/dnad
./\ - tcl/ma2

15 - 5 .

tc2/rma2

T T T T 1
220 240 260 280 300 320

A [nm]
“1g - dnal/dnad
10 4 +  dna2/dnad

»  dna2/ma2
dnatl/ma2

CD [mdeg]

T
220 240 260 280 300 320
A [nm]

Figure 3. CD traces of duplexes and triplexes containing tc-DNA, DNA, and
RNA: A) tc-DNA-containing complexes; B) DNA reference complexes in NaOAc
(100 mm), EDTA (1 mm), 1.5 um, pH 5.5 (3-10°C).

Triplex formation in the pyrimidine motif

In the presence of a complementary Hoogsteen strand
(Figure 1, motif A) stable triplexes are formed in all cases. How-
ever, as can be seen from Table 3, which presents T, data of
third strand dissociation, remarkable differences were ob-
served. lllustrative melting curves at pH 6.0 are shown in
Figure 4.

Dissociation of dna4 from dna2 occurs at 17.2°C (pH 6.0).
Study of the same dissociation with dna1/dna3 as a bimolecu-
lar duplex target showed that melting of dna4 occurs at

Table 3. Melting temperatures (T,s) of Hoogsteen and reversed-Hoogsteen
third strand melting in the pyrimidine motif.l"!

Hoogsteen strand rev.-Hoogsteen strand

Duplex target pH dna4 rna2 dna3 rnal

dna2® 55 232 326 n.d.© n.d.
60 172 223 n.d. n.d.d

tc2® 55 486 49.1 n.d.ed n.d.
60 366 39.1 n.d.© n.d.d

[a] T,, values for triplex melting are given in °C (260 nm) and were meas-
ured in NaOAc (100 mm), EDTA (1 mm), c=1.5 pm. [b] T, of the hairpin
dna2=68.6°C and of tc1 >90°C. [c]n.d.=no T,, detected. [d] Melting
curves were also measured at 300 nm.

ChemBioChem 2004, 5, 1114-1118
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354

30+

dna2/dnad
tc2/dnad

T

80

TC]

Figure 4. UV melting curves (260 nm) of dna2/dna4 (open circles), tc2/dna4
(solid circles) in NaOAc (100 mm), EDTA (1 mmy), 1.5 um, pH 6.0.

17.8°C and so is—within the error limit—identical in both sys-
tems. The loop structure therefore has no influence on third
strand melting. With rna2 as third strand, stable triplexes with
T,=326°C (pH5.5) and T,,=22.3°C (pH 6.0) were measured.
As expected, the triplex with RNA as third strand is of higher
thermal stability than that with DNA.['82"

The same experiments with tc2 revealed dramatically higher
T.s for third strand melting. Interestingly, the melting/anneal-
ing curves involving tc2 as a duplex target in all cases showed
smaller hysteresis than for dna2, indicating faster association
kinetics (data not shown). When tc2 was hybridized to dna4, a
clear third strand melting event at 48.6°C (pH 5.5) was ob-
served. Comparison of the triplex stability with the natural
DNA reference reveals a difference in T,, of +25.4°C in favor
of the tc-DNA target, corresponding to +2.5°C per base trip-
let. Interestingly, with rna2 as the Hoogsteen strand the triplex-
es are only marginally more stable (by ca. 1-2°C) than with
dna4, which contrasts with the data obtained with the DNA
target dna2.

In order to check whether the differences in triplex stability
are related to changes in conformation we performed a CD
analysis (Figure 3). In the case of the DNA reference system the
CD spectra of the DNA (dna2/dna4) and RNA (dna2/rna2) tri-
plexes deviate only marginally (Figure 3B), as expected.?" The
higher ellipticities below 260 nm in the all-DNA triplex most
probably arise from the partially denatured state of the system
at the given temperature. This suggests that only small struc-
tural variation exists within the two systems. The picture is
somewhat different for tc-DNA triplexes (Figure 3 A). While the
triplex with the RNA third strand (tc2/rna2) exhibits an intense
positive maximum, similar to the Hoogsteen duplex tc1/rna2,
the triplex with the DNA third strand (tc2/dna4) is more com-
parable to the Watson-Crick duplex, although accompanied by
a shift of the positive band to 278 nm. Thus, it is possible that
differences in the overall conformations of the DNA and RNA
triplexes are going along with compensational effects in the
thermal stabilities of the tc2/rna2 and tc2/dna4 triplexes.

Comparison of the thermal stabilities of the Hoogsteen du-
plexes (Table 2) and the Hoogsteen triplexes (Table 3) revealed
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an interesting feature. We found an increase in affinity of
about 15-20°C for dna4 and rna2 binding to the double-
stranded targets tc2 and dna2, as compared to binding to the
single-stranded targets dnal and tc1. This increase in T,, is also
observed in the termolecular system tc1/dna3/dna4 (T, of
third strand melting 49.2°C) and is thus independent of the
hairpin loop structure of the target. A higher thermal stability
upon binding to a double-stranded target would be expected
to be electrostatically disfavored due to the higher number of
negative charges in the complex. However, the entropic bene-
fit of a single strand binding to a conformationally preorgan-
ized target as compared to a random coiled single strand
seems to overcompensate for the unfavorable electrostatics.
We were also interested in whether stable pyrimidine triplex-
es are formed with a third strand in the antiparallel orientation,
thus binding in the reversed-Hoogsteen mode (Figure 1,
motif B). Neither with dna2 nor with tc2 as targets were we
able to observe triplex formation with the reversed-Hoogsteen
strands dna3 and rna1l (Table 3). In order to confirm the non-
existence of triplexes we also recorded UV melting curves at
300 nm in the cases of tc2/dna3 at pH 5.5 and tc2/rnal at
pH 6.0. At this wavelength a hyperchromic effect due to proto-
nation of the base cytosine should be observable.” No transi-
tions in the 0-90°C temperature range were detected under
these conditions either, definitely ruling out the existence of
reversed-Hoogsteen triplex structures in this sequence motif.

Triplex formation in the purine motif

In another set of experiments, we used tc1 in the target
duplex and either dna5 or rna3 as third strand (Figure 1,
motif C). Alternatively, we also investigated the ternary mix-
tures of duplexes dna4/dna5 and rna2/rna3 with the third
strands dna1l and tc1 (Figure 1, motif D). In none of the investi-
gated systems were triplexes formed, and only one melting
transition originating from the melting of the Watson—Crick
duplex was observed. In order to verify this result we also ex-
amined triplex formation by gel shift experiments. Again, no
signs of triplex formation could be found in the presence or in
the absence of 10 mm MgCl,, conditions known for promoting
triplex formation'?>?¥ (gels not shown). We thus conclude that,
at least in this sequence context, tc-DNA does not form triplex-
es according to the purine motif.

We have identified two potential reasons why no triplex for-
mation occurs in these cases. In the purine motif the base tri-
ples are not isomorphic. It is highly possible that the confor-
mationally constrained nature of the tc-DNA backbone does
not allow for easy structural adjustments of the sugar-phos-
phate backbone in order to compensate for the non-isomor-
phism of the base-triplets. Alternatively, it is known that RNA
purine strands are ineffective in forming triplexes in the purine
motif.” Given that tc-DNA is a structural RNA analogue (CD
spectroscopic evidence) it may not form triplexes for the very
same reason as RNA.
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Conclusion

Hoogsteen base-paired structures occur quite frequently in
natural DNA and have been identified as playing roles in tran-
scription, replication, and other cellular processes.”® In this
study we have shown that tc-DNA purine sequences are able
to form remarkably stable Watson-Crick and Hoogsteen du-
plexes as well as triplexes with DNA and RNA in the parallel
motif, while being unable to form triplexes in the purine motif.
The increases in thermal stability in both the Watson-Crick and
the Hoogsteen binding modes are in a similar range to those
seen with natural DNA or RNA, of about 2-4°C per modifica-
tion. Thus, below pH 6.0, the decameric tc-DNA Hoogsteen
duplex is more stable than the corresponding Watson—Crick
DNA duplex. The relative stabilities of the different complexes
studied here can be summarized and ranked as follows: W-C
tc-DNA/RNA >W-C tc-DNA/DNA >W-C RNA/RNA>H tc-DNA/
RNA>H tc-DNA/DNA>W-C DNA/DNA>W-C DNA/RNA>H
DNA/RNA >H DNA/DNA.

It is evident that the energetically preferred pairing mode of
tc-DNA at neutral or slightly acidic pH is the Watson—Crick
mode. This is different from the case of bicyclo-DNA, in which
the Hoogsteen binding mode is preferred over the Watson-
Crick mode.""'? Thus, a seemingly small structural change—
the presence or absence of the three-membered ring—coin-
cides with a remarkably large change in the base-pairing pref-
erences. Current structural understanding of the two systems
suggests that the differences arise from the backbone torsion
angles B and o, which are antiperiplanar/anticlinal in bicyclo-
DNA but gauche/synclinal in tricyclo-DNA.

In conclusion, tc-DNA purine strands display interesting
Hoogsteen pairing properties that can surpass the Watson-
Crick pairing properties of natural DNA. This may be of impor-
tance for applications of tc-DNA, as diagnostic probes, for ex-
ample, or in antisense technology.

Experimental Section

Oligonucleotide synthesis and purification: Tc-oligonucleotides
were prepared on the 1.3 umol scale on a Pharmacia Gene Assem-
bler Special™ DNA-synthesizer by use of the modified phosphora-
midite chemistry procedure as reported previously."” The coupling
time was set to 10 min, and 5-(ethylthio)-1H-tetrazole (0.25™ in
CH,CN) was used as activator. The oligomers tc1 and tc2 were as-
sembled on a universal solid support (CT-Gen, San Jose, CA), and
for all other oligonucleotides the standard CPG-solid supports from
Glen Research were used. The hexa(ethylene glycol) linker was also
purchased from Glen Research (spacer phosphoramidite 18). De-
protection and cleavage from the solid support was performed
under standard conditions except for the use of a longer deprotec-
tion time (concentrated NH,, 60 h, 55-65°C). Crude oligonucleoti-
des were purified by DEAE ion-exchange HPLC and/or reversed-
phase HPLC. Oligodeoxyribonucleotides and oligoribonucleotides
(2'0-TBDMS protection) were prepared by standard methods. The
nucleotide compositions of the oligonucleotides were confirmed
by ESI-TOF-MS.

UV melting curves: The UV melting curves were recorded at 260
and 300 nm on a Varian Cary-100 UV/Vis spectrophotometer. A
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heating-cooling-heating cycle in the 5—90°C temperature range
with a gradient of 0.5°Cmin~' was applied. T,, values were defined
as the maximum of the first derivative of the melting curves (heat-
ing ramp) and were analyzed by use of the Origin 5.0 software
package. In case of the triplex to duplex transition, the heating to
cooling profiles were not superimposable, thus reflecting slow
third strand association. This behavior was not observed in the
case of the duplex to single strand or coil transitions.

Circular dichroism: CD spectra were recorded on a Jasco J-715
spectropolarimeter with a Jasco PFO-350S temperature controller
over the 210-320 nm wavelength range. Samples were placed in a
quartz cell (10 mm path length) thermostated at 10°C (3°C in the
case of dnal/dna4). The concentration of the oligonucleotide com-
plexes was 1.5 pum, in NaOAc (100 mm), EDTA (1 mm), pH 5.5. Each
spectrum represents the average of three measurements.
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Bhc-cNMPs as either Water-Soluble or
Membrane-Permeant Photoreleasable Cyclic
Nucleotides for both One- and Two-Photon

Excitation

Toshiaki Furuta,*™ Hiroko Takeuchi,® Masahiro Isozaki @ Yasuhiro Takahashi,?

Makoto Kanehara,” Masazumi Sugimoto,” Takayoshi Watanabe,
Kousei Noguchi,” Timothy M. Dore,"” Takashi Kurahashi,” Michiko lwamura,?

and Roger Y. Tsien

Cyclic nucleoside monophosphates (cNMPs) play key roles in
many cellular regulatory processes, such as growth, differentia-
tion, motility, and gene expression. Caged derivatives that can be
activated by irradiation could be powerful tools for studying such
diverse functions of intracellular second messengers, since the
spatiotemporal dynamics of these molecules can be controlled by
irradiation with appropriately focused light. Here we report the
synthesis, photochemistry, and biological testing of 6-bromo-7-
hydroxycoumarin-4-ylmethyl esters of cNMP (Bhc-cNMP) and
their acetyl derivatives (Bhc-cNMP/Ac) as new caged second mes-
sengers. Irradiation of Bhc-cNMPs quantitatively produced the
parent cNMPs with one-photon uncaging efficiencies (®e) of up
to one order of magnitude better than those of 2-nitrophenethyl
(NPE) cNMPs. In addition, two-photon induced photochemical re-
lease of cNMP from Bhc-cNMPs (7 and 8) can be observed with

Introduction

Cyclic nucleoside monophosphates (c(NMPs) are an important
class of compounds that regulate several cellular functions.!
The known main targets of cNMPs are distributed in either the
cytosol (protein kinases® and phosphodiesterases,® for exam-
ple) or the plasma membrane (cyclic nucleotide-gated ion
channels™), and so highly localized regulation of the intracellu-
lar concentrations of cNMPs should be needed for live cells to
respond to various stimuli.””! To study the regulatory functions
of ¢cNMPs, the use of active agonist or inhibitor molecules
might be helpful. Since unmodified cNMPs can hardly pene-
trate the intact plasma membrane, several membrane-perme-
ant derivatives have been reported;® examples include 8-Br-
cNMP, 8-pCPT-cNMP, Bt,cNMP, and their acetoxymethyl (AM)
esters,”) which can diffuse across the plasma membrane and
activate intracellular targets. This approach is especially effec-
tive when the compound needs to be applied to a group of
cells or tissue samples simultaneously, but would not be suita-
ble for an experiment that required the localized activation of
a target with sub-cellular resolution or kinetically resolved anal-
ysis, since activation of the target molecule would occur simul-
taneously everywhere inside the cells.
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[a]
1

the two-photon uncaging action cross-sections (8, of up to
2.28 GM (1 GM=10"*° cm*sphoton~'), which is the largest value
among those of the reported Bhc-caged compounds. The wave-
length dependence of the O, values of 7 revealed that the peak
wavelength was twice that of the one-photon absorption maxi-
mum. Bhc-cNMPs showed practically useful water solubility
(nearly 500 um), whereas 7-acetylated derivatives (Bhc-cNMPs/Ac)
were expected to have a certain membrane permeability. Their
advantages were demonstrated in two types of biological sys-
tems: the opening of cAMP-mediated transduction channels in
newt olfactory receptor cells and cAMP-mediated motility re-
sponses in epidermal melanophores in scales from medaka fish.
Both examples showed that Bhc and Bhc/Ac caged compounds
have great potential for use in many cell biological applications.

Caged compounds that can be activated by photoirradiation
may offer an ideal method for controlling the intracellular con-
centration of a signaling molecule and should provide an op-
portunity to investigate the molecular mechanisms underlying
signaling processes with high temporal and spatial resolu-
tion.® Various caged ctNMPs with different caging groups have
been reported by us® and by others">'® since the first report
of the 2-nitrobenzyl ester of CAMP by Engels and Schlaeger in
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1977." However, most of these were either too lipophilic for
appropriately concentrated aqueous solutions to be prepared
or too hydrophilic to pass through the plasma membranes of
intact live cells, which might limit their broader application.
We reported 7-alkoxycoumarin-4-ylmethyl groups as an alter-
native to the conventional 2-nitrobenzyl cages in 1995,%? and
found that a hydroxycoumarin cage could satisfy both criteria:
that is, appropriate membrane permeability and a certain hy-
drophilicity. The Bhc (6-bromo-7-hydroxycoumarin-4-ylmethyl)
group is our latest version of the hydroxycoumarin cage and
has several advantages over those reported previously: high
photolysis efficiency upon one-photon irradiation, biologically
useful cross-sections upon two-photon excitation, and im-
proved stability in the dark.™

To extend the utility of Bhc-caged compounds, here we
report the synthesis, photochemistry, and biological testing of
Bhc-caged cyclic nucleotides. Bhc-caged ¢tNMPs were synthe-
sized via the corresponding diazomethane derivatives Bhc-
diazo (6) and Bhc-diazo/Ac (5, Scheme 1). In vitro uncaging of

T. Furuta et al.

that can later be deprotected by photolysis. Thus, Bhc esters
of cNMPs were synthesized by esterification of the free acid
moieties of cNMPs by 6-bromo-7-hydroxy-4-diazomethylcou-
marin (Bhc-diazo, 6). Since a preliminary synthetic method and
the application of Bhc-diazo (6) have already been report-
ed,"** here we describe its synthetic details with some im-
provements (Scheme 1). An acid-catalyzed condensation of 4-
bromoresorcinol with ethyl acetoacetate gave 4-methylcou-
marin derivative 1 in good yield. In our original reports we
used conc. H,SO, as an acid catalyst as well as as a solvent,
but the reaction time was lengthy (>5 days) and the product
yields varied from 50 to 80%. A slight improvement was ach-
ieved by replacing sulfuric acid (best case: 5-6 days, 83.4%
yield) with a catalytic amount of p-toluenesulfonic acid in tolu-
ene at reflux (17 h, 89.7% yield)."® Allylic oxidation of the 4-
methyl group by selenium dioxide in chlorobenzene, followed
by condensation with p-tosylhydrazide, gave the correspond-
ing hydrazone 4. Hydrazone 4 was transformed into Bhc-diazo/
Ac (5) by treatment with a methanolic triethylamine solution.

Simultaneous deprotection of the 7-acetyl moiety

was achieved by prolonged exposure to a basic

Br a) Br:@\)c%; b), ) BrijRi methanol solution, which led to the desired Bhc-
j@\ _— _ diazo (6). Esterification of the free acid forms of
HO OH HO o" "o AcO o "o cyclic AMP and cyclic GMP with Bhc-diazo (6) in
1 2: R=CH, DMSO gave Bhc-cAMP 7 (7.4% isolated yield) and

3: R=CHO Bhc-cGMP 8 (23% isolated yield), respectively

+ N (Scheme 2). Each compound exists as a mixture of

H.__NNHTs H.__N"
d) Br& eyorn  Br X
AcO 0" o RO 0" o
4

5. R=Ac, Bhc-diazo/Ac
6: R=H, Bhc-diazo

Scheme 1. Synthesis of Bhc-diazo (5) and Bhc-diazo/Ac (6): a) ethyl acetoacetate, p-TsOH,
toluene, reflux, 17 h, 90 %; b) acetic anhydride, 110°C, 3 h, 95%; c) SeO,, chlorobenzene,
reflux, 5 d, 88%; d) p-tosylhydrazide, EtOH, 40°C, 82 %; e) for 5, Et;N (1 equiv), MeOH, RT,

axial and equatorial isomers with respect to the six-
membered cyclic phosphate ring. The axial/equatori-
al stereochemistry was assigned by *'P NMR meas-
urements as previously reported." Alternatively, it
can be estimated by comparison of the retention
times in reversed-phase HPLC as previously descri-
bed.® In a similar manner, membrane-permeant de-
rivatives Bhc-cAMP/Ac (9) (25% isolated yield) and

1 h, 85%; f) for 6, Et;N (2 equiv), MeOH, RT, 2 d, 79 %.

the Bhc-cNMPs quantitatively produced the parent cyclic nu-
cleotides with particularly useful one- and two-photon uncag-
ing efficiencies. A greater photosensitivity of the Bhc cage
than of the 2-nitrobenzyl cage was also seen for the activation
of cAMP-gated ion channels in olfactory receptor cells. Further-
more, the potency of the membrane-permeant Bhc/Ac cage in
terms of its application to live cells is demonstrated in the acti-
vation of motile responses of melanin pigments in fish melano-
phores. The results revealed that Bhc-cAMP/Ac can cross the
intact plasma membrane, is accumulated inside live melano-
phores, and repeatedly releases the parent cyclic nucleotides
with high efficiency upon irradiation.

