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Abstract—This paper reports synthesis and plasmid modification activities of a new class of insoluble copper-metalated diglycine
conjugates, containing aliphatic linkers of varying length. Besides providing significant rate enhancement for model phosphate ester
cleavage, these constructs also displayed efficient supercoiled plasmid scission, in the absence of co-oxidants, under heterogeneous
catalytic conditions.
# 2003 Elsevier Science Ltd. All rights reserved.

Gly-Gly-His (GGH) tripeptide is a Cu(II) and Ni(II)
binding motif present in serum albumin, neuromedins C
and K, human sperm protamine P2a and histatins,
which aids transport of small molecules and metal ions.1

Metal ion coordination ability of GGH motif has been
harnessed to engineer semi-synthetic nucleases when
attached to larger protein fragments2 and efforts have
been invested to discover GGH variants based on
bio-combinatorial approaches.3 In another approach,
conjugation of this tripeptide to an array of small
molecules has generated numerous DNA binding and
cleavage reagents.4 Another application of this motif
relates to oxidative protein cross-linking in the presence
of exogenously added co-oxidants, thus making it a
useful biochemical tool.5

We have truncated the GGH motif to design a diglycine
conjugate (1) and its catalytic assistance towards cleavage
of non-natural phosphate esters (P-esters) has been
reported.6 This study confirmed that C-terminal histidine
could be pruned and consequently, a Cu(II) metalated
bis-conjugate (1) effectively catalyzed the cleavage of
model P-esters: p-nitrophenyl phosphate (pNPP), bis-
(p-nitrophenyl)phosphate (bNPP) and 2-hydroxypropyl-
p-nitrophenyl phosphate (hNPP), while conforming to
the classical Michaelis–Menten kinetic profile. These
results provided us an impetus to further investigate
structure–nucleolytic activity of analogous, copper-

metalated diglycine