Results
Synthesis

To mask the biological functions of cyclic nucleotides (cNMPs),
the cyclic phosphate moiety must be protected as an ester

1120
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Bhc-cGMP/Ac (10) (10% isolated yield) were pre-
pared by use of the corresponding diazo compound
Bhc-diazo/Ac (5) (Scheme 2).

The hydrolytic stability of the Bhc-cNMPs was measured in
K-MOPS solution (pH 7.2) and expressed as a half-life (t) in
the dark. The results are summarized in Table 1. For the Bhc-
caged cyclic nucleotides, the axial isomers are always more
stable than the equatorial isomers. This is consistent with the
results for other coumarin-caged cAMPs as we described previ-
ously. In 9 and 10, hydrolysis of the 7-acetoxy group to a 7-hy-
droxy group occurred to produce still-caged Bhc-cAMP and
Bhc-cGMP  with half-lives of 13.4h and 17 h, respectively
(Table 1), which are comparable to the values reported for
other 7-acyloxycoumarin-caged cAMPs.” Solubility in an aque-
ous buffer solution (K-MOPS, pH 7.2, containing 1% DMSO)
were determined as nearly 500 pm for both isomers of Bhc-
cAMP and cGMP (Table 1).

Photochemical properties
The photochemical properties of Bhc-cyclic nucleotides

were examined in K-MOPS solution (10 um, pH 7.2) at 350 nm

ChemBioChem 2004, 5, 1119-1128
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Bhc-cNMPs as New Caged Cyclic Nucleotides

04,0 OR Pe,, and 606 for Pe,), the pre-
B RO Br viously ri?orted prototypes of
o] Bhc-cage.
5016 + cAMP —2MSO 0 N NH, + | O/lgco ONFN/ \NH? We iext examined the effect
o’P\ao&gNr 2N o © NﬂN of 7-acetyl protection on the
OH N=" o} OH photochemistry. The absorption
a (axial) b (equatorial) maxima were shifted to shorter
7: R=H, Bho-cAMP (7.4% yield) wavelengths by about 50 nm,
9: R=Ac, Bhc-cAMP/Ac (25% yield) and the molar absorptivities at
350 nm were therefore five to
Oy-© OR Br ten times lower than those of
~ Br RO Bhc-cNMPs. Photolysis of 9 and
5016 + cGMP DMsO o + »g‘o r/N 0 10 also produced cAMP and
O//FI’\‘O o N 0 5| 0 \o/%SN / \u  CSGMP (Scheme 3), respectively,
O&yN\}_{NH OH N:< with quantum yields comparable
OH N= ° M. to those with a Bhc-cage (see
NH,

a (axial) b (equatorial) T.al.ole 1.); however, the overall ef-
8 R=H. Bhc-cGMP (23%yield) ficiencies of photorelease from
10: R=Ac, Bhc-cGMP/Ac (10% yield) the acetylated compounds were
almost ten times lower than
Scheme 2. Synthesis of Bhc-cNMPs. with a Bhc-cage. These lower ef-
ficiencies are of little biological
relevance because the acetyl
Table 1. Selected photochemical and photophysical properties of coumarin-caged cyclic nucleotides. groups will normally hydrolyze

Substrate Al () @, @app[dl q;appe[el Sif b/zlhl before photolysis. . .
Two-photon uncaging action
Bhc-cAMP (ax) (7 a) 375 (14550) 0.081 440 260 cross-sections (9,) of 7 and 8

Bhc-cAMP (eq) (7 b) 371 (17000) 0.107 0.100 1120 490 20

Bhc-cGMP (ax) (8a) 377 (14800) 0.075 580 1240 were measured by use of a fem-
Bhc-cGMP (eq) (8b) 372 (15360) 0.117 0.116 1260 430 420 tosecond-pulsed, mode-locked
Bhc-cAMP/Ac (9) 320 (6000) 0.080 0.074 141 nd9 13.41 Ti-sapphire laser by the previous-
Bhc-cGMP/Ac (10) 320 (5120) 0.161 0.146 175 nd® 179 ly described method."® The

[a] Absorption maximum [nm] measured in K-MOPS (pH 7.2). [b] Molar a

(pH 7.2) were photolyzed with two RPR 350 nm lamps. [d] Quantum yields
cleotides from both isomers upon irradiation (350 nm). [e] The product of

perature. []] Half-life for the deacetyl reaction.

yields for the disappearance of the starting materials upon irradiation (350 nm). Samples (10 um) in K-MOPS

and molar absorptivity at 350 nm. [f] Solubility [pum] in K-MOPS (pH 7.2) containing 1% DMSO. [g] Not deter-
mined. [h] Half-life [h] in the dark. Samples (10 pm) in K-MOPS (pH 7.2) were placed in the dark at room tem-

wavelength dependence of the
J, values of 7 from 720 to
800 nm shown in Figure 2 indi-
cates that the peak wavelength
of the O, value appears at
around 740 nm. The values of J,

bsorptivity [M~'cm~']. [c] Quantum

for the appearance of the cyclic nu-
quantum yields for the appearance

(=10 mW). Figure 1 shows the time course of the consumption
of the starting materials and the production of the parent
cyclic nucleotides. After irradiation for about 1 min, almost
quantitative production of cAMP and ¢cGMP was observed. Se-
lected photophysical and photochemical properties of Bhc-
cAMP and Bhc-cGMP are summarized in Table 1. A slight differ-
ence in the quantum yields of photolysis between the axial
and equatorial isomers was observed; equatorial isomers are
more reactive than axial isomers. The overall photosensitivity,
which can be expressed as the product of the quantum yield
of photolysis (@) and molar absorptivity (¢), was calculated to
be greater than 1000m~'cm™' for both Bhc-caged nucleotides,
which is almost 10 times greater than those of conventional 2-
nitrobenzyl-type cages (110 for 1-(2-nitrophenyl)ethyl cAMP,
NPE-cAMP, for example!™). Furthermore, the ®¢ values of 7
and 8 were two to three times greater than those for HCM-
(310 for @e,, and 450 for D¢, ) and MCM-caged cAMP (697 for

ChemBioChem 2004, 5, 1119-1128  www.chembiochem.org

(740 nm excitation) determined

for 7 were 2.06+0.18 GM (x

10 cm*sphoton™)  for the
axial isomer and 2.28 +0.22 GM for the equatorial isomer, and
the values for 8 were 1.68+0.09 GM for the axial and 1.95+
0.01 GM for the equatorial isomers.

OH
uncagin
7or9 o9 cAMP + BF A
UV irradiation
RO o 0O
OH
8or10 — 99 oyp 4+ B X
UV irradiation
RO o 0
Scheme 3. Photolysis of Bhc-cNMPs.
© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1121
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Figure 1. Time course of photolysis of the Bhc-cNMPs at 350 nm: A) photolytic
consumption of Bhc-cAMP (equatorial), 7 a (e), Bhc-cAMP (axial), 7b (o), and
production of cAMP from both isomers (A). Solid or dotted lines, least-squares
curve fits to a simple decaying or rising exponential; B) photolytic consumption
of Bhc-cGMP (equatorial), 8a (e), Bhc-cGMP (axial), 8b (o), and production of
cGMP from both isomers (a).

Biological tests

Cyclic nucleotide-induced olfactory signal transduction: The
properties of Bhc-cAMP were tested in newt olfactory receptor
cells. Bhc-caged cAMP was useful for patch clamp experiments,
when the nucleotide was introduced from the whole-cell pip-
ette. Figure 3 shows membrane responses of the olfactory re-
ceptor cell, which is now well known to utilize cAMP-mediated
transduction machinery on its sensory cilia."” When the ciliary
region of a solitary olfactory receptor cell containing caged
cAMP was illuminated by UV light, an inward current was im-
mediately induced. The amplitude and initial slope of the
inward current were dependent on the intensity of uncaging
light, reflecting that the amount and rate of cAMP production
could be experimentally controlled.

The intensity-response relationship obtained from the pho-
tolysis of Bhc-cAMP was fitted by the Hill equation with very
high cooperativity (ny=4.34+2.2, n=3) as has been previously
shown with NPE-cAMP (n,=6.34+0.9, n=4). The response with
very high cooperativity is triggered by the elevation of cyto-

1122

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

T. Furuta et al.

——7a

8+ /10% cm* s photon” —p
~ oo

i
13
T

0 1
700 720 740 760 780 800 820
wavelength / nm —»

Figure 2. Two-photon uncaging action cross-sections (3,) of Bhc-cAMP (7).
Solutions of 7 (100 um in 10 mm K-MOPS solution, pH 7.2) were irradiated at
720 nm (average power: 400-440 mW, 54 fs pulse width), 740 nm (average
power: 800 mW, 72 fs pulse width), 760 nm (average power: 780 mW, 61 fs
pulse width), 780 nm (average power: 600-700 mW, 64-80 fs pulse width), and
800 nm (average power: 840 mW, 56 fs pulse width). The values are averages
+S.D. of the means.

plasmic cAMP levels within olfactory cilia by sequential open-
ing of cAMP-gated channels and calcium-activated chloride
channels."® It is therefore reasonable to conclude that the re-
sponses do reflect elevation of cytoplasmic cAMP. The efficien-
cy for flash photolysis was measured by obtaining the K,
value, a relative photolysis intensity that causes a half-maxi-
mum response, from the intensity-response relationship. The
Ki, value of maximum responses induced by Bhc-cAMP was
63.6+19.0, and that obtained from NPE-cAMP was 622.8+
77.3. It is thus likely that the uncaging efficiency of Bhc-cAMP
was an order of magnitude greater than that of NPE-cAMP
even in an olfactory receptor cell, and quite consistent with
the value observed in the cuvette experiments described
above.

Motile responses in medaka fish melanophores: It is a challenge
to deliver membrane-impermeant molecules into live intact
cells without activating or deactivating any biological systems,
and then to achieve locally controlled activation with high
temporal resolution. To show that the intracellular targets of
cAMP can be activated by photoirradiation of extracellularly
applied Bhc-cAMP/Ac, we used the motility response of pig-
ment granules in fish melanophores. Pigment motility in fish
melanophores is regulated by the intracellular concentration of
cAMP, which activates its intracellular target enzyme, cAMP-de-
pendent protein kinase (PKA), and can be easily monitored by
an optical microscope. A scale was isolated from wild-type
medaka fish and the overlaying epiderm was removed. Bhc-
cAMP/Ac was extracellularly applied to the melanophores in
the scale for 1 h, and extracellular caged molecules were then
washed out by perfusion with Ringer’s solution. Most of the
melanin pigment granules were fully dispersed at this stage
and photographed for quantitative measurement. To minimize
the contribution from endogenous cAMP, the scale was treated
with an a-adrenergic agonist, norepinephrine, which caused
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Figure 3. The current responses induced by flash photolysis of 1 mm caged cAMP in olfactory receptor cells. A) Membrane currents were recorded from a cell
loaded with 1 mm Bhc-cAMP (7). Light intensity was varied, while the duration was kept constant (200 ms). Downward deflections of the upper trace indicate the
timing and duration of the light stimulation. B) Intensity-response relationship of the light-induced current. Peak amplitudes of responses obtained in A were plotted
against the relative intensity of light. The solid line—a least squares fitting of the data points by the Hill equation—gave |, =90 pA, K1, =63.6, and n,=4.3.

C) Membrane currents induced by photolysis of 1 mm NPE-cCAMP. D) Intensity-response relationship of the light-induced current. Peak amplitudes of responses ob-
tained in (C) were plotted against the relative intensity of light. The solid line—a least square fitting of the data points by the Hill equation—gave |,,,,,= 65 pA,

K:,=622.8, and n,=6.0.

complete aggregation of the melanin pigments. The effect of
uncaging upon UV irradiation was quantified by measuring the
degree of dispersion with an optical microscope. Irradiation of
10 um Bhc-cAMP/Ac for 30 s was enough to cause maximum
dispersion. Even at a concentration of 100 nm Bhc-cAMP/Ac, ir-
radiation caused a measurable degree of dispersion (Fig-
ure 4A). One potential application for caged molecules is re-
petitive stimulation that could cause artificial oscillation of a
cytosolic effector molecule." The scale was incubated with
10 um Bhc-cAMP/Ac and repeatedly irradiated for 30 s at 60 s
intervals, and the dispersing responses were recorded (Fig-
ure 4B). Almost full dispersion was obtained 30 s after each
irradiation, and this could be repeated at least five times.

Discussion
Synthesis

We had previously reported a simple method for the prepara-
tion of the alkyl triesters of some phosphates by use of silver()
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oxide, and had used this method to prepare the (7-methoxy-
coumarin-4-yl)methyl ester of cCAMP (MCM-cAMP).*>2% Howev-
er, the silver(1) oxide method did not give phosphate triesters
with free phenolic hydroxy groups on the coumarin ring. A
simple alternative by which to introduce photoremovable pro-
tecting groups onto phosphate is the esterification of free
phosphoric acid with appropriately designed diazo com-
pounds. We thus designed Bhc-diazo (6), which is a stable,
non-volatile, and solid diazo compound and can be stored for
at least six months at room temperature without any detecta-
ble decomposition. The syntheses of Bhc-diazo (6) and Bhc-
diazo/Ac (5) are based on a previously described method.!'>"
Unlike other 4-methylcoumarins,”?"’ oxidation of the solvent m-
xylene to m-methylbenzaldehyde competes with oxidation of
the 4-methyl group of 2, and therefore an excess amount of
selenium dioxide should be needed to improve the yield of
the desired product. The use of fresh and finely powdered
selenium dioxide (colorless solid) is also necessary to achieve
reproducible product yields. With chlorobenzene, which lacks a
benzylic methyl group, we avoided competing solvent oxida-
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Figure 4. Dispersion of pigment granules in medaka fish melanophores on
scales by the photolysis of Bhc-cAMP/Ac. A) Dose responses of Bhc-cAMP/Ac
(9). Melanophores on scales were incubated for 60 min with various concentra-
tions of 9 in Ringer’s solution (pH 7.4); norepinephrine (500 nm) was present
throughout to suppress endogenous production of cAMP. Dispersing response
of 100% and 0% mean full dispersion and full aggregation, respectively. The
values are the mean +S.D. of three separate experiments: a) no UV: magnitude
of dispersing responses in the absence of irradiation, b) + UV: scales were irra-
diated through an objective lens of a fluorescent microscope equipped with a
band-pass filter (pass wavelength 334-365 nm) for 30 s. Magnitude of the dis-
persing responses was quantified at 60 s after the irradiation. B) Responses of
repetitive irradiation of melanophores on a single scale incubated with 10 um
Bhc-cAMP/Ac (9). The same experimental conditions as for (A) were used.

tion and achieved better product yields (67% yield with m-
xylene against an 89% yield with chlorobenzene).

Photochemical properties

An advantage of Bhc-caged compounds is their higher effi-
ciency in uncaging reactions upon one- and two-photon irradi-
ation. Typically, the efficiency of a photochemical reaction can
be expressed by the quantum yield or quantum efficiency (®)
of the product. This is true if unlimited and continuous irradia-
tion can be applied to a reaction system. However, in a cell bi-
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ological application, the incident light intensity for an uncag-
ing reaction has to be severely limited so as to avoid signifi-
cant cell damage. Both the quantum efficiency of photolysis
and the absorption cross-section of the molecule should be
considered. We are therefore in favor of using the product of
the photolysis quantum yield (@) and molar absorptivity (¢) in-
stead of the quantum yield alone to compare the overall effi-
ciency of an uncaging reaction quantitatively. According to our
comparison of @¢ values in vitro, Bhc-cNMP is nearly ten times
as photosensitive as NPE-cAMP, and we can reduce the intensi-
ty of the uncaging light to 10% with Bhc-cNMPs to achieve
the same magnitude of activation. For two-photon irradiation,
the efficiency of a photochemical reaction can be quantitative-
ly compared by uncaging action cross-sections (), the prod-
uct of the photolysis quantum yield (Q,,) and the two-photon
absorption cross-sections (3,)."°*%? Values of J, larger than
0.1 GM are desirable for cell biological experiments. The 2-ni-
trobenzyl groups, the most commonly used phototriggers, fall
considerably short of this criterion (0.01 GM for 4,5-dimethoxy-
2-nitrobenzyl is the highest value reported).”” We have report-
ed 0, values of 0.89-0.95 GM (at 740 nm) for Bhc-caged gluta-
mates™ and 0.51-1.23 GM (at 740 nm) for Bhc-diol-caged al-
dehydes and ketones.™* The observed J, values of 7 and 8
were 1.74-2.28 GM at 740 nm and are the largest values ob-
tained for other Bhc-caged compounds.

An action spectrum of two-photon uncaging reactions of 7
(Figure 2) indicates that the peak wavelength of two-photon
excitation (740 nm) is approximately twice the one-photon ab-
sorption maximum (375 nm for 7a and 371 nm for 7b). This
suggests that the same excited states are generated regardless
of the number of absorbed photons. The observation is consis-
tent with the results of two-photon excitation spectra of the
fluorophores that have no center of symmetry, such as cou-
marin 307 dye, reported by Xu and Webb.”?

Biological tests

The introduction of a bromo substituent on the coumarin ring
not only accelerates the rate of intersystem crossing, but also
enhances the acidity of the phenol moiety of a hydroxycou-
marin. The pKa value of the Bhc-cage (Bhc-OH, 6-bromo-7-hy-
droxycoumarin-4-yl methanol) is 6.2, which is lower than that
of the HCM-cage (HCM-OH, 7-hydroxycoumarin-4-ylmethanol)
by 1.7 units (data not shown). As a result, more than 90% of
the Bhc cage is ionized to give a negative charge at the 7-posi-
tion of the coumarin ring at physiological pH, while less than
30% of the HCM cage might be ionized. This negative charge
decreases the inherent lipophilicity of coumarins, so as to give
a certain hydrophilicity to the Bhc-cage. Solubilities of 500 um
in an aqueous buffer observed with Bhc-cNMPs were ap-
proaching the values observed for CMCM- and BCMCM-caged
cNMPs designed to have high water solubility. On the other
hand, we can add substantial lipophilicity to the Bhc-cage by
masking the C7 phenolic hydroxy group with an acyl substitu-
ent. The lipophilicity of the 7-acylated Bhc-cage would enable
the introduction of the otherwise membrane-impermeant
caged-cNMPs into cells by simple diffusion. The acyloxy group
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is unmasked by intrinsic and non-specific esterases to release
the more hydrophilic Bhc-caged compounds, which can scarce-
ly escape from cells and have higher uncaging efficiency. This
amphiphilic nature of hydroxycoumarins is another advantage
of the Bhc-cage in cell biological applications, and the two ex-
amples provided in this paper demonstrate how this might
work.

We have demonstrated that the combined use of the
chemistry of caged compounds with an electrophysiological
technique is quite useful to dissect a complex signaling cas-
cade in living cells.**'® Caged compounds useful for such ex-
periments should have substantial water solubility so as to be
incorporated into cells by patch pipette and be able to diffuse
freely through the cytoplasm. They should possess a high un-
caging efficiency to reduce cellular damages upon irradiation.
In this study, Bhc-caged cAMP was intracellularly applied
through a whole-cell patch pipette in solitary olfactory recep-
tor cells. Giga-seal formation and cell functions were retained
even after addition of Bhc-cAMP. Olfactory signal transduction
is carried out at the ciliary membrane, which comprises very
narrow cylinders (0.2 um in diameter). Since the whole-cell pip-
ette is always placed far from the cilia (either on the dendrite
or on the cell body), caged substances have to travel for sever-
al tens of micrometers through the cytoplasm. In this study we
were able to obtain consistent and highly efficient responses
of the receptor cells with photolysis of Bhc-cAMP. The result in-
dicates that Bhc-cAMP diffuses through the cytoplasm and re-
leases the parent cAMP with high efficiency and faster kinetics
than that of the channel responses upon UV irradiation.

The fish melanophore experiments showed that Bhc-cAMP/
Ac could penetrate through the plasma membrane, be concen-
trated in a group of intact melanophores, and release the
parent cAMP molecules with high efficiency upon UV irradia-
tion. The advantage of membrane-permeant caged com-
pounds is obvious. There is no need for laborious microinjec-
tions to treat large numbers of cells or for models membrane-
permeabilized by lysis, which could cause severe damage to
membrane micro-domain structures. This advantage could also
be achievable by use of simple membrane-permeant deriva-
tives of ctNMPs, such as AM esters, that are simpler to apply
and have been shown to be effective for many types of cells.
However, almost no temporal or spatial resolution would be
expected, since membrane-permeant cNMPs might spread by
diffusion through the cells with the simultaneous activation of
target proteins. This would limit the usefulness of these deriva-
tives for investigation of intracellular signaling processes, since
the activation or deactivation of a signaling molecule should
occur in a highly localized manner in a physiological environ-
ment. Bhc/Ac-caged compounds should enable us to mimic a
physiological environment as closely as possible. In addition,
we can choose the location, area (or volume), and magnitude
of activation simply by controlling the location, area (or
volume), and dose of irradiated light, which can be easily
achieved with a microscope fitted with a laser or a Xe lamp.
Hagen and Bendig synthesized other coumarin-caged cNMPs
with a certain water solubility—BCMCM and DEACM-cNMPs,
for example—and reported that they also had high uncaging

ChemBioChem 2004, 5, 1119-1128  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

efficiency and were able to activate cyclic nucleotide-gated ion
channels expressed in cultured HEK293 cells.">?? All of these
results clearly demonstrate that coumarinylmethyl-caged
cNMPs can be a good alternative to conventional 2-nitroben-
zyl-type caged cNMPs. An application of the membrane-per-
meant Bhc-cNMPs/Ac to tackle a biological problem by dissect-
ing a signaling cascade in a sea urchin sperm will be reported
elsewhere.?”

Experimental Section

Synthesis: All reagents and solvents were purchased from com-
mercial sources and were used without further purification. Flash
column chromatography was carried out on 43-60 mesh silica gel.
NMR spectra were recorded (JEOL GSX270) at 270 MHz for 'H and
at 67 MHz for *C with CDCl, as a solvent and TMS as an internal
standard unless otherwise specified. IR spectra were recorded on a
Thermo Nicolet Avatar 320 instrument in ATR mode. Analytical
HPLC was run on an Agillent HP 1100 system with DAD detection
and preparative HPLC on a JASCO PU9800 system with UV
detection.

6-Bromo-7-hydroxy-4-methylcoumarin (1): A mixture of 4-bromo-
resorcinol  (1.9850 g, 10.4 mmol), ethyl acetoacetate (2.0 mL,
15 mmol), and p-toluenesulfonic acid (200.8 mg, 1.06 mmol) in tol-
uene (25 mL) was heated at reflux for 17 h with azeotropic removal
of water and ethanol by use of a Dean-Stark trap. The reaction
mixture was cooled, water was added (25 mL), and the stirring was
continued for 30 min at 0°C to provide a finely powdered precipi-
tate. The precipitate was collected by filtration, washed with cold
water, and dried under vacuum over P,O; to yield compound 1
(2.3697 g, 9.3 mmol, 90% vyield) as a solid. mp 267-269°C; '"H NMR
(CDCl;4+1%CD,0D): 6=7.73 (s, 1H), 6.88 (s, TH), 6.13 (s, 1H), 2.40
(s, 3H) ppm; C NMR ([DDMSQ): 6 =159.8, 157.2, 153.6, 152.8,
129.1, 113.4, 111.2, 105.9, 103.0, 18.1 ppm; IR (neat): ¥ = 3300-
3000, 1693, 1674, 1600, 1387, 1364, 1270, 1234, 1224, 1161,
1078, 843cm™'; MS (ES) m/z 252.9 [CyH,°BrO,—HI*, 254.9
[CioH,2'BrO;—H] .

7-Acetoxy-6-bromo-4-methylcoumarin  (2): A mixture of 1
(1.0203 g, 4.0 mmol) and acetic anhydride (3 mL, 20 mmol) was
heated at 110°C for 3 h. The reaction mixture was cooled and
evaporated to give the crude 2 (1.1301 g, 3.8 mmol, 95% yield).
mp 175-176°C; '"H NMR: 6 =7.82 (s, TH), 7.16 (s, TH), 6.30 (s, 1H),
242 (s, 3H), 240 (s, 3H) ppm; *C NMR 0=167.8, 159.7, 153.0,
150.8, 150.3, 128.6, 119.4, 1154, 112.6, 11.6, 20.7, 18.6 ppm; IR
(neat): v = 1749, 1712, 1395, 1385, 1364, 1201, 1145, 1042, 917,
894, 853 cm™.

7-Acetoxy-6-bromo-4-formylcoumarin  (3): A mixture of 2
(1.8939 g, 6.374 mmol) and selenium dioxide (855 mg, 7.7 mmol) in
chlorobenzene (60 mL) was stirred at reflux temperature for 5 d.
The reaction mixture was cooled, filtered, and evaporated. Purifica-
tion by recrystallization from toluene gave compound 3 (1.7401 g,
5.594 mmol, 88% yield). mp: 148-149°C; 'H NMR: 6=10.01 (s,
1H), 8.93 (s, 1H), 7.23 (s, 1H), 6.90 (s, 1H), 2.41 (s, 3H) ppm; “C
NMR (67.80 MHz; CDCl,): 6 =20.76 (q), 112.60 (s), 112.99 (d), 113.75
(d), 126.39 (s), 130.57 (d), 142.06 (s), 151.13 (s), 153.93 (s), 159.16
(s), 167.69 (s), 190.82 (d) ppm; IR (neat): ¥ = 3107, 3065, 1764,
1742, 1710, 1189, 1143, 1028 cm ™.

7-Acetoxy-6-bromo-4-formylcoumarin p-tosylhydrazone (4): p-
Toluenesulfonyl hydrazine (218 mg, 1.17 mmol) was added to a stir-
red solution of 3 (342.0 mg, 1.10 mmol) in EtOH (2 mL). After 19 h
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of stirring at 40°C, the resulted precipitate was collected by filtra-
tion, washed with EtOH, and dried under vacuum to yield 4
(431.9 mg, 0.90 mmol, 82% yield). mp 173°C (decomp.); '"H NMR
([DgIDMSO): 6=8.93 (s, 1H), 7.98 (s, 1H), 7.82 (d, J=7.6 Hz, 2H),
751 (s, TH), 7.5 (s, 1H), 7.47 (d, J=7.6 Hz, 2H), 6.77 (s, TH), 2.45 (s,
3H), 2.38 (s, 3H) ppm; "*C NMR ([D;]DMSO): 6 =167.9, 159.1, 153.4,
149.8, 144.2, 143.8, 141.9, 135.5, 130.7, 127.3, 119.3, 1154, 1128,
111.0, 21.1, 20.5 ppm; IR (neat): # = 3239, 1767, 1709, 1603, 1401,
1365, 1268, 1186, 1169, 1152, 1086, 1027, 928, 918, 883, 845,
819cm™'; MS (ES) m/z 500.90 [C,oH,s"°BrN,O,5+Na]*, 502.95
[CyoH,s5'BrN,O,S+Na] ™.

When the reaction was performed below 30°C, the dehydration
step was sometimes incomplete and the addition product a-hy-
droxy-hydrazine 4 was obtained. '"H NMR: 6=8.89 (s, 1H), 8.74 (s,
1H), 7.92 (d, J=8 Hz, 2H), 7.70 (s, 1H), 7.37 (d, J=8 Hz, 2H), 7.16
(s, TH), 642 (s, 1H), 242 (s, 3H), 241 (s, 3H) ppm; 'H NMR
([DgIDMSO): 6=9.13 (brs, 1H), 8.54 (s, 1H), 7.66 (d, J=8 Hz, 2H),
7.44 (s, 1H), 7.25 (d, J=8 Hz, 2H), 6.79 (d, J=4.5 Hz, 1H), 6.53 (s,
1H), 2.49 (s, 3H), 2.37 (s, 3H) ppm.

7-Acetoxy-6-bromo-4-diazomethylcoumarin, Bhc-diazo/Ac (5):
Et;N (63 pL, 0.45 mmol) was added to a stirred suspension of 4
(206.5 mg, 0.43 mmol) in MeOH (2 mL). After 1 h, the resulted yel-
lowish precipitate was collected by filtration and washed and dried
under vacuum to yield 5 (118.0 mg 0.37 mmol, 85% yield). 'H
NMR: 6 =7.54 (s, TH), 7.17 (s, TH), 5.87 (s, 1H), 5.27 (s, 1H), 2.40 (s,
3H) ppm; *C NMR ([Dg]DMSO): 6 =167.9, 158.8, 152.7, 150.2, 145.9,
127.8, 115.6, 112.9, 110.9, 99.7, 46.2, 20.5 ppm; IR (neat): 7 = 3087,
2089, 1748, 1696, 1593,1422, 1387, 1371, 1203, 1141, 1022, 927,
905, 822 cm ™.

6-Bromo-7-hydroxy-4-diazomethylcoumarin, Bhc-diazo (6): Et;N
(948 uL, 6.80 mmol) was added to a stirred suspension of 4
(1.6298 g, 3.40 mmol) in MeOH (7 mL). After 2 days, the resulting
precipitate was collected by filtration, washed, and dried under
vacuum to yield 6 (751.1 mg, 2.67 mmol, 79 % yield).

Compound 6: (CD;0D): 6=7.81 (s, 1H), 6.81 (s, 1H), 5.68 (s, 1H),
4.56 (s, TH); "H NMR ([DJJDMSO): 6 =7.97 (s, 1H), 6.85 (s, 1H), 6.62
(s, TH), 5.71 (s, 1H) ppm; *C NMR ([D;]DMSO): 6 =159.4, 157.6,
153.5, 146.5, 127.7, 109.5, 105.9, 103.2, 96.8, 45.7 ppm; IR (neat): 7
= 3300-3000, 3099, 2101, 1653, 1618, 1537, 1394, 1274, 1230,
1166, 1153, 940, 836, 810 cm ™.

6-Bromo-7-hydroxycoumarin-4-ylmethyl adenosine cyclic 3',5'-
monophosphate, Bhc-cAMP (7): A mixture of cAMP (19.9 mg,
60.5 umol) and 6 (28.1 mg, 100 pmol) in DMSO (0.5 mL) was stirred
at room temperature for 39 h. The reaction mixture was evaporat-
ed. Purification by flash column chromatography (10 g of SiO,,
10% MeOH in CHCl,) yielded 7 (2.6 mg, 4.5 umol, 7.4% yield) as a
stereoisomeric mixture (axial/equatorial 44:56). The axial and equa-
torial isomers were separated by semi-preparative reversed-phase
HPLC (Column: Cosmosil 5C18 AR-Il, 250% 20, eluent: 50% MeOH/
H,0, 3 mLmin™"). The more rapidly eluted isomer was the axial
isomer (retention time: 30-40 min) and the more slowly eluted
isomer the equatorial (retention time: 40-50 min).

Compound 7a (axial isomer): '"H NMR ([Dg]DMSO): 6 =8.33 (s, 1H),
8.10 (s, TH), 7.55 (s, 1H), 7.36 (s, 2H), 6.41 (s, 1H), 6.04 (s, 2H), 5.81
(s, TH), 535 (m, 1H), 5.28 (d, J=7 Hz, 2H), 4.65-4.55 (m, 2H), 4.34
(ddd, J=10, 10, and 2 Hz, 1H,), 4.18-4.17 (m, 2H) ppm; >'P NMR
([DgIDMSO): 6 = —4.98 ppm.

Compound 7b (equatorial isomer): '"H NMR ([DJDMSO): 6 =8.39
(s, TH), 8.18 (s, TH), 7.58 (s, TH), 7.37 (s, 2H), 6.37 (s, 1H), 6.07 (s,
2H), 5.80 (s, 1H) ppm; *'P NMR ([Dg]DMSO): 6 = —3.62 ppm.
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HRMS (FAB™) Calcd for CyH;sOsNsBrP: 582.0026 and 584.0006;
found 582.0027 and 584.0010.

6-Bromo-7-hydroxycoumarin-4-ylmethyl guanosine cyclic 3’,5'-
monophosphate, Bhc-cGMP (8): A mixture of cGMP (17.4 mg,
50.4 umol) and 6 (28.9 mg, 103 pmol) in DMSO (0.5 mL) was stirred
at room temperature for 76 h. The reaction mixture was directly
purified by flash column chromatography (5 g of SiO,, 10% MeOH
in CHCl;, then 25% MeOH in CHCI;) to yield 8 (7.0 mg, 11.7 umol,
23% yield) as a stereoisomeric mixture (axial/equatorial 38:62). The
axial and equatorial isomers were separated by semi-preparative
reversed-phase HPLC (column: COSMOSIL 5C18 AR-ll, 250x%20,
eluent: 50% MeOH/H,0). HRMS (FAB™) calcd for C,oH,;50,,Ns’°BrP:
597.9975; found: 598.0023.

Compound 8a (axial isomer): '"H NMR ([DJDMSO): 6 =10.52 (s,
1H), 7.90 (s, 1H), 7.60 (s, 1H), 6.44 (s, 2H), 6.32 (s, TH), 6.19 (s, TH),
5.90 (s, TH), 5.79 (s, TH), 5.25 (d, J=7 Hz, 2H), 4.8-4.5 (m, 2H), 4.2-
4.0 (4H, m) ppm; *'P NMR ([D;]DMSO): § = —5.06 ppm.

Compound 8b (equatorial isomer): '"H NMR ([DJDMSO): 6 =10.53
(s, TH), 7.94 (s, 1H), 7.78 (s, 1H), 6.66 (s, TH), 6.58 (s, 2H), 6.27 (s,
1H), 6.14 (s, TH), 5.84 (s, 1H), 5.32 (d, /=7 Hz, 2H), 5.15 (m, TH),
470 (m, 1H), 456-4.40 (m, 3H) ppm; *P NMR ([Dg]DMSO): 6 =
—3.90 ppm.

7-Acetoxy-6-bromocoumarin-4-ylmethyl adenosine cyclic 3',5'-
monophosphate, Bhc-cAMP/Ac (9): A mixture of cAMP (36.0 mg,
109 umol) and 5 (104 mg, 323 umol) in DMSO (0.6 mL) was stirred
at room temperature for 20 h. The reaction mixture was evaporat-
ed. Purification by flash column chromatography (24 g of SiO,,
7.7% MeOH in CHCI,) yielded 9 (17.3 mg, 27.8 umol, 25.4% yield).
The axial/equatorial stereochemistry was estimated by comparison
of the reversed-phase HPLC retention times (COSMOSIL 5C18 AR-lI,
250%4, eluent: 50% MeOH/H,O containing 0.1% TFA). The more
rapidly eluted isomer, with a retention time of 13.6 min, was as-
signed as the axial isomer and the more slowly eluted isomer
(16.5 min) as the equatorial. '"H NMR (CD,0OD) (axial isomer): =
8.20 (s, TH), 8.19 (s, 1H), 8.06 (s, 1H), 7.37 (s, 1H), 6.72 (s, TH), 6.09
(s, 1H), 5.55-5.45 (m, 3H), 4.65-4.55 (4H, m), 2.36 (s, 3H) ppm; 'H
NMR (CD,0D) (equatorial isomer): =8.24 (s, 1H), 8.23 (s, 1H), 8.05
(s, TH), 7.36 (s, TH), 6.64 (s, TH), 6.11 (s, 1H), 5.55-5.45 (m, 3H),
4.65-4.55 (4H, m), 237 (s, 3H) ppm; HRMS (FAB*) calcd for
CyoH00,0NsBrP: 624.0132 and 626.0112; found 624.0087 and
626.0072.

7-Acetoxy-6-bromocoumarin-4-ylmethyl guanosine cyclic 3',5'-
monophosphate, Bhc-cGMP/Ac (10): A mixture of cGMP (25.0 mg,
72.4 pmol) and 5 (35.0 mg, 109 umol) in DMSO (0.5 mL) was stirred
at room temperature for 24 h. The reaction mixture was evaporat-
ed. Purification by flash column chromatography (10 g of SiO,,
10% MeOH in CHCl;) yielded 10 (4.1 mg, 7.2 umol, 10% yield). The
axial/equatorial stereochemistry was estimated by comparison of
the reversed-phase HPLC retention times (COSMOSIL 5C18 AR-ll,
250x4, eluent: 50% MeOH/H,O containing 0.1% TFA). The more
rapidly eluted isomer was assigned as the axial isomer and the
more slowly eluted isomer as the equatorial. 'H NMR (CD,0D)
(axial isomer): =28.04 (s, 1H), 7.82 (s, TH), 7.36 (s, TH), 6.63 (s, TH),
5.92 (s, 1H), 5.55-5.45 (m, 3H), 4.64-4.50 (4H, m), 2.37 (s, 3H) ppm;
'H NMR (CD,0D) (equatorial isomer): 6=8.05 (s, 1H), 7.83 (s, 1H),
7.35 (s, TH), 6.69 (s, 1H), 5.95 (s, TH), 5.48 (2H, d, J=7.3 Hz), 4.64-

450 (5H, m), 236 (s, 3H)ppm; HRMS (FAB™) calcd for
Cy,H300,;NsBrP:  640.0081 and 642.0061; found 640.0101 and
642.0104.
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Bhc-cNMPs as New Caged Cyclic Nucleotides

Photochemical properties

Quantum efficiency measurement: Substrate solution in K-MOPS sol-
ution (pH 7.2, 10 pum, 2 mL) containing DMSO (1 %) was placed in a
Pyrex test tube of 12 mm diameter. The solution was irradiated at
350 nm with two RPR 350 nm lamps (=10 mJs™'). Aliquots of
10 pL were removed periodically and analyzed by HPLC. The light
output for the quantum efficiency measurement was performed by
ferrioxalate actinometry.?®

Measurements of two-photon uncaging action cross sections: Meas-
urements of cross sections for two-photon uncaging were per-
formed with a femtosecond-pulsed, mode-locked Ti/sapphire laser
(Tsunami pumped by a Millenium Va; both from Spectra-Physics)
with fluorescein as an external standard as previously described."*

Biological tests

Cyclic nucleotide-induced olfactory signal transduction: Olfactory re-
ceptor cells were dissociated enzymatically from the olfactory epi-
thelium of the newt Cynops pyrrhogaster as described previously.?”
Isolated cells were plated on a concanavalin A-coated glass cover
slip. Cells were maintained at 4°C until use. In this study, olfactory
receptor cells possessing more than five cilia were selected.

Membrane currents were recorded by a patch clamp technique in
the whole-cell recording configuration.”® The recording pipette
was filled with a solution containing CsCl (pH was adjusted to 7.4,
HEPES buffer, 119 mm) to suppress background Kt conductance.
Normal Ringer’s solution (in mm: 110 NaCl, 3.7 KCl, 3 CaCl,, 1
MgCl,, 10 HEPES, 15 glucose, 1 pyruvate) was used for all record-
ings as an external solution. The pipette resistance was 10-15 MQ.
Experiments were performed at room temperature (23-25°C).

Caged cNMP was dissolved in dimethyl sulfoxide (DMSO) and
stored at —20°C in complete darkness. Under these conditions,
caged cNMP was stable up to 30 days without degradation. How-
ever, after this period, the success rate for giga-Ohm seal formation
declined considerably. The stocks were diluted into a cesium-con-
taining pipette solution prior to each experiment. After the estab-
lishment of whole-cell recording, caged compounds entered the
cell interior by free diffusion. The ultraviolet (UV) component from
a xenon lamp (100 W, XPS-100, Nikon, Japan) was used as a light
source for photolysis. The stimulus light was focused on the cell
undergoing recording (objective, 60 x). By adjustment of the dia-
phragm, the illuminated area was set to 40 um in diameter, and
only the ciliary region where olfactory transduction is locally car-
ried out was illuminated. Light stimuli were applied with >20s in-
tervals to avoid adaptation of the system and depletion of caged
substances.

Intracellular motile responses in medaka fish melanophores: Wild-
type medaka (Oryzias latipes), each 2.5-3.5 cm in total length, were
used. Scales isolated from the dorsal trunk were rinsed in CMF
(Ca®*- and Mg®*-free) Ringer’s solution for 20 min at 4°C. The
overlaying epidermal layer was removed with forceps. The scale
thus prepared was immersed in the experimental solution (contain-
ing an appropriate concentration of Bhc-cAMP/Ac) for 60 min at
room temperature, placed on a holder with a glass fiber, both
sides of which had been attached to a coverslip, and rinsed by per-
fusion with normal Ringer’s solution. The mostly dispersed melano-
phores were photographed (100% dispersion) and treated with
500 nm norepinephrine to lower endogenous cAMP and to cause
aggregation of pigment granules (0% dispersion). UV irradiation
(334-365 nm light was selected by U-filter) was applied for 30s
through an objective lens of an epifluorescent microscope (Olym-
pus BHT-RFC type fluorescent microscope fitted with a BH2-RFC).

ChemBioChem 2004, 5, 1119-1128  www.chembiochem.org
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Motile responses of melanophores were photographed at 30s
after the irradiation had been completed. To perform quantitative
analysis, the area occupied by the melanin pigments within a de-
fined area (0.09 mm? in individual scales was measured and com-
pared as previously described.” In repetitive stimulation experi-
ments, a scale was incubated in Ringer’s solution containing Bhc-
cAMP/Ac (10 um) for 60 min at room temperature. The same irradi-
ation procedure as above was followed.
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Engineered Biosynthesis of Phenyl-
Substituted Polyketides

José Garcia-Bernardo,” Longkuan Xiang,™

Hui Hong,"” Bradley S. Moore,*™ and
Peter F. Leadlay*™

Benzoic acid, activated as its coenzyme A thioester (benzoyl-
CoA) serves as a building block in the biosynthetic pathways
to a number of important natural products, including zaragozic
acid A (squalestatin S1)" from fungi and paclitaxel (taxol)®
and cocaine®® from plants. It also provides the starter unit for
the polyketides enterocin (1) and soraphen (2)* from pro-
karyotic micro-organisms (Scheme 1). We have previously

Scheme 1. Structure of benzoate-primed (shaded) polyketides enterocin (1) and
soraphen (2).

shown that engineering the loading module of modular poly-
ketide synthases (PKSs) to accept alternative starter units pro-
vides an effective route to novel analogues of clinically useful
polyketide drugs, such as erythromycin A® We now describe
results that promise to broaden the scope for such biosynthet-
ic engineering of new polyketide derivatives containing ben-
zoate starter units.

We recently reported that using the acyltransferase (AT)
domain of the loading module of the soraphen-producing PKS
of Sorangium cellulosum™ to replace the propionate-selective
AT in the loading module of a truncated bimodular derivative
(DEBS1-TE) of the erythromycin-producing PKS of Saccharopo-
lyspora erythraea® led to the production of 5-phenyl-substitut-
ed triketide lactone 3, along with the normal products of
DEBS1-TE 4 and 5. Lactone 3 is formed by polyketide chain
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extension of benzoyl units attached to the hybrid loading
module, while 4 and 5 are thought to be formed by competi-
tive direct loading of, respectively, propionyl-CoA or acetyl-CoA
directly onto the ketosynthase domain of extension module 1
of DEBST-TE (Scheme 2). It was found to be essential for the
production of 3, that the recombinant S. erythraea also ex-
pressed the badA gene of the anaerobic pseudomonad Rho-
dopseudomonas palustris, which encodes one of the benzoate:
CoA ligases of that organism,"” and also that the medium was
supplemented with high concentrations of benzoic acid. Un-
fortunately, the observed deleterious effects of 3 mm benzoic
acid on the growth of S. erythraea®™ make this a suboptimal ap-
proach for mutasynthesis. Surprisingly, cinnamic acid, which
was expected to give rise to intracellular benzoyl-CoA by [3-oxi-
dation,"” was found to be toxic for S. erythraea even at low

o]

OH COOH

RE

R'=R2=H: benzoic acid L-phenylalanine

| EncP

EncN or BadA
Y 0 Y
Sac. erythraea
SCoA poxidation X -COOH
Rl {EncH.1LJ)
RZ cinnamic acid
R'=R%=H: benzoyl-CoA
loading
module module 1 module 2 end
O—O080
O Pr-E_‘.oA 0 O
Ac-CoA
""'OH OH
R‘. R2 il QH
R
EJH =DH =D‘H
o, E o, 2 " :
Rz '_q q w
R
3 4 5

Scheme 2. Alternative routes for supply of benzoyl-CoA to the sor-ery hybrid
triketide synthase in Saccharopolyspora erythraea. Pr-CoA = propionyl-CoA, Ac-
CoA = acetyl-CoA, MeMal-CoA = methylmalonyl-CoA, KS = ketosynthase, AT=
acyltransferase, KR = ketoreductase, ACP = acyl carrier protein, TE = thioester-
ase. Shaded part of PKS is derived from soraphen PKS. R' and R*=H, F, and
OH; see Table 1 for explanation.

1129





BIO

levels (0.1 mm)."? In contrast, in S. cellulosum, cinnamate and
cinnamate analogues have recently been shown to be effective
precursors of soraphens through a P-oxidation pathway;"™
while in “Streptomyces maritimus”, both cinnamate and p-fluoro-
cinnamate have been shown to be incorporated as precursors
of analogues of enterocin (1) and the related wailupemycins.""

An alternative strategy is to replace genes in the strain with
suitable biosynthetic ones that promote the intracellular pro-
duction of the key biosynthetic building blocks. Thus, inserting
genes for cyclohexanecarboxylic acid-CoA production into
Streptomyces avermitilis supported efficient synthesis of dora-
mectin "

We now report that replacement of badA by the alternative
benzoate:CoA ligase encN from the biosynthetic pathway to 1
in the marine isolate “S. maritimus"'® leads to a threefold
higher incorporation of added benzoic acid into 3, as judged
by GC-MS analysis of the products. The increased efficiency
may, for example, be due to better expression of the encN
gene. Furthermore, this replacement did not lead to any inhibi-
tion of strain growth at comparable concentrations of added
benzoate.

In parallel experiments, EncN was also found to convert
added p-fluorobenzoate and both m- and p-hydroxybenzoates
into the corresponding coenzyme A esters, since these com-
pounds served as substrates for the hybrid PKS and gave rise
to analogues of 3. In each case the amounts were small, but
the [M+NH,]" ion (ammonia Cl) was observed, and the MS/MS
fragmentation pattern of this ion was fully consistent with the
proposed structure of the respective triketide lactone products
(Table 1). In vitro, p-fluorobenzoate is activated nearly ten
times more efficiently than p- or m-hydroxybenzoate," but
the levels of production of the lactone derivatives are broadly
similar. Other monosubstituted benzoates, including cyclohex-
1-enecarboxylic acid, and 2- and 3-thiophenecarboxylic acids,
which are each activated by EncN as efficiently as p-fluoroben-
zoate gave little or no detectable aromatic triketide product.
These results apparently reflect the specificity of the polyketide
synthase, in particular the loading AT domain derived from the
soraphen PKS,"® rather than that of EncN itself.

We particularly wished to determine whether co-expression
of the hybrid PKS gene together with the gene encP of “S. mar-
itimus”, which encodes an L-phenylalanine ammonia lyase,"”
might allow production of the target 5-phenyl triketide lactone
3 even in the absence of added benzoate (Scheme 2). The re-
sults of this experiment (Table 1) showed that inclusion of encP
in an expression cassette with the hybrid PKS gene in S. eryth-
raea did indeed lead, as hoped, to significant accumulation of
3, albeit in amounts some eightfold lower than when encN
was present and coexpressed (together with an optimal initial
concentration of added benzoate). This remarkable result
means that S. erythraea must contain the enzymes necessary
to activate cinnamate as its CoA thioester and to degrade this
by p-oxidation to benzoyl-CoA (Scheme 2); and it therefore
allows the production of intracellular benzoyl-CoA without the
need to add precursors to the medium. Given that we have
observed an apparent toxicity of added cinnamate,"? it is pos-
sible that coexpression in the engineered S. erythraea of the
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Table 1. GC retention times (t) and MS measurements of aromatic tri-ke-
tides generated from strains of S. erythraea engineered to produce intracel-
lular benzoyl-CoA, or monosubstituted derivatives.

Starter unit source Ar t, [min]
[M+NH,]*
benzoic acid 20.1

phenyl alanine 238 (220, 202, 157, 142)

19.1

p-fluorobenzene
1 256 (238, 220, 175, 160)

p-hydroxybenzoate § 175

26891 (253, 236, 219, 176)

18.5

m-hydroxybenzoate
i 2689 (253, 236, 219, 176)

OH

Some evidence was obtained from MS analysis for inefficient production
of analogues of 3 when either 2- or 3-thiophene carboxylic acid was fed
to S. erythraea. Nicotinic acid, 2-furoic acid, cyclohex-1-enecarboxylic acid
and p-toluic acid were not incorporated. [a] Analysed as methoxyben-
zoate triketide lactone. Mass values in brackets represent primary peaks
in the MS-MS spectrum.

genes encoding further enzymes from the enterocin feeder
pathway from phenylalanine to benzoyl-CoA™ might in future
further increase flux through this plant-like precursor pathway.

In summary, expression in S. erythraea of a single additional
gene from the enterocin pathway allows either production of
phenyl-substituted polyketides without medium supplementa-
tion (encP); or incorporation of a range of substituted phenyl
starter units into such polyketides (encN). These findings fur-
ther expand the prospects for engineered biosynthesis of com-
plex polyketides as leads in drug discovery.

Experimental Section

Coexpression of encN and sor-ery hybrid PKS gene tkscjw3: The
gene encN and its ribosome binding site (RBS) were PCR amplified
from the cosmid clone pJP15F11¥ with the primers 5'-GTTAAT-
TAATGCCGCGACCGGGGCAG-3' (forward) and 5-GCATATGTGTCC-
TCCTGGTCACACGGCGTGGGC-3' (reverse), cloned into pCR*-Blunt
(Invitrogen), sequence verified, digested with Pacl and Ndel (the in-
troduced restriction sites are indicated by italics), and cloned into
the appropriate sites upstream of the sor-ery hybrid PKS gene
tkscjw3 in the expression plasmid pCJW45® to yield pBM17. The
underlined region in the reverse primer corresponds to the RBS
associated with tkscjw3. Expression of pBM17 (and of pBM18, see
below) in S. erythraea JC2, feeding of sodium benzoate and ana-
logues (3 mm), and GC-MS analysis of the resulting triketide lac-
tones followed published procedures.”’ The extracts were analysed
by GC-MS on a Finnigan GCQ instrument (ThermoFinnigan). A Phe-
nomenex Zebron ZB5 5% phenyl-polysiloxane column was used
with helium as carrier gas. The GC-MS was performed in chemical
ionisation (Cl) mode with NH; as reagent gas. For the feeding ex-
periments with p- and m-hydroxybenzoic acid, the crude extracts
were derivatized with trimethylsilyldiazomethane before GC-MS
analysis.

ChemBioChem 2004, 5, 1129-1131
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Coexpression of encP and tkscjw3: In a similar fashion to the con-
struction of pBM17, encP and its RBS were PCR amplified from
pJP15F11 with the primers 5'-GTTAATTAACCCGTCGAGTCCACCG-3’
(forward) and 5'-GCATATGTGTCCTCCTTCCAGGTGCTGCTTCAG-3' (re-
verse) in the construction of the pCJW45-derivative pBM18 har-
bouring encP.
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N'-Arylsulfonyl-N*-(1-(1-
naphthyl)ethyl)-1,2-
diaminocyclohexanes: A New Class
of Calcilytic Agents Acting at the
Calcium-Sensing Receptor

[a] ]

Albane Kessler,” Héleéne Faure,®
Marie Cécile Roussanne,” Sandrine Ferry,”!
Martial Ruat,” Philippe Dauban,*® and
Robert H. Dodd*®!

The calcium-sensing receptor (CaSR) is a G-protein-coupled re-
ceptor (GPCR) that senses extracellular calcium [Ca®*],, thereby
maintaining calcium homeostasis in the organism. It belongs
to the heptahelical family of receptors, which includes the me-
tabotropic glutamate receptors (mGIuR), the B-type y-amino-
butyric acid receptor (GABAg-R) as well as certain pheromone
and taste receptors.""? As shown by cloning of its cDNA, the
CaSR is present in many tissues, including the brain and the
parathyroid gland.®™' At the surface of the latter, the CaSR de-
tects and responds to small changes of circulating [Ca’'],,
thereby regulating parathyroid hormone (PTH) secretion. There
exists a negative feedback relationship between [Ca’*], levels
and PTH secretion. Thus, high levels of [Ca®t], activate the
CaSR, thereby inhibiting PTH secretion, whereas low [Ca®*],
levels diminish CaSR activation, stimulating PTH secretion.
These observations led to the hypothesis that compounds that
could activate this receptor (CaSR “agonists”) should lead to
decreased levels of circulating PTH. Such “agonists” could be
of therapeutic benefit in diseases such as hyperparathyroid-
ism.® Alternatively, compounds that could block the action
of the CaSR (CaSR “antagonists”) should theoretically lead to
increased plasma levels of PTH. Because increased PTH levels
are associated with bone formation,” CaSR antagonists could
provide a novel approach to the treatment of osteoporosis.
However, to be clinically useful, such compounds would also
have to provide only short-term elevations in PTH levels since
chronically high PTH levels are known to lead to bone loss."”

The first small organic molecules reported to interact specifi-
cally and with good affinities with the CaSR were NPS R-467
(1) and NPS R-568 (2, Scheme 1).%" These compounds were
shown to increase the concentration of cytoplasmic calcium
(ICa**]) in bovine parathyroid cells and, most significantly, to
inhibit PTH secretion.""'? Since these compounds, referred to
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Scheme 1. Structural formulae of calcium-sensing receptor calcimimetics (1-3,
5, 6) and a calcilytic (4).

1:
2:

as calcimimetics, produce their effects only in the presence of
[Ca’*],, it can be hypothesized that they interact with the
CaSR in an allosteric fashion, leading to this receptor’s overall
increased sensitivity to calcium ions. An analogue of
1 and 2, Cinacalcet (3), is presently undergoing clini-
cal trials for the treatment of hyperparathyroidism."?

While these calcimimetics demonstrated that PTH
levels could be effectively lowered by activation of
the CaSR, the corollary, that is, that inhibition of the
CaSR increases PTH levels, could not be demonstrat-
ed because of the lack of CaSR antagonists or calci-
lytics. Recently, however, such a compound (NPS
2143, 4) has been reported." '™ In HEK293 cells that
artificially express the human parathyroid CaSR, this
compound was shown to inhibit the increase in intracellular
Ca’* concentrations produced by increasing [Ca**], (ICso=
43 nm) as well as that produced by the calcimimetic NPS R-467
(1). Moreover, NPS 2143 significantly increased PTH secretion
in primary cultures of bovine parathyroid cells. While in vivo,
NPS 2143 effectively produced a four- to fivefold increase in
plasma PTH levels in both healthy rats and in ovariectomized
rats (the classical animal model of osteoporosis), these in-
creased levels were too sustained over time to cause a net in-
crease in bone density, a chronic elevation of PTH levels being
known to lead to bone loss."® While these results were partial-
ly disappointing, they had the merit of offering a proof-of-con-
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Scheme 2. Proposed conformationally restrained derivative of the calcimimetic 5.

cept in that it was demonstrated that a calcilytic agent can ef-
fectively increase PTH secretion in vivo.

We recently reported the discovery of two new families of
calcimimetic compounds. The first of these, represented by the
N'-(4-methoxybenzenesulfonyl)-1,2-diaminopropane derivative
5 (Scheme 1), is a direct analogue of NPS R-568 (2), differing
mainly by the addition of an arylsulfonamide side-chain.!”!
Compound 5 (10 um) produced over 80 % of the maximal stim-
ulation of inositol phosphate ([*HIIP) production obtained by
10 mm Ca?* in Chinese hamster ovary (CHO) cells that express
the CaSR. However, in an effort to obtain more potent com-
pounds and/or obtain new calcilytic agents, we proceeded to
prepare rigid analogues of compound 5. The 2-aminomethylin-
dole derivative 6 (Calindol) represents just such a conforma-
tionally restrained analogue. This compound displayed calcimi-
metic activity now superior to that of 5 and comparable to
that of NPS R-568 (117% stimulation at 10 um concentra-
tion).'™ Thus, rigidification of the highly flexible compound 5
did effectively lead to more potent calcimimetics. However, the
development of new calcilytic derivatives still eluded us.

We thus proceeded to prepare rigid analogues of 5 in an al-
ternative fashion. While there are many different ways of doing
so, we believed a molecule such as 7 (Scheme 2), in which the

phenyl group at C-3 is covalently bound to C-1 would be par-
ticularly interesting, since this would lock the two amino func-
tions into very precise conformations. Moreover, such com-
pounds can be easily prepared from indene by using the
copper-catalyzed olefin aziridination procedure previously em-
ployed for the synthesis of 5.17:'92

Thus, treatment of a slight excess (1.67 equiv) of indene 8 in
acetonitrile at 0°C with 1 equivalent of ((N-4-methoxybenzene-
sulfonyl)imino)phenyliodane 9" in the presence of 10 mol%
copper() triflate and molecular sieves provided aziridine 10 in
55% yield (Scheme 3). The latter was treated with (R,S)-1-(1-
naphthyl)ethylamine (11), which attacked uniquely the benzylic

00 I O
O LD
MeO

/©,SOZN=IPh
0
MeO 9 \
CuOTf, CH,CN Et;N, THF, RT
4A molecular sieves O
8:n=1 -20°C > 4°C 10: n =1 (55%) 7:n=1(96%)
12:n=2 13: n =2 (60%) 14: n =2 (87%)
OMe

Scheme 3. Synthesis of rigid analogues 7 and 14.

1132

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

ChemBioChem 2004, 5, 1131-1136



www.chembiochem.org



position to afford the desired
compound 7 in high yield. Com-
pound 7 was then evaluated for
calcilytic activity in CHO cells
that express the cloned rat CaSR
[CHO(CaSR)] by measuring its
ability to inhibit the stimulation
in HIIP production induced by

—
_—
CuOTf, CH,CN

n=123

9mm Ca’t.?? However, this N
. Conditions
compound (10 um) did not © _ >
. . described in
block the action of calcium Scheme 3

(data not shown), so it cannot
be considered to be a calcilytic
agent. By comparison, the calci-
lytic NPS 2143 effectively inhibit-
ed PHIIP production by 79+
19% at a tenfold lower concen-
tration. Replacement of the 5-membered ring of 7 by a 6-
membered ring was also easily accomplished by using 1,2-di-
hydronaphthalene (12) as starting material for the preparation
of the intermediate aziridine 13, but again, the product (14)
displayed no calcilytic activity.

The fused phenyl rings of 7 and 14 were then eliminated by
using cyclopentene and cyclohexene for the aziridination reac-
tion, providing, by way of the aziridine intermediates of
general structure 15, compounds 16 and 17, respectively
(Scheme 4). While again, the first of these compounds (16) did
not display a calcimimetic profile, the cyclohexyl derivative 17
now clearly demonstrated calcilytic properties. Thus, 17
(10 um) was able to block 33+4% of the Ca’* (4 mm) stimu-
lated [*H]IP production in CHO(CaSR) cells and 62+9% of the
IP response induced by 9-10 mm Ca** in the same cells (Fig-
ure 1A and Table 1). We then evaluated the effect of 17
(10 um) in inhibiting the IP response to Ca’* in AtT-20 (mouse
pituitary) cells that constitutively express the CaSR."'? AtT-20
cells responded to Ca** and induced a twofold increase of IP
response at 2 mm Ca’* compared to the basal level observed
at 0.3 mm Ca’", which corresponds to a high-affinity binding
site as previously reported in these cells.'? AtT-20 cells also
showed a 12-fold maximal increase of IP response at 8 mm
Ca’*. Compound 17 did not affect the response to 2 mm Ca**;
this indicates that this Ca** response was not sensitive to 17
in these cells. However, 17 reduced the response to 8 mm Ca®*
by more than 60% (Figure 1B); this indicates that it also dis-
played calcilytic properties towards the CaSR constitutively ex-
pressed in At-T20 cells. We then determined the potency of 17
in inhibiting the IP response elicited by 9 mm Ca’* in CHO-
(CaSR) cells. Analysis of the dose-response curve (Figure 2)
gave an IG5, for 17 of 5+2 um. Moreover, when 17 (10 um)
was tested on wild-type CHO cells [CHO(WT*)], that is, not ex-
pressing CaSR, [*H]IP accumulation was very limited (Figure 1A,
Q). In addition, the effects of ATP (300 um) acting on a puriner-
gic receptor, another G-protein-coupled receptor linked to PLC
activation, was not inhibited in either CHO(WT*) or CHO(CaSR)
cells (Figure 1C). These data indicate that 17 displays calcilytic
properties and selectivity for both the cloned rat and mouse
CaSR.
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Figure 1. Pharmacological properties of compound 17 on IP response in
CHO(WT*), CHO(CaSR) and AtT20 cells. CHO(WT*¥), CHO(CaSR) (A, C) or AtT-20
(B) cells were prelabelled overnight with myo-FHJinositol, washed twice with
basal Ham'’s F-12 medium supplemented with 10 mm LiCl and incubated at the
indicated extracellular Ca>* concentration alone, or in presence of 10 um com-
pound 17 (A, B). In (C), cells were incubated in presence of 2 mm extracellular
Ca’* and ATP (300 um) or compound 17 (10 um), or both. IP levels were meas-
ured as described in the Experimental Section. Data are expressed as percent-
age of IP response over basal level (IP/ % over basal) determined in presence of
2 mm extracellular Ca** in (A) and (C), or in counts per minute per well in (B),
and are means + S.E.M. of triplicates from a typical experiment representative
of 2-3 experiments. Compound 17 reduces the IP response induced by 4 or

10 mm Ca®* in CHO(CaSR) cells (A) or by 8 mm Ca** in AtT-20 cells (B) and
has no or limited effects on basal IP levels in CHO(WT?) cells at any Ca’* con-
centration tested (A); this indicates its specificity. It does not inhibit the IP
response induced by ATP acting through another G-protein-coupled receptor
expressed constitutively in CHO(WT*) or CHO(CaSR) cells (C).

1133



www.chembiochem.org



BIO

Table 1. Inhibition of the PHJIP accumulation produced by Ca’* (9 mm) in
CHO cells expressing rat cloned CaSR by the test compounds 17, 21, 24-31
(as hydrochloride salts).
RS}
AI‘\S,NH
NS
O/ \O
Compound Ar % inhibition of *H]IP
accumulation [107° m]

17 % 62+9
219 ©/ 2448

MeO
24 /@ 5844

O,N
25 ©/ 45+4

MeOQ %
26 Kj/ 3745

MeO
27 J@/ 7344

Cl
28 @: 27+2

Cl

29 /©/ 7547

F3C
30 62+7

“n

31 /(/_\S\ 5948

CI"~g” —Cl
[a] Has a double bond at the 4,5-position of the cyclohexyl ring.

This calcilytic activity was lost
when the cyclohexyl ring of 17
was replaced by a cycloheptyl
ring (18). Interestingly, replace-

O,SOZN=IPh
ment of the naphthyl group of © O.N 22

17 by a phenyl group (19) or by

CuOTf, CH,CN
4A molecular sieves

a 2-methyl-1-naphthylprop-2-yl 20°C -> 4°C
moiety identical to that found
in NPS 2341 (20) led to inactive
compounds, while introduction

of a double bond in the cyclo- 2
hexane ring of 17 (i.e., 21) led 25: ©/ 26:
to substantial loss of activity

100

80 -
T CHO(CaSR)

60 -
IP/ % of max.
40 -

20

0 T 1 T T T 1
-8 -7 -6 -5 -4
Log[compound17]/m —p

Figure 2. Potency of compound 17 in inhibiting Ca**-induced PHJIP accumula-
tion by the rat CaSR expressed in CHO(CaSR) cells. Concentration-dependent in-
hibition of Ca**-stimulated (9 mm) increases in the IP response by compound
17. Data are expressed as percentage of maximal Ca’* (9 mm) IP response (IP/
% of max) and are the means + S.E.M. of triplicates from a typical experiment
out of three experiments.

The cyclohexyl a-methylnaphthylamino derivative 17 was
then used as a template for the further study of the structure-
activity relationships in this new class of calcilytic agents, em-
phasis being given to variation of the substituents on the aryl-
sulfonyl moiety. These compounds were prepared as shown in
Scheme 5. Thus, reaction of cyclohexene with, this time, ((N-4-
nitrobenzenesulfonyl)imino)phenyliodane (22)*" in the pres-
ence of copper() triflate gave the N-nosyl-protected aziridine
23. The latter was smoothly opened by (RS)-1-(1-naphthyl)-
ethylamine to afford diamine 24, and the nosyl group was re-
moved by the action of the thiophenol anion.”® The resulting
primary amine could then be sulfonylated by various arylsul-
fonyl chlorides in the presence of base to give compounds
25-31.

As shown in Table 1, all the substituted N-(arylsulfonyl)amino
cyclohexane derivatives exhibited calcilytic actions to a greater
or lesser extent, depending on the type and the position of
the aryl substituent. Thus, with compound 17 as the standard,
both removal of the 4-methoxy group (25) and addition of a

N

) 0
o) @ i O 1 S\N“'Q
o=5-N Et,N, THF, RT J@/ H HN
O,N O
23 24

NO, 1. PhSH, K,CO,, CH,CN,
DMSO, 50°C
2. ArSO,CI, Et;N, CH,Cl,

(2448% inhibition). The cyclo- a4 28 @E"z 29 O"i 20 "2 -
hexyl and 1-(1-naphthyl)ethyl o FiC Ar N ‘
groups thus seem to be mini- HN

%
. . 4
requisites to 3 C"(SIQ

mum  structural
assure activity

family of 1,2-diamino calcilytics. Scheme 5. Arylsulfonyl modifications.
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3-methoxy group (26) led to some loss of calcilytic activity
(454+4% and 37+5% inhibition, respectively, at 107> m). Re-
placement of the electron-donating methoxy group of 17 by a
strongly electron-withdrawing nitro group (24) had little effect
on the measured activity (58 +4%), while replacement by a
chlorine atom (27) produced a slight increase in activity (73+
4%), which was lost when the chloro atom was placed in the
2-position (28, 27 £2%). The 4-trifluoromethyl derivative (29)
was found to be equipotent (75+7% inhibition) with the 4-
chloro analogue 27. Finally, the use of aromatic rings other
than phenyl also furnished active calcilytics. Thus, the 2-naph-
thylsulfonamide 30 and the 3-(2,2-dichlorothiophene)sulfona-
mide 31 were only slightly less active than 17 (62+7% and
594 8% inhibition, respectively).

Thus, by the simple tactic of constructing rigid analogues of
the highly flexible calcimimetic derivative 5, we have devel-
oped a new family of CaSR calcilytics having, as an essential
feature, a 1,2-diaminocyclohexane backbone of general struc-
ture 17. The rigidification imparted to these compounds by a
cycloalkyl ring is indeed important for calcilytic activity. Howev-
er, simple constraint is not a sufficient condition for imparting
such activity since, all else being identical, the cyclopentyl and
cycloheptyl analogues as well as the cyclohexene derivative
(16, 18 and 21, respectively) are inactive. These diamino cyclo-
hexyl derivatives provide a large number of positions where
structural variations can be introduced in an effort to increase
their activity, as this preliminary study demonstrates, and, most
importantly, modulate their pharmacokinetic properties. Work
in this direction is currently underway.

Experimental Section

Preparation of compound 23: A mixture of cyclohexene (4.87 mL,
48 mmol), copper triflate (569 mg, 1.6 mmol) and 4 A molecular
sieves in acetonitrile (32 mL) was cooled to —20°C, and solid ((4-ni-
trobenzenesulfonyl)imino)phenyliodane (22, 6.49 g, 16 mmol) was
added in portions with stirring. Stirring was maintained for 6 h at
—20°C after completion of the addition and then for 16 h at 4°C.
The reaction mixture was filtered through celite, the filtrate was
concentrated under vacuum, and the residue was purified by
column chromatography on silica gel (heptane/ethyl acetate 8:2)
to afford aziridine 23 as a pale yellow solid (57 %). M.p. 134-136°C;
'H NMR (250 MHz, CDCl;) 6 =1.24-1.44 (m, 4H; H-3, H-4), 1.82 (m,
4H; H-2, H-5), 3.13 (m, 2H; H-1, H-6), 8.15 (d, 2H; J,3=11.3 Hz, H-
2)), 839 (d, 2H; Jy,=11.3 Hz, H-3); *CNMR (62.5 MHz, CDCl3) 6 =
19.2, 22.7, 41.0, 124.2, 128.8, 145.0, 151.0; IR (film) 7=1172, 1347,
1540 cm™'; ESMS m/z: 282 [M+H]"; elemental analysis calcd (%)
for C,,H,,N,0,5: C 51.05, H 5.00, N 9.92, S 11.36; found: C 50.94, H
5.02, N 10.04, S 11.07.

Preparation of compound 24: A solution of aziridine 23 (1 equiv),
(R,S)-1-(1-naphthyl)ethylamine (11, 2equiv) and triethylamine
(0.7 equiv) in anhydrous THF (c=0.25m) was stirred for 16 h at
room temperature. The solvent was removed under vacuum, and
the residue was purified by column chromatography on silica gel
(heptane/ethyl acetate 8:2, then 7:3). A first diastereomer of com-
pound 24 (less active) was eluted and was isolated as a yellow
solid (50%). M.p. 159-161°C; "H NMR (300 MHz, CDCl;) 6=0.83-
1.01 (m, 1H; H-4a or H-5a), 1.16-1.34 (m, 3H; H-4, H-5b or H-4a, H-
5), 144 (d, 3H; J=6.0 Hz, CHCH,), 1.62-1.78 (m, 2H; H-3 or H-6),

ChemBioChem 2004, 5, 1131-1136 www.chembiochem.org
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2.14-2.26 (m, 2H; H-6 or H-3), 2.47 (dt, 1H; J=3.0 and 9.0 Hz, H-1),
265 (dt, TH; J=3.0 and 9.0Hz, H-2), 467 (q, 1H; J=6.0 Hz,
CHCH;), 7.43-7.50 (m, 4H; ArH), 7.69-7.76 (m, 1H; ArH), 7.87-7.92
(m, 3H; ArH), 8.00-8.35 (m, 3H; ArH); *C NMR (75 MHz, CDCl;) 6 =
229, 24.1, 247, 31.7, 32.6, 49.6, 57.8, 58.4, 1224, 122.8, 123.9,
124.4, 125.5, 125.6, 126.0, 127.7, 128.3, 129.2, 130.5, 134.0, 140.5,
146.0, 149.8; IR (KBr) #=1165, 1348, 1529, 3303 cm™'; ESMS m/z:
454 [M+H]™".

Continued elution of the chromatography column provided the
second diastereomer of compound 24 (more active) (50%):
"H NMR (300 MHz, CDCl;) 6=0.80-1.27 (m, 4H; H-4, H-5), 1.41 (d,
3H; J=6.0 Hz, CHCH,), 1.46-1.60 (m, 2H; H-3 or H-6), 1.92-2.00 (m,
2H; H-6 or H-3), 2.19-2.22 (m, 1H; H-1), 2.80 (dt, 1H; J=6.0 and
12.0 Hz, H-2); 470 (g, 1H; J=6.0 Hz, CHCH,), 7.45-7.50 (m, 4H;
ArH), 7.74-7.77 (m, 1H; ArH), 7.86-7.90 (m, 3H; ArH), 8.20-8.27 (m,
3H; ArH); *CNMR (75 MHz, CDCl;) 6 =22.5, 24.2, 24.6, 31.7, 324,
499, 57.7, 58.5, 122.4, 122.9, 124.2, 125.7, 126.2, 127.9, 128.3, 129.3,
131.3, 134.3, 141.4, 147.1, 149.8; IR (KBr) #=1165, 1348, 1529,
3303 cm™'; ESMS m/z: 454 [M+H]™; elemental analysis calcd (%)
for C,4H,,N;0,5: C 63.55, H 6.00, N 9.26, S 7.07; found: C 63.45, H
5.97, N 941, S 6.99.

General procedure for the preparation of sulfonamides 25-31: A
solution of compound 24 (1 equiv of the mixture of diastereomers)
in acetonitrile/DMSO (96:4, concentration 0.165 mmol in 2 mL) was
treated with solid potassium carbonate (4 equiv) and thiophenol
(3 equiv). The reaction mixture was stirred for 6 h at 50°C, then
cooled, and the solvents were evaporated under reduced pressure.
Purification of the residue by column chromatography on silica gel
(ethyl acetate/methanol 2:1, then 1:1) afforded the free primary
amine (1:1 mixture of diastereomers) as a pale yellow oil in quanti-
tative vyield. '"HNMR (250 MHz, CDCl;) 0=0.84-1.03 (m, 3H;
Heyciohexds 1.05-1.26 (M, 3H; Heyoned: 147 (d, 1.5H; J=6.0 Hz, CHCH,
of diastereomer 1), 1.48 (d, 1.5H; J=6.0 Hz, CHCH, of diastereomer
2), 1.56-1.67 (M, 1H; Heyoneds 1.85-1.98 (M, TH; Hoyeioner), 2.06-2.18
(m, TH; H-2), 2.29 (dt, 0.5H; J=5.5 and 11.5 Hz, H-1 of diastereom-
er 1), 237 (dt, 0.5H; J=5.5 and 11.5 Hz, H-1 of diastereomer 2),
4.77 (g, 0.5H; J=6.0 Hz, CHCH; of diastereomer 1), 4.88 (q, 0.5H;
J=6.0 Hz, CHCH, of diastereomer 2), 7.42-7.52 (m, 3H; ArH), 7.65-
7.74 (m, 2H; ArH), 7.84-7.87 (m, 1H; ArH), 8.18-8.23 (m, TH; ArH);
3C NMR (62.5 MHz, CDCl;) 6 =22.9, 24.8, 24.9, 25.0, 25.3, 31.4, 32.1,
34.5, 354, 504, 50.5, 55.6, 55.7, 60.1, 61.2, 122.7, 1229, 123.1,
123.3, 125.2, 125.5, 125.6, 125.7, 127.0, 127.1, 128.9, 130.6, 133.8,
134.6, 141.3, 142.9; ESMS m/z: 268 [M+H]*.

A solution of this amine (1 equiv) in dichloromethane (c=
0.5 mmol in 6 mL) was treated with triethylamine (1 equiv) at room
temperature and, after 10 min, with the appropriate arylsulfonyl
chloride (1 equiv). The reaction mixture was stirred for 15 h, the
solvent was removed under reduced pressure, and the residue was
purified by column chromatography on silica gel (heptane/ethyl
acetate 8:2, then 7:3). The more slowly moving component, corre-
sponding to the more active sulfonamide diastereomer, was
isolated.

Cell culture: CHO(CaSR) and CHO(WT?*) are Chinese hamster ovary
cells transfected or not, respectively, with the rat calcium-sensing
receptor and have been described.”? These cells and AtT-20 cells
were cultured in basal Ham's F-12 medium (0.3 mm Ca**, 0.6 mm
Mg?**) as previously described.">??

[PHlInositol phosphate ([*H]IP) formation: Cells were cultured
overnight in their growth medium containing myo-[*HJinositol
(0.5 uCimL™", Amersham Biosciences) in 24-well plates. Calcilytics
were dissolved at 10 mm in ethanol and then diluted in basal
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medium. The activation of phospholipase C was estimated after
quantification of [*H]IP accumulation performed as described.??
The [HIIP responses of CHO(CaSR) and CHO(WT*) cells and AtT-20
cells were determined at the indicated calcium concentration in
the presence or not of ATP and compound 17, as indicated. Other-
wise, calcilytics were evaluated in presence of Ca** (9 mwm). In all
cases, the calcilytics were incubated for 30 min in the presence of
the calculated final concentration of Ca®*. Under these experimen-
tal conditions, no precipitation of material in the medium was ob-
served after addition of Ca’™.
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Direct Detection of a Specific
Cellular mRNA on Functionalized
Microplate

Mohammed Alsaidi, Elena Lum, and Zhen Huang*"

Systems design for nucleic acid detection and quantification,
such as the bDNA assay, transcription-based amplification, roll-
ing circle system, real-time PCR, and DNA microarrays, has long
been an interest of research."” Gene-expression profiling and
mRNA analysis in functional genomics have revealed insights
into biological systems and disease mechanisms at a molecular
level.” Extremely low quantities of cellular RNAs can be de-
tected and analyzed by real-time PCR“Jand up to tens of
thousands of genes can be monitored simultaneously by using
DNA microarray technologies, including both ¢cDNA and oligo-
nucleotide arrays."® Instead of direct analysis of mRNA, real-
time PCR and DNA microarray technologies analyze mRNA ex-
pression indirectly by reverse transcription, DNA polymeriza-
tion, transcription, and fluorophore labeling and detection. De-
velopment of a direct, simple, rapid, accurate, and sensitive
system for RNA (particularly individual mRNA) detection and
quantification is a big challenge. Unfortunately, few general
strategies can meet these requirements, particularly if the RNA
is significantly degraded. We report here the development of a
simple and direct system for rapid detection and quantification
of mRNAs in a total mRNA or total RNA sample that will meet
such needs.

This novel system based on the RNA 3'-labeling approach,”
in which a targeted RNA is extended and labeled by using la-
beled-dNTPs and DNA polymerase on a DNA template. Our
previous success in the liquid phase®®” has encouraged us to
explore RNA detection and quantification in the solid phase
(such as on a microplate and microchip) by immobilization of
the template. Though mRNA with 3’-poly(A) can be labeled
and detected in a total RNA sample by using a poly(T) tem-
plate,” labeling and detection of a specific mRNA transcript is
a challenge due to the 3'-common sequences, such as the 3'’-
untranslated region (3'-UTR) and 3'-poly(A) tail in eukaryotic or-
ganisms. In order to perform detection and quantification for a
specific mMRNA in the solid phase, its 3'-region needs to be re-
moved so as to expose its unique internal sequence for selec-
tive labeling and detection. Unlike DNA restriction endonu-
cleases, an RNA endonuclease capable of selectively cutting
RNA is not readily available. Fortunately, RNase H can be used
as an “RNA endonuclease” in the presence of a DNA guiding
sequence, as RNase H is capable of cutting RNA in an RNA/
DNA duplex.”! In addition, RNase H does not digest an RNA/
RNA duplex, including an RNA/2'-Me-RNA duplex.® Therefore,
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Ph.D. Programs of Biochemistry and Chemistry
The Graduate School of the City University of New York
2900 Bedford Avenue, Brooklyn, New York 11210 (USA)
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we designed a 5'-DNA-(2'-Me-RNA)-3" hybrid template in which
the DNA and RNA sequences serve as a guiding sequence and
a protecting sequence, respectively. Furthermore, the 5-DNA
sequence also serves as the template for Klenow extension.
Immobilization of the 3'-terminus of the DNA-RNA hybrid
template on a microplate allows immediate Klenow labeling
following RNase H digestion of the mRNA 3'-region. As the un-
digested 5'-region of mRNA might interfere with the solid sur-
face and the enzymatic reactivities, we later designed a 5'-
DNA-(2'-Me-RNA)-DNA-3" template. The 3'-DNA sequence can
also guide RNase H to cut off the RNA 5-region (Scheme 1).

fe) [¢]
] H,N ] 5'
/ l_ C-O-N 3 3'-DNA------ (2'-O-Me-RNA)----- DNA-5' template
/
o template immobilization
% 5
/| 3

/
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Scheme 1. Schematic flow chart of specific RNA detection on a microplate.

The double digestion of the RNA target leaves a short RNA
fragment hybridized to its template in the solid phase for de-
tection and quantitation. This template design allows detection
of partially degraded mRNAs in real-life samples. In addition, to
avoid interference of the microplate surface with enzymatic ac-
tivities, the template needs to be sufficiently long. Our experi-
ments showed that the 3-DNA sequence (10 nucleotides) al-
lowed effective removal of the RNA 5’-region by RNase H.

The hybrid template can be immobilized through a 3'-NH,
group on a microplate by N-hydroxylsuccinimide (NHS) dis-

placement.” Incubation of a mixed RNA population on the
functionalized microplate results in hybridization of a specific
RNA to the template and the unbound RNAs are washed away.
Hapten labels (such as biotin) are introduced via the Klenow
extension following RNase H digestion of the bound RNA. The
enzyme-binder conjugate (for example, antibiotin antibody-
alkaline phosphate (AP) conjugate) specifically binds to the im-
mobilized RNA target through binding of the hapten label. The
immobilized enzyme catalyzes a chemiluminescence reaction
in the presence of substrates (e.g., dioxetane substrate);"” this
allows detection of the specific RNA. Unlike DNA microchip
and real-time PCR technologies, the signal here is amplified by
the enzyme-catalyzed substrate turnover."

Incorporation of multiple labels, such as biotinated dATPs,
can further enhance the signal. Therefore, RNA24.1 (5-AUGUG-
GAUUGGCGAUAAAAAACAA-3', a section of the lacZ mRNA se-
quence) was chosen as the target RNA, and DNA35.1 (5'-
d(GTTGTTTTTT)-2"-Me-RNA(AUCGCCAAUCCACAU)-d(CTGTGAA-
AGA)-NH,-3’) was designed as the template for RNA 24.1 and
the double digestion template for lacZ mRNA. As expected, in
the absence of substrate RNA24.1, template, enzyme, or label,
there was no chemiluminescent signal (wells 1-4, Figure 1A).
The signal was observed when all reagents were properly used

A) well
1 2 3 4 5

B) well

1 2 3 4
1 I 1 i

=

Figure 1. A) Enzymatic detection of RNA on a 96-well microplate. Target
RNA24.1 (1 pmol) and template DNA35.1 (100 pmol). The experiments were
conducted with RNase H digestion and Klenow extension followed by incuba-
tion with the antibody-AP conjugate, and the film was exposed on the micro-
plate for 1 h after the addition of the dioxetane substrate. Well 1, no RNA24.1;
well 2, no DNA35.1; well 3, no biotin-dATP; well 4, no Klenow; well 5, the posi-
tive experiment with all reagents; B) Detection sensitivity studies (5 h exposure).
Well 1 no RNA24.1; well 2, 1x 10" mol; well 3, 1x 10~ mol; well 4,

1x107"” mol.

(well 5, Figure 1A), indicating the presence and detection of
the target RNA24.1. By varying the RNA quantity, it was shown
that the RNA-detection sensitivity can reach as high as 1 fmol
(107" mol) of RNA (Figure 1B). Due to a longer exposure (5 h),
the background was also observed. Naturally, a shorter expo-
sure time reduced the background (Figure 1A). The signal-to-
noise ratio and sensitivity can be significantly increased by
using smaller microwell-plates or microchips. As the back-
ground is generated by nonspecific binding of the conjugate,
we washed the plates extensively to remove such conjugates.
Other approaches, such as protein blocking and chemical coat-
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ing can also prevent nonspecific sticking of the enzyme
conjugate.

To investigate detection specificity, two yeast mRNA samples
were prepared. One sample contained lacZ mRNA isolated
from a yeast strain (CWXY2) containing galactose-inducible
lacZ-expressing plasmids (PEG202/Ras, PJG4-5/Raf, pCWX24),”
and the other was isolated from glucose-repressed cells that
contained no lacZ mRNA." The experimental results showed
that galactose-induced lacZ mRNA generated a strong signal
(well 1, Figure 2), while glucose-repressed lacZ mRNA only gen-

well 1 2 3
4 5

Figure 2. Selective detection of lacZ mRNA on a microplate. Total mRNA and
RNA24.1 for each experiment were 0.1 ug and 10 fmol, respectively (6 h expo-
sure). Well 1, galactose-induced mRNA; well 2, glucose-repressed mRNA; well 3,
no RNA (negative control); well 4, glucose-repressed mRNA and RNA24.1;

well 5, RNA24.1 (positive control).

erated a signal at the background level (wells 2 and 3,
Figure 2). As yeast contains thousands of mRNAs," these ex-
perimental results showed that lacZ mRNA can be selectively
labeled and detected on the microplate in the presence of
many other mRNAs. In addition, comparison of wells 2 and 4,
in which RNA24.1 was added to glucose-repressed mRNA, re-
vealed that detection of the specific RNA was not interrupted
by any other yeast mRNAs. Well 5 was the positive control
with RNA24.1.

In conclusion, we have demonstrated for the first time a
novel system for RNA-specific detection on a microplate by im-
mobilizing the hybrid templates and using an enzyme label
(e.g., AP). Unlike DNA microarray and real-time PCR," this ap-
proach is direct, simple, cost-effective, and rapid without re-
verse transcription, PCR, transcription, laser excitation, or fluo-
rescence detection. This method is exquisitely selective as only
lacZ mRNA was specifically detected among all of the mRNA
molecules, and the sensitivity is high, at the femtomole level.
The detection sensitivity can be further increased if a smaller
plate or a microchip is used (work in progress). Experimental
time and steps will be further saved by using microchips. Back-
ground reduction can also increase the detection sensitivity.'?
Since a short portion of a mRNA molecule is needed for the
detection, this RNA-detection approach is suitable for analysis
of environmental samples, in which mRNAs are partially de-
graded. This novel strategy has great potential in developing
methodologies for rapid on-site detection of bacteria and vi-
ruses by identification of their signature RNAs. This strategy is
being applied to the development of RNA microarray technol-
ogy by systematic template immobilization on microchips. This
will allow for the rapid detection of pathogens and diseases in
an emergency, for point-of-care diagnosis, and for direct gene-
expression profiling.
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Experimental Section

Immobilization of the RNA-DNA hybrid template containing a
3'-NH, group on the DNA-binding plate: Coupling buffer (10 uL,
Na,HPO, (50 mm) EDTA (10 mm), pH 9.0), RNase-free water (89 pL),
and the 3'-NH,-template (1 L, 0.1-0.6 mm) were added to the
DNA-binding 96-well plate (Corning), and the plate was incubated
for 1 h at 37°C. Each well was then washed three times with post-
coupling washing buffer (250 uL, NaCl (150 mm), maleate
(100 mm), pH 7.5) to remove the nonimmobilized templates.

RNA binding and washing: After addition of 5XSSC buffer (50 uL,
Nadl (3.0 m), sodium citrate (3.0 M), pH 7.0) to each well, RNA sam-
ples (1 pL each) were added to the wells. The plate was then incu-
bated at room temperature for 30 min. Subsequently, the unbound
RNAs were removed by washing each well three times with 2XSSC
buffer (250 pL, NaCl (1.2 m), sodium citrate (0.12 m), pH 7.0).

RNase H digestion: After addition of RNase H buffer (50 uL, Tris-
HCI (50 mm) pH 7.5; KCI (40 mm), MgCl, (6 mm), 1,4-dithio-pL-threi-
tol (DTT; 1 mm), BSA (0.1 mg mL™")) to each well, RNase H (1.0 pl,
0.2 upL™") was added to each well, followed by 30 minutes’ incu-
bation at 37°C.

Klenow extension: After draining the RNase H solution from each
well, Klenow buffer (50 uL, Tris-Cl (10 mm), pH 7.5;, MgCl, (5 mm),
DTT (7.5 mm)) was added to each well, followed by addition of the
Klenow fragment (1 uL, TupL™") and Biotin-7-dATP (1 pL, 1 mm).
The plate was incubated for 1 h at 37°C. Subsequently, the unin-
corporated biotin-dATP was removed from each well by washing
twice with blocking buffer (250 uL, 1X, Sigma). Moreover, blocking
buffer (250 pL, 5X, Sigma) was used to wash each well.

Enzyme binding and chemiluminescence detection: After the
polymerase extension, blocking buffer (100 pL, 1X, Sigma) was
added to each well, followed by addition of the antibiotin—AP con-
jugate (1 pL, 300-fold-diluted conjugate with blocking buffer (1X,
Sigma)). The plate was then incubated for 20 min at room temper-
ature. After the incubation, each well was washed four times with
washing buffer (250 uL, 1X, Sigma) and once with alkaline phos-
phatase buffer (250 uL, 1X, Sigma). Finally, the CDP™ substrate
(90 pL, Sigma) and alkaline phosphatase buffer (10 uL, 10X, Sigma)
were added to each well. Film was exposed on the transparent
bottom of the DNA-binding plate to record the chemilumines-
cence emitted. Chemiluminescence may also be recorded by lu-
minometer microplate reader.
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Signaling Aptamers for Monitoring
Enzymatic Activity and for Inhibitor
Screening

Razvan Nutiu, Jasmine M. Y. Yu, and Yingfu Li*®

We examined fluorescence-signaling aptamers as real-time
reporters for quantifying enzyme activities and identifying
enzyme inhibitors. The conversion of adenosine 5'-monophos-
phate (AMP) into adenosine by alkaline phosphatase (ALP) was
used as a model reaction, and a previously described struc-
ture-switching signaling DNA aptamer'’ was employed as a
model reporter. The signaling aptamer, which has a higher af-
finity for adenosine than for AMP"? is able to generate a two-
leg signaling profile. The first leg of the signal is produced
upon addition of AMP and indicates the formation of a reac-
tant-aptamer complex. The second leg is produced upon addi-
tion of ALP and reports the enzymatic conversion of the reac-
tant into the product.

Aptamers are single-stranded nucleic acids with ligand-bind-
ing capabilities that can be isolated from random-sequence
nucleic acid pools.>”" Several reports have been published
that describe the use of fluorescence-based signaling aptam-
ers"® or signaling ribozymes and deoxyribozymes™ ¥ to
detect small molecules and proteins in solution. We recently
described a strategy for preparing signaling DNA aptamers
that function by a mechanism involving coupled structure
switching and fluorescence dequenching.!” Signaling aptamers
usually display signals of great magnitude (more than tenfold
fluorescence increase upon target binding) and are capable of
real-time reporting at low temperatures (15-37 °C). These prop-
erties led us to speculate that structure-switching signaling ap-
tamers might be used as sensitive probes to report enzyme-
mediated reactions in real time.

Take a simple chemical reaction A—B as an example. For a
signaling aptamer to be useful for reporting this chemical
transformation in real time it must exhibit a different level of
fluorescence in the presence of A than with B. If the signaling
aptamer has a higher level of fluorescence in the presence of
B, the A-to-B transformation can be monitored conveniently by
following the increase in the fluorescence intensity of the sig-
naling aptamer. If an enzyme mediates the chemical reaction,
the presence of the fluorescent aptamer reporter should
permit real-time monitoring of the activity of the enzyme, as
well as screening for small-molecule inhibitors.

We found previously that the structure-switching ATP report-
er shown in Figure 1A is able to generate signals with different
fluorescence intensities depending on whether adenosine or
one of its 5'-phosphorylated analogues is used as the target.

[a] R. Nutiu, J. M. Y. Yu, Prof. Y. Li
Departments of Biochemistry and Chemistry, McMaster University
1200 Main Street West, Hamilton, L8N 3Z5, Ontario (Canada)
Fax: (+ 1) 905-522-9033
E-mail: liying@mcmaster.ca
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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Figure 1. An anti-ATP signaling aptamer and its ability to distinguish adenosine, AMP, ADF, and ATP. A) DNA sequences used for construction of the structure-switch-
ing signaling aptamer and the mechanism of signal generation. Two adenosine molecules are shown in the aptamer—target complex in accordance with the struc-
ture of the DNA aptamer as determined by NMR spectroscopy (see ref. [14]). B) The two-leg signals observed with the reporter system. The first leg is observed upon
addition of each target (final concentration, 0.75 mm), and the second upon addition of calf intestine ALP (1 unit enzyme in 500 uL solution). Details are given in

the Experimental Section. C) Dephosphorylation of ATP by ALP. FDNA, fluorophore-DNA; QDNA, quencher-DNA; MAF, aptamer.

Upon addition of 750 um adenosine, AMP, adenosine 5'-di-
phosphate (ADP), and adenosine 5'-triphosphate (ATP), the in-
tensity of the fluorescence emission from the signaling aptam-
er increased 8.1, 5.3, 8.3, and 6.9-fold, respectively, compared
to the background reading (Figure 1B, each target was added
after the signaling aptamer mixture had been incubated for
10 min, as indicated by the first dashed line). These results are
consistent with the affinity profiles observed by Kennedy and
co-workers in affinity chromatography experiments with the
same aptamer as the stationary phase.”” These observations
led us to speculate that the signaling aptamer is a suitable re-
porter for nucleotide-dephosphorylating enzymes such as alka-
line phosphatase, which is known to remove the 5-phosphate
groups from ATP, ADP, and AMP to convert each of these spe-
cies into adenosine (Figure 1C).

ALP was added to each target/aptamer mixture 10 minutes
after addition of the target (Figure 1B, second dashed line).
ALP addition did not cause any intensity change in the adeno-
sine solution (green crosses) or the solution lacking all the ade-
nosine analogues (black empty circles). This result was expect-
ed since no chemical reaction occurred in these solutions. ALP
promoted a rapid fluorescence intensity increase in the AMP
solution (filled dark blue circles). This increase indicates the
generation of adenosine, for which the aptamer has a higher
affinity than for AMP. The ALP-promoted intensity change in
the ADP solution (filled red triangles) was most intriguing: the
intensity initially decreased, then slowly returned to the origi-
nal level. Since ADP contains two phosphate groups (o and
phosphates), two dephosphorylation reactions should occur
(see Figure 1C) upon addition of ALP. The initial intensity drop
is consistent with the removal of the 3-phosphate group (gen-
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eration of AMP from ADP, coupled with fluorescence intensity
decrease). The eventual intensity recovery is the result of AMP
accumulation and subsequent removal of the a-phosphate
group (generation of adenosine from AMP, coupled with fluo-
rescence enhancement). Addition of ALP to the ATP solution
(light blue diamonds) induced a slow fluorescence increase.
This result can be explained by the signaling behaviors associ-
ated with three dephosphorylation reactions: the removal of
the y-phosphate group from ATP (generation of ADP, accom-
panied by fluorescence increase), the removal of the -phos-
phate group (generation of AMP, accompanied by fluorescence
decrease), and the removal of the a-phosphate group (genera-
tion of adenosine, accompanied by fluorescence increase). It
appears that the fluorescence gain resulting from the first and
the third reactions always surpasses the fluorescence loss asso-
ciated with the second reaction over the entire incubation
period. These observations indicate that the ATP reporter can
be utilized as a probe to report reactions catalyzed by ALP in
real time.

We chose to examine the AMP-aptamer system further to
determine whether the ATP reporter can also be used to quan-
tify ALP activity. We first established the AMP concentration
that produced the largest signal in response to the AMP-to-ad-
enosine transition (see Figure 1A in the Supporting Informa-
tion) by determining the fluorescence intensity differential (AF,
defined as F,genosine—Famp) @s @ function of the target concentra-
tion. A bell-shaped curve was recorded with a AF peak at
target concentrations of around 500-1000 um (Figure 1B, Sup-
porting Information).

Next, we studied the signaling responses of the aptamer
during the second leg of the signaling profile in the presence
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of 0.75 mm AMP and various amounts of calf intestine ALP. We
tested seven different amounts of ALP ranging from 10 to
107 units in progressive 10-fold dilution steps. ALP was added
to a 500-pL solution of the aptamer-AMP complex in the 25th
minute of the experiment (see Figure 2 A and the Experimental
Section for details). We used the results of these tests to deter-
mine the signaling rate as a function of the effective ALP con-
centration (Figure 2B; the x and y axes are both on a logarith-
mic scale). The signaling rate corresponds to the speed of fluo-
rescence intensity increase in the initial linear signaling phase
following ALP addition and was used as a way to measure the
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Figure 2. Monitoring the activity of ALP in real time by using a signaling ap-
tamer that reports the occurrence of an AMP-to-adenosine transition. A) Two-
leg signaling profiles. The second signal is produced as a result of the addition
of calf intestine ALP. ALP was added in various amounts over a range of seven
orders of magnitude (the amount of ALP added to each 500 uL solution is
given in the insert). B) Signaling rate versus concentration of ALP. Details are
given in the Experimental Section.

ChemBioChem 2004, 5, 1139 -1144 www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

enzyme activity. A linear relationship between signaling rate
and ALP concentration was observed over an enzyme concen-
tration range covering six orders of magnitude (2x1078-2x
1072 unitpL™") with a fixed substrate concentration (the AMP
concentration was set at 0.75 mm). These data indicate that
the signaling aptamer can be utilized as a sensitive probe for
the quantification of effective ALP concentrations.

We also investigated the potential utility of structure-switch-
ing signaling aptamers as reporting probes for screening small
molecules for enzyme inhibitors. The use of aptamers to estab-
lish novel small-molecule screening assays has been demon-
strated in two previous studies. Janjic et al. used protein-bind-
ing aptamers covalently labeled with a fluorophore.”” More
recently, Famulok and co-workers designed a fluorescence-
signaling allosteric ribozyme system (an aptamer-ribozyme
conjugate) to screen for inhibitors of protein enzymes.?" We
conducted a proof-of-principle, small-molecule screening ex-
periment with our signaling aptamer system. Levamisole and
its racemic mixture tetramisole (the chemical structures are
shown in Figure 2 of the Supporting Information) are two
known inhibitors of porcine ALP (as well as some other
mammal ALPs but not calf intestine ALP) that have inhibition
constants, K, in the low micromolar range.”**® We reasoned
that addition of an appropriate amount of levamisole or tetra-
misole to an anti-ATP signaling aptamer solution containing
AMP should attenuate the activity of any porcine ALP added
to the mixture. This reduced activity should lead to a slower
rate of fluorescence intensity increase in the signaling aptamer
solution than was observed in the absence of the inhibitor.
Indeed, when levamisole or tetramisole (0.1 mm) was added to
a signaling aptamer mixture containing AMP (0.75 mm), the
signaling rate showed that the rate of the AMP-to-adenosine
conversion promoted by porcine kidney ALP was considerably
reduced relative to that of the uninhibited reaction (Figure 3 A).
Nine other noninhibiting chemical compounds were chosen at
random as controls and were tested at the same concentration
as the known inhibitors. As expected, no significant rate reduc-
tion was observed with these compounds. We performed an
inhibition assay on the same eleven compounds in a 96-well
plate to demonstrate the feasibility of exploiting structure-
switching signaling aptamers for high-throughput screening of
small molecules for enzyme inhibitors (Figure 3B). A mixture
containing the anti-ATP signaling aptamer, AMP (0.75 mwm), and
one of the eleven test compounds (0.1 mm) was produced for
each well. Two fluorescence readings were taken from each
well: the first was recorded when the porcine ALP was added
(Fini) and the second was recorded 60 minutes later (Fgn.). A
control well containing the signaling aptamer and AMP but
lacking a test compound was also examined. The inhibitory
effect of each compound is represented by the residual activity
of the enzyme (percentage activity; Figure 3B) and was calcu-
lated as (Fenar/Finid)compound/ (Foinal/ Finidcontror- The results shown in
Figure 3B clearly indicate that structure-switching signaling ap-
tamers are suitable for high-throughput screening.

To further verify the reliability of the signaling aptamer
system, we used the system to determine the IC;, value of le-
vamisole for ALP. We plotted the initial rates of the ALP-cata-

1141



www.chembiochem.org



BIO

A & .
hib M *No.Chamicel
1.5 { Inhibitor added Af' ey R DS
‘,:;, ¢ i Tetramisole HCI
ALP added » Sl o5 w2y« W12l
K o Antipain HCI
e, + Bastatin HCI
i & Desipramine HCI
E Tetramisole © 8-CP-Ade
B
= = Colchinine
N P Y ool Papaverine HCI
- Levamisole = AEBSF
a Quabain
0.8
0 20 40 &0 80 100
Time / min
o 150 1
125 A
100 4
2
= 75 4
=
S 50
{
25 1
n o
A o % 1, & o
OMERCARAARNAY
%,., B ‘&"6 4)/% %
C 0.04 —
s | ¢
o
é 0.02 - °
=
g .
s
n [ ]
L ]
i IC, =555+ 1.62 UM [ ]
107 1 10 102 10°
log (1), pm

Figure 3. Signaling aptamers as probes for screening small molecules for
enzyme inhibitors. A) Real-time monitoring of porcine ALP activity in the pres-
ence of various small molecules (including the known ALP inhibitors levamisole
and tetramisole) by using the signaling aptamer. B) Inhibition assays performed
in a 96-well plate. C) Determination of the IC,, value of levamisole for mammal
kidney ALP. Details are given in the Experimental Section.

lyzed reaction in the presence of different amounts of levami-
sole (see the Experimental Section for details) against the con-
centration of levamisole and obtained a sigmoidal curve from
which an ICs, value of 5.554+1.62x107°m was calculated (Fig-
ure 3C). We then used the equation IC;,=K/[1+ ([SI/K.,)] to
calculate a K; value of 8.38+2.44x10°m for levamisole ([S] is
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the concentration of the substrate, 0.75x 107> m; K,, is the Mi-
chaelis constant of mammal kidney ALP for AMP, which has
been reported as 1.47x103m).?? This K; value is in good
agreement with that previously reported for mammal kidney
ALP with AMP as a substrate (9.86 x 107° m).2

In conclusion, we have demonstrated that structure-switch-
ing signaling aptamers can be used as real-time reporters of
enzyme-mediated chemical reactions. To our knowledge, this is
the first study to exploit signaling aptamers as fluorescent re-
agents for reporting a chemical reaction in real time. We also
demonstrated that signaling aptamers can be used as sensitive
probes for the quantification of enzyme activities as a result of
their large dynamic detection range and very low detection
limit. Furthermore, we have shown that structure-switching
signaling aptamers are compatible with high-throughput
screening technology for the identification and characteriza-
tion of enzymatic inhibitors.

The signaling aptamer system described herein needs fur-
ther improvement to achieve better performance and more
tests are required to determine its general applicability. For ex-
ample, although our signaling aptamer system offers a unique,
two-leg signaling profile that can be exploited as a built-in
checking mechanism to reduce the chance of reporting false
positives, the magnitude of the signal in the second signaling
leg is relatively small (around 50% increase in intensity com-
pared to the first leg; see Figure 2A and Figure 3 A). One possi-
ble way to improve the magnitude of the signal is to develop
fluorescent aptamers that exhibit a much higher affinity for the
product of a given reaction than for the reactant. Such aptam-
ers can be created by using an in vitro selection technique
through which aptamers are selected for the product as well
as against the reactant. At the same time, in vitro selection can
produce aptamers that have optimum performance at the pH
value and metal ion concentration required by the enzyme to
enhance the overall performance of the system. Although the
anti-ATP signaling aptamer described herein probably distin-
guishes adenosine from AMP by the difference in charge be-
tween the two species, aptamers with the ability to distinguish
structurally similar compounds with no charge difference have
also been reported.”**” The described assays can, in principle,
be applied to any reaction for which a signaling aptamer
system that can distinguish the product from the reactant can
be established. Our signaling aptamer system involves an as-
sembly of three DNA molecules, FDNA, QDNA, and MAP (see
Figure 1A). This type of system offers certain advantages, such
as flexibility with regard to fluorophore tagging and system
construction,””’ but an optimization step may be required to
determine the most suitable ratio of components.

We used ALP as a model enzyme mainly because it is com-
mercially available and the anti-ATP signaling aptamer can dis-
criminate clearly between adenosine and AMP. Convenient
fluorescence-based methods for the detection of ALP activity
already exist (see ref. [31-33] for examples) so there is no sig-
nificant need for an aptamer-based assay for this enzyme. Our
efforts will now be directed at exploiting the anti-ATP signaling
aptamer to perform screening assays to search for inhibitors of
several important enzymes, such as adenosine deaminases
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(which transform adenosine into inosine, for which the aptam-
er has no affinity at all),’”) adenyl cyclases (transform ATP into
cAMP, for which the ATP aptamer has very low affinity),” or
phosphodiesterases (transform cAMP into AMP). New signaling
aptamers will also be engineered for targets not related to ad-
enosine and for various metabolic enzymes. It is conceivable
that several structure-switching signaling aptamers with differ-
ent fluorophores or quenchers could be generated through a
combination of in vitro selection and signaling aptamer engi-
neering. These aptamers could be used to establish various
forms of multiplexed assays for real-time monitoring either of
multistep enzymatic reactions or of different enzymatic activi-
ties for several reactions occurring in the same solution.

Experimental Section

DNA oligonucleotides and chemical reagents: Both standard and
modified DNA oligonucleotides were prepared by automated DNA
synthesis with cyanoethyl-phosphoramidite chemistry (Keck Bio-
technology Resource Laboratory, Yale University; Central Facility,
McMaster University). 5'-Fluorescein and 3'-4-(4-dimethylamino-
phenylazo)benzoic acid (3'-DABCYL) moieties (in FDNA and QDNA,
respectively) were introduced by using 5'-fluorescein-phosphorami-
dite and 3’-DABCYL-derivatized controlled pore glass (CPG; Glen
Research). The products were purified by reversed-phase HPLC.
HPLC separation was performed on a Beckman-Coulter HPLC
System Gold with a 168 Diode Array detector. The HPLC column
was an Agilent Zorbax ODS C18 column (4.5 mmx250 mm, 5 pm
bead diameter). A two-solvent system was used for the purification
of all DNA species: Solvent A, 0.1m triethylammonium acetate
(pH 6.5); Solvent B, 100% acetonitrile. The best separation results
were achieved with a nonlinear elution gradient (10% B for
10 min, 10-40% B over 65 min) at a flow rate of 0.5 mLmin~". The
compound corresponding to the main HPLC peak absorbed very
strongly at both 260 nm and 491 nm. The DNA that came off the
column within ?/; of the peak-width from the centre of the main
peak was collected and dried under a vacuum. Unmodified DNA
oligonucleotides were purified by 10% preparative denaturing (8 m
urea) polyacrylamide gel electrophoresis, followed by elution and
precipitation in ethanol. Purified oligonucleotides were dissolved in
water and their concentrations were determined spectroscopically.

Calf intestine ALP was purchased from MBI-Fermentas and porcine
kidney ALP from Sigma. Both were used without further purifica-
tion. ATP, ADP, AMP, and adenosine were purchased from Sigma
and their solution concentrations were determined by standard
spectroscopic methods. All other chemical reagents were obtained
from Sigma.

General procedures for fluorescence measurements: The follow-
ing concentrations of oligonucleotides were used for fluorescence
measurements (all DNA sequences are given in Figure 1A): 40 nm
for FDNA, 80 nm for the aptamer (MAP), and 120 nm for the
quencher (QDNA). The ratio FDNA:MAP:QDNA was set to 1:2:3 to
ensure a low background signal. Under these conditions, the vast
majority of the FDNA molecules form a duplex structure with MAP
and the resulting FDNA-MAP duplexes are able to engage a QDNA
molecule for fluorescence quenching. The assay buffer contained
NaCl (300 mm), MgCl, (5 mm), and tris(hydroxymethyl)aminometha-
ne-HCl (20 mm, pH 8.3). Fluorescence intensities were recorded on
a Cary Eclipse fluorescence spectrophotometer (Varian) with excita-
tion at 490 nm and emission at 520 nm. The sample volume was
500 pL in all cases, except for the assay carried out on a 96-well mi-
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croplate (150 pL). The measurement of the fluorescence intensities
of specific samples is detailed below.

Experimental procedures for Figure 1B: An FDNA-QDNA-MAP
signaling mixture (495 pL) in assay buffer was incubated in the ab-
sence of any target for 10 min at 22°C. Adenosine (green crosses),
AMP (filled dark blue circles), ADP (filled red triangles), or ATP
(filled light blue diamonds) was added to a final concentration of
0.75 mmMm (achieved by using a 100x stock solution); water was
added to the control sample (open black circles). The resulting ap-
tamer/target mixtures were incubated at the same temperature for
10 min. Calf intestine ALP (0.5 units) was introduced (final concen-
tration, 0.001 unituL™") and the resultant solution was incubated
again for 50 min. A fluorescence reading was recorded every
minute. The raw fluorescence data are shown in the figure.

Experimental procedures for Figure 2: The procedures described
for Figure 1B were used to obtain the data shown in Figure 2, with
three alterations: 1) only AMP (0.75 mm) was used as the target;
2) calf intestine ALP was added in seven different amounts (10°-
10" units; final concentrations, 2x108-2x 1072 unituL™"); 3) the in-
cubation time after the addition of calf intestine ALP was extended
to 1200 min. Each experiment was performed in quadruplicate;
only one set of data is shown.

We estimated the signaling rate for each solution referred to in
Figure 2A by using data taken from within the linear signaling
phase of the experiment. Each data series was normalized by using
the equation x= (F—Fy)/(Fagenosine—Fo)» Where F.genosine is the fluores-
cence intensity observed with 0.75 mm adenosine, F, is the fluores-
cence reading taken for an AMP-containing solution immediately
before calf intestine ALP was added, and F is the fluorescence
reading of the same solution at a given time after the ALP addi-
tion. Since the AMP-to-adenosine transition is a first-order reaction,
x is equivalent to the fraction of AMP that is dephosphorylated by
ALP and (1—x) is the fraction of remaining AMP. A plot of Ln(1—x)
versus the reaction time should be linear and the negative slope of
the line represents the signaling rate. An average signaling rate
was calculated for each ALP concentration by using the results of
four repeat experiments. Error bars are indicated on the plot.

Experimental procedures for Figure 3A: The ATP reporter and
AMP (0.75 mm, 500 pL) were incubated for 10 min at room temper-
ature before a test compound (final concentration, 0.1 mwm; the
structures of all tested compounds are given in Figure 2 of the
Supporting Information) was added. The resulting mixture was in-
cubated for another 10 min, followed by addition of porcine ALP
(5 units; final concentration, 0.01 unitsuL™") and further incubation
for 75 min. The fluorescence intensity (F4 ) Was monitored continu-
ously. For each compound, the fluorescence intensity (Fyoap) Of @
control sample without porcine ALP was also recorded in the same
way. Figure 3A shows a plot of Fyp/Fyoae Versus reaction time for
all eleven compounds tested.

Experimental procedures for Figure 3B: The experiment whose
results are reported in Figure 3A was performed in duplicate in a
96-well plate (150 pL solution in each well). The concentrations of
all components remained the same as those described above. The
initial fluorescence intensity (F) was recorded when porcine
kidney ALP was added. The fluorescence intensity (Fg.,) Was again
recorded 60 min after the addition of ALP. An F../Fi.i; Value was
calculated for each tested compound. The inhibition effect (% ALP
activity) was calculated as (Fgna/Finidcompound/ (Ffinal/ Finit)control- The cON-
trol reaction mixture contained no test compound. Each value
plotted is the average of two measurements taken from duplicate
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experiments and the error bars represent the difference between
the calculated average values and the measured values.

Experimental procedures for Figure 3C: The same experimental
set-up was used as described above for Figure 3A. The experi-
ments were performed in duplicate with porcine kidney ALP (final
concentration, 5 units per 500 pL), AMP (750 pum) as the substrate,
and various concentrations of levamisole: 0.1, 1, 5, 10, 50, 100, and
1000 pum. The initial signaling rate was calculated as the slope of
the linear portion of a plot of the fluorescent signal after the addi-
tion of ALP against ALP concentration. The data were plotted with
the GraFit program, which was also used to generate the reported
ICs, value.
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Dimedone Esters as Novel Hydrolase
Substrates and their Application in
the Colorimetric Detection of Lipase
and Esterase Activity

Cara E. Humphrey,™ Morag A. M. Easson,” and
Nicholas J. Turner*®

There is currently considerable interest in the development of
novel high-throughput screens for identifying enzymes with
specific characteristics (e.g. substrate specificity, enantioselec-
tivity, stability etc.).’ Such screens can be used to select for
variant enzymes from directed-evolution experiments or to
probe genomic libraries obtained from environmental DNA
samples. In this context, attention has inevitably been directed
towards methods for screening for lipases and esterases in
view of their importance in the preparation of chiral alcohols
and carboxylic acids by hydrolysis, esterification and transester-
ification reactions.”’ Examples of such high-throughput screens
include those based upon changes in the pH,” chromogenic™
and fluorogenic®® properties of the reaction as well as ESI-MS,”
IR-thermography,® capillary array electrophoresis (CAE)® and
circular dichroism." Herein we report a simple, inexpensive
and easy to use colorimetric screen based upon the use of di-
medone esters as substrates.

Although vinyl and p-nitrophenyl esters are well document-
ed as lipase substrates,””! they suffer from the limitation that,
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when used to screen for hydrolase activity, they are artificially
reactive and hence do not always lead to the selection of
highly active enzymes. With this in mind, we considered the
use of esters of 1,3-enols, which have not previously been em-
ployed as lipase/esterase substrates. Such esters would offer
the possibility of developing novel screening methods based
upon the liberation and subsequent (colorimetric) detection of
the 1,3-diketone/enol. In order to test this idea, the dimedone
ester (R/S)-4 of (R/S)-3-phenylbutyryl acid was selected as a
model substrate based upon the known reactivity of this chiral
acyl group towards a range of lipases and esterases."” (R/S)-4
was prepared in high yield by treatment of (R/S)-1 with cyanu-
ric fluoride™ to yield the acyl fluoride (R/S)-2 followed by
direct coupling with dimedone 3 in CH,Cl, (DCM)/diisopropyl-
ethylamine (DIPEA; Scheme 1).

O, OH
Y
0 A L G
HO Me F  Me i

(R/S1 (R/S)-2 (R/S)-4

Scheme 1. Synthesis of dimedone ester (R/S)-4. Reagents and conditions:
) (CNF)5, py, DCM, —20°C, RT, 1 h (93%); ii) 3, DIPEA, DCM, RT, 2 h (90 %).

To establish whether the dimedone-containing ester (R/S)-4
was a suitable substrate for hydrolase-catalyzed reactions, 17
different lipases and esterases were screened for activity
(Table 1). The percentage conversion, after 18 h, and the enan-
tiomeric ratio (E)"® of the reaction were determined by using
reverse- (C18 column) and normal-phase (chiral-ODH column)
HPLC, respectively. High levels of conversion were observed
with Chromobacterium viscosum lipase (entry 1), Candida lipoly-
tica esterase (entry 10) and Mucor miehei esterase (entry 12).

The highest selectivity (E=88) was observed with CVL,
which showed complete hydrolysis of the (S)-enol ester 4 after
about 3 h (Figure 1 and Scheme 2). Such selectivity is in accord
with previous reports'"” and indicates that, as expected, the
presence of the dimedone moiety does not alter the enantio-
selectivity of the hydrolysis. In order to assess the relative reac-
tivity of dimedone esters, the corresponding racemic methyl
(5) and vinyl (6) esters were prepared (Scheme 2)."¥ Under
identical conditions (R/S)-5 and (R/S)-6 were shown to undergo
complete conversion with CVL after 24 h and 15 minutes, re-
spectively. Interestingly, therefore, 1,3-enol esters possess reac-
tivity intermediate between alkyl and vinyl esters. Considera-
tion of leaving-group ability suggests that esters of 1,3-di-
ketones/enols should be more reactive than vinyl esters as a
result of stabilization of the departing alcohol. Presumably the
presence of the bulky dimedone moiety leads to poorer bind-
ing of 4 at the enzyme active site and hence a reduced overall
rate of reaction compared to the corresponding vinyl ester 6.

Dimedone is known to form coloured complexes in aqueous
solution in the presence of copper(i) acetate,™ although the
exact structure of the complex is unknown. Treatment of (R/S)-
4 with CVL in the presence of a saturated aqueous copper(i1)

ChemBioChem 2004, 5, 1144-1148 www.chembiochem.org
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Table 1. Enzyme-screening reactions with (R/S)-4.
Hydrolase Abbreviation % E®
Conv.”
1 Chromobacterium viscosum lipase CVL >99 88
2 Pseudomonas cepacia lipase PCL 54 6
3 Porcine pancreatic lipase PPL 69 5
4 Candida antarctica lipase B CAL-B 10 1
5 Pseudomonas fluorescens lipase PFL 51 8
6  Rhizopus arrhizus lipase RAL 60 12
7  Candida lipolytica lipase CLL 50 14
8  Penicillium roqueforti lipase PRL 8.7 1
9  Mucor javanicus lipase MJL 28 1
10 Candida lipolytica esterase CLE >99 1
11 Acetylcholine esterase AChE 12 1
12 Mucor miehei esterase MME >99 4
13 Bacillus species esterase BSpE 18 2
14 Thermoanaerobium brockii esterase ~ TBE 10 1
15 Saccharomyces cerevisiae esterase SCE 7.6 1
16  Bacillus sterotheromphilus esterase BSE 5.6 1
17  Bacillus thermoglycosidasius ester- BTE 8.4 1
ase
Conditions: [a] The ester (R/S)-4 was dissolved in 10% MeCN/0.1 m KP;
buffer solution containing the enzyme (1 mg). Reactions were carried out
at RT for 18 h, after which the enzyme was precipitated (0.1% TFA), the
mixture was filtered and then analysed by reverse-phase HPLC on a
Sphereclone C18 column. [b] E values were determined in separate ex-
periments in which the reaction was taken to <50%. Conversions and
enantiomeric excesses were determined by HPLC on a Chiracel-ODH
column eluting with 10% isopropanol in hexane containing 0.1 % TFA.

120
100 ~

80

%

60 - N

40 -

20 ~

0 T T T T T
0 50 100 150 200 250

time / mins

Figure 1. Plot of ee of acid 1 (e), ee of enol ester 4 (m) and % conversion (A)
for the CVL-catalysed hydrolysis of (R/S)-4.

O Ph (¢] Ph . @] _ Ph
RO Me HO Me RO Me
LGP ()1 < o
(RIS)-4R' = \Q (RM R :Q
(R/S)—5 R'=Me (R)-5R' = Me

(R/S)}6 R' = -CH=CH, (R)6 R' = -CH=CH,

Scheme 2. CVL hydrolysis of esters of acid 1. Reagents and conditions: CVL,
10% MeCN/0.1 m KP; buffer (pH 7.0), RT.

acetate solution led to the formation of a green solution
whose intensity of colour was proportional to the concentra-
tion of DMSO (Scheme 3). Solutions of the Cu"-dimedone com-
plex were found to have a 4,,,=417 nm (=84 m 'cm™). A
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O OH 1 -
* 0.8 -
O O Me HO Me 3 ’
Ij (R/S)1 JCuu E 0.6 y = 0.0083x + 0.3258
(RS54 5 R?=0.991
green complex 7 < 0.4 4
(Amax = 417 nm)
0.2
Scheme 3. Hydrolase screening by detection of the copper-dimedone adduct 7.
Reagents and conditions: Substrate (14 umol per well), hydrolase (1 mg per 0 . . . .
well), DMSO/H,0/saturated Cu(OAC); g (75:15:10, 200 ul per well), 30°C, 2 h. 0 20 40 60

calibration curve of dimedone concentration plotted vs.
absorbance clearly revealed a linear relationship (Figure 2).

To allow for complete dissolution of the substrate
and optimal colour formation, the reaction was per-
formed in a 75% DMSO/water mixture. Under these
conditions, '"H NMR spectroscopy indicated that dime-
done existed mainly (>95%) in the enol form. In order
to establish that the absorbance at 417 nm (A,;) was
proportional to the concentration of CVL and, hence,
the rate of hydrolysis, the standard curves shown in Fig-
ure 3a and b were generated. Formation of the green
copper-dimedone complex is shown in Figure 3c.

Eight lipases and two esterases, each identified as
giving high conversion of (R/S)-4 from the HPLC screen,
were then chosen to validate the new colorimetric
screen. The rates of hydrolysis of the reactions were
monitored in a 96-well microtitre plate (MTP) over a
period of two hours by using a UV/Vis-plate reader.
Figure 4 shows the time course of hydrolysis monitored
by detection at A=417 nm. Thus Chromobacterium vis-
cosum lipase (CVL), Rhizopus arrhizus lipase (RAL), Candi-
da antarctica lipase B (CAL-B), Candida lipolytica lipase
(CLL) and Mucor miehei esterase (MME) were all identi-
fied as active biocatalysts, and in the same rank order
of activity as determined by the HPLC conversions.
However, the commercially available preparations of
five hydrolases, namely Pseudomonas cepacia lipase
(PCL), Pseudomonas fluorescens lipase (PFL), Mucor java-
nicus lipase (MJL), porcine pancreatic lipase (PPL) and
Candida lipolytica esterase (CLE) showed unacceptable
background absorbance at 417 nm and would therefore
need further purification before being suitable for use.
Interestingly, although esterases are well-known to be
less tolerant to organic solvents, MME retained activity
despite the fact that the reaction was performed in a
high concentration of DMSO.

Investigations into the rate of the CVL-catalyzed hy-
drolysis by using individual enantiomers of (5)-4 and (R)-
4 showed a preference for (S) over (R), although, as ex-
pected, the difference in rate was low. This lack of selec-
tivity is a consequence of elimination of competitive
binding of the two enantiomers at the enzyme active
site. Solutions to this problem have been developed by
Kazlauskas etal., and exploited in their “Quick E”
method."®
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Figure 2. Calibration curve showing concentration of dimedone plotted against

absorbance in a DMSO solution containing copper(11) acetate.
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Figure 3. a) Plot of absorbance against time for CVL-catalyzed (varying concentrations)
hydrolysis of dimedone ester (R/S)-4 (14 umol per well) in DMSO/H,O/saturated Cu-
(0AC);aq) (75:15:10, 200 uL per well). b) Plot of the slope versus the amount of CVL per
MTP well; c) 96-well microtitre plate (MTP) showing the green colour of adduct 7.
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0.5

210 nm. UV analysis was per-

formed in a Molecular Devices
Versamax  tunable  microplate
reader by using Softmax pro soft-
ware.

Enzymatic HPLC screen: Dime-

a17ren

QD

done ester (R/S)-4 (86 mg,
3 mmol) was dissolved in 10%
MeCN/0.1m KP; buffer (pH 7.0)

and added to the enzymes (1 mg)
under study in individual Eppen-
dorf tubes and to one empty

tube as a control. The tubes were
rotated at room temperature
overnight, then 0.1% TFA in

MeCN (0.5 mL) was added to each
tube to inactivate and precipitate
the enzyme. The mixtures were fil-

T T
0 1000 2000 3000 4000 5000

Time/s

Figure 4. Hydrolase-catalyzed hydrolysis of 1,3-enol ester (R/S)-4 (14 umol per well) in DMSO/H,O/saturated Cu-
(OAC);(aq) (75:15:10, 200 uL per well) and in situ formation of the copper-dimedone complex 7.

In summary, we have demonstrated that dimedone esters, in
the presence of copper(il) acetate, can be used for the colori-
metric detection of lipases and esterases in MTP format. The
substrates are simple and inexpensive to prepare and, signifi-
cantly, possess stability and reactivity akin to alkyl esters. For-
mation of the coloured product upon treatment with the
lipase/esterase is instantaneous and does not rely upon a sec-
ondary reaction with a chromophore-containing reagent. The
use of high concentrations of DMSO enhances the intensity of
colour formation and also improves the solubility of the sub-
strate. The latter is important, since screening methods of this
type depend upon generating a homogeneous solution in the
MTP for accurate measurement of UV absorbance, necessitat-
ing that both the substrate and enzyme are fully dissolved.

A further application of the methodology described above
derives from our recent report on the synthesis of resin-bound
cyclohexane-1,3-diones"” and their use in lipase-catalysed ki-
netic resolutions on solid phase (e.g. PEGA) through a novel
“capture and release” strategy."® Resin-bound reactions offer
potential advantages in terms of automation and the synthesis
of libraries for screening. In that context, lipases/esterases that
have activity on resin-bound substrates could be identified
through colorimetric detection of the liberated 1,3-enol by em-
ploying the assay described above.

Experimental Section

Analytical reverse-phase HPLC was performed on a Waters 600
controller/pump with a 996 photodiode array detector and equip-
ped with a Phenomenex Sphereclone C18 column; elution: aceto-
nitrile/water (1:1) at 1 mLmin~', analysis at 210 nm. Normal-phase
HPLC was performed on a Waters 600 controller/pump with a 486
tunable absorbance detector and equipped with a Chiracel-ODH
column; elution: IPA/hexane (1:10) at 0.5 mLmin~', analysis at

ChemBioChem 2004, 5, 1144-1148 www.chembiochem.org
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7000 tered and analyzed by HPLC.

CVL-catalyzed hydrolysis of di-
medone ester (R/S)-4, methyl
ester (R/S)-5 and vinyl ester
(R/S)-6: Fourteen samples of di-
medone ester 4 (85.8 ug, 3 umol),
methyl ester 5 (53.4 ug, 3 umol)
or vinyl ester 6 (5.70 ug, 3 pmol) were each dissolved in 10%
MeCN/0.1 m KP; buffer (pH 7.0, 1 mL) containing CVL (0 1 mg) in in-
dividual Eppendorf tubes (with one tube containing no CVL as
control) and rotated at room temperature for t=5, 10, 15, 20, 30,
45, 60, 90, 150, 270, 480, 960 and 1440 min. After the correct time,
the samples were added to ethyl acetate containing 0.1% TFA
(1 mL). The ethyl acetate layer was separated and filtered through
a plug of anhydrous magnesium sulfate before being concentrated
in vacuo for analysis by normal-phase HPLC.

CVL-catalyzed hydrolysis of dimedone ester (R/S)-4 at varying
enzyme concentrations: Ester (R/S)-4 (4 mg per well, 14 umol) was
dissolved in DMSO (150 pL per well) and saturated aqueous cop-
per(11) acetate solution (20 pL per well). CVL samples (0.1, 0.3, 0.5,
0.7 and 1 mg) were dissolved in unbuffered water (30 pL per well)
and added directly to the required reaction well. The UV absorb-
ance at 417 nm was monitored as described above against a back-
ground sample containing no enzyme, over 2 h at 30°C.

Determination of enzymatic activity in MTP: Dimedone ester (R/
S)-4 (4 mg per well, 14 umol) was dissolved in DMSO (150 pL per
well) and saturated aqueous copper(i1) acetate solution (20 uL per
well). The enzyme (1 mg) was dissolved in unbuffered water (30 pL
per well) and added directly to the required reaction well. The UV
absorbance at 417 nm was monitored as described above against
a background sample containing no enzyme, over 2 h at 30°C.
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Enhancing Membrane Permeability
by Fatty Acylation of Oligoarginine
Peptides

Wellington Pham, Moritz F. Kircher, Ralph Weissleder,
and Ching-Hsuan Tung*®

The improved bioavailability of drugs in the treatment of dis-
eases produces a prolonged therapeutic effect and, as a conse-
quence, reduced toxicity and cost. Most oligonucleotides, pep-
tides, or proteins are poorly taken up by cells due to their in-
sufficient association with the lipid bilayer of the plasma mem-
brane. In many cases, therapeutic agents need to possess lipo-
philic properties in order to achieve the desired pharmaco-
kinetic profile. Thus, the lipophilicity of the molecules assists in
the penetration of cytoplasmic and intracellular membranes.™
Traditionally, the incorporation of homologous series of alkyl
groups into a drug of interest produced increases in pharma-
cological effects. More recently, a short peptide (RKKRRQRRR),
derived from HIV Tat-protein, as well as other arginine-contain-
ing peptides have attracted attention due to their high cellular
uptake efficiency.>®’ These membrane-penetrating peptides
have been applied as delivery vectors for various biological
and medical applications.™® A systematic study of Tat-peptide
indicated that the positively charged arginine residues are cru-
cial to its membrane-penetrating ability, a property that has
also been mimicked by a hepta-arginine peptide.” It has thus
been concluded that the cationic guanidine moiety on the ar-
ginine side chain provides the exceptional translocation prop-
erties that are not observed in peptides containing similar
amino acids such as ornithine, lysine, histidine or citrulline.'”
Although this membrane-translocalization phenomenon has
been reported for more than a decade, the detailed mecha-
nism still has to be determined.”

Here we described the systematic exploration of the
changes in cell-localizing ability brought about by the modifi-
cation of oligoarginine peptides with fatty acid analogues. We
originally hypothesized that such modifications would lead to
enhanced association with lipid membranes and, potentially,
improved transmembrane delivery. The 7-mer oligoarginine
Tat-peptide mimetic, originally reported by Wender et al.,”’
was selected as the peptide template on which to study the
effect of the length of the acyl chain. A series of fatty acid
groups, including hexanoyl, octanoyl, decanoyl, lauroyl, myris-
toyl, and palmitoyl, were attached to the N terminus of the
amidated peptide via a [-alanine spacer on solid support by
using a modified Schotten-Baumann reaction. Thereafter, the
lipopeptides were labeled with fluorescein isothiocyanate

[a] Dr. W. Pham, Dr. M. F. Kircher, Prof. Dr. R. Weissleder, Prof. Dr. C.-H. Tung
Center for Molecular Imaging Research, Massachusetts General Hospital
149, 13th Street, Room 5406, Charlestown, MA 02129 (USA)
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(FITC) on their C-terminal lysine side chains. The synthesized
compounds were purified by HPLC and characterized by
MALDI-TOF Mass spectroscopy (Table 1). To quantify the

Table 1. Library of synthesized control and lipopeptides.

Name Sequence® My, IM+H]*  MALDI-TOF
tat BRKKRRQRRRK(FITC)-NH, 1938.79 1938.59
R7 B(R),K(FITC)-NH, 1699.91 1699.89
C6-R7 hexanoyl-B(R),K(FITC)-NH, 1798.52 1798.91
C8-R7 octanoyl-B(R),K(FITC)-NH, 1826.57 1826.56
C10-R7 decanoyl-B(R),K(FITC)-NH, 1854.62 1854.94
C12-R7 lauroyl-B(R),K(FITC)-NH, 1883.68 1883.13
C14-R7 myristoyl-B(R),K(FITC)-NH, 1910.73 1910.58
C16-R7 palmitoyl-B(R),K(FITC)-NH, 1938.79 1938.59
C14-C myristoyl-BGFAGFAGK(FITC)-NH,  1425.10 1425.11
C14-R4 myristoyl-B(R),K(FITC)-NH, 1442.19 1442.26
C14-R11 myristoyl-B(R),,K(FITC)-NH, 253545 2535.73
[a] B: B-alanine, FITC: fluorescein isothiocyanate

amount of cellular association, we performed fluorescence-
activated cell-sorting (FACS) analysis. Hela cells were detached
by trypsinization and incubated with 10 um of lipopeptide at
37°C for 5 min. After incubation, the cells were washed and
underwent FACS analysis without fixation (Figure 1). Our find-

18
16 1

Relative fluorescence intensity
[s4
.

unlabeled
Tat

R7
C6-R7
C8-R7
C10-R7
C12-R7
C14-R7
C16-R7
C14-C
C14-R4
C14-R11

Figure 1. Cellular association of the peptide library. The cell-associated fluores-
cence intensity of Tat was set as 1. Data are the average of two independent
FACS experiments.

ing was similar to the previously reported observation that R7
and Tat peptides had similar transmembrane properties.”’
Except for C6-R7 and C8-R7, in
which the peptide was labeled
with a six or eight-carbon
moiety, significant fluorescence-
signal increases were found
with increasing lengths of the
alkyl chains, with the trend
reaching a maximum for the
myristoyl lipid chain. C10-R7 and
C12-R7, which contain ten and
twelve carbons on their oligo-
arginine backbones, experienced
a two and threefold increase in

R7

5 min

90 min

37°C.
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cellular association, respectively. C14-R7 demonstrated the op-
timal association among the synthesized lipopeptides, with a
sevenfold increase in fluorescence intensity as compared to R7.
Further lengthening of the lipid chain to the C16-carbon palm-
itoyl group, however, decreased the efficiency of association
with the cells.

Further exploration of the effect of arginine chain length on
cellular association was accomplished by synthesizing a class
of myristoyl lipopeptides containing varying numbers of argi-
nine residues (Figure 1). The peptide chains were thus short-
ened to a 4-mer or extended to an 11-mer. We observed that
the association efficiency of C14-R4 was similar to that of Tat-
peptide, R7, and C8-R7. This implies that the myristate moiety
makes a significant contribution to cellular association. On the
other hand, increasing the number of arginine residues in the
backbone from seven to eleven in C14-R11, demonstrated a re-
markably higher cellular association (i.e. a 12-fold increase in
fluorescence). When the positively charged peptide in C14-R7
was replaced by an uncharged control peptide, C14-C, the
fluorescence signals were significantly reduced. These observa-
tions illustrate the combination effect of myristate and oligo-
arginine groups.

While FACS analysis quantitates cell-associated fluorescence,
we were also interested in knowing the specific intracellular
distributions of the lipopeptide conjugates. To that end, a
series of epifluoresence and confocal microscopy experiments
in live cells were performed. Previously it had been reported
that fixation could affect cellular distribution,™" thus all experi-
ments were performed by using live cells without fixation. A
dynamic internalization of the probes into cells was observed
at different time points, as shown in Figure 2. There was no
specific intracellular localization within 5 min of incubation.
The fatty acid moieties, such as myristate and palmitate, which
are the driving force for membrane association, resulted in a
significantly higher fluorescence intensity in C14-R7-, C16-R7-,
and C14-R11-labeled cells as compared to the controls R7 and
C14-C. After 90 min of incubation, the C14-R7 and C14-R11 lip-
opeptides demonstrated remarkable intracellular uptake. How-
ever, the distribution was different from the nuclear localiza-
tion seen in R7 or Tat-peptide uptake profile. The modified
peptide, C14-R7, appears to target the cytoplasm with minimal
membrane staining, whereas the majority of the fluorescence
signal for C16-R7 occurred in the cellular membrane. This sug-
gests that the strong lipophilic interactions between the palmi-

C14-C C14-R7 Cl16-R7

C14-R11

Figure 2. Time course of cellular uptake. HelLa cells were incubated with a 10 um solution of the respective peptide at
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toyl group and the cellular membrane overshadows the contri-
bution of polyarginine peptide. FACS data correlate well with
the fluorescence microscopy of C14-R11, for which the cells
were labeled uniformly with high fluorescence intensity. The
results also indicated that the entry of the modified probes
into cells was time-dependent.

To further determine the uptake profile, laser scanning con-
focal microscopy images of the modified peptides were taken.
Hela cells were incubated with peptides at 37°C for 90 min.
The live-cell images in the FITC channel clearly showed that
C14-R7 localizes within the cytoplasm with very minor mem-
brane staining (Figure 3). This observation is consistent with

C14-R7 Tat

FITC

overlay FITC/
bright field

Figure 3. Visualization of intracellular distribution by confocal microscopy.
HeLa cells were incubated with peptides (10 um) for 90 min.

the fact that, at first, the hydrophobic interaction caused by
the myristate group promotes membrane associations, yet this
interaction provides barely sufficient energy to anchor a pep-
tide to a biological membrane.™ Intracellular distribution of
the fatty acylated polyarginine, C14-R7, was further compared
to R6 dye (0.5 ugmL™"), which has been reported as a staining
reagent for cytoplasmic membrane-containing organelles such
as ER and Golgi apparatus.">'¥ Similarly to the previous obser-
vation, the fluorescence signal of C14-R7 was peripheral to the
cellular nuclear envelope and profoundly overlapped with that
of R6 dye (Figure 4).

We further extended our work to determine the potential
cytotoxic effects of C14-R7, given its highly increased mem-
brane permeability and intracellular accumulation. Cell death
was determined by the conventional colorimetric method, in
which the released lactate dehydrogenase (LDH) in culture
medium, after exposure to various concentrations of C14-R7,
converts the substrate tetrazolium salt into a red product with

C14-R7

R6 dye

overlay C14-R7/R6 dye

Figure 4. Comparison of intracellular distribution of C14-R7 to that of R6 dye
(staining endoplasmic reticulum/Golgi-apparatus) in HeLa cells. FITC channel
for C14-R7 (left), rhodamine channel for R6 dye (middle), and overlay of FITC
and rhodamine channel (right).
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an affordable quantitative absorbance at 490 nm."*"”! The re-
sults show that treatment of the cells with 0.1 to 30 um of
C14-R7 followed by 30 min of incubation at 37°C, did not
induce significant LDH leakage (Figure 5). The percentage of
LDH released for the tested concentrations was similar to that
of the spontaneous LDH release.

% cytotoxicity

O-
30 10 3 1 0.3 0.1

Concentration (um)

Figure 5. Effects of C14-R7 on cell toxicity. HeLa cells were incubated with dif-
ferent concentrations of C14-R7 at 37°C for 30 min. Data were normalized to
the amount of maximum LDH released from the cultures treated with lysis sol-
ution alone and corrected for baseline LDH release from cultures exposed to
buffer only. Experiments were performed in triplicate, mean + SE.

In summary, we have synthesized a library of fatty acylated
oligoarginine peptides and tested their roles as potential alter-
native delivery vectors. With an optimized combination of oli-
goarginine and fatty acid chain length, as in C14-R7, we ob-
served seven- to eightfold higher uptake into the cells than
the previously reported R7 or Tat peptides. These results indi-
cate that the tested lipopeptides can improve the efficiency of
intracellular delivery.
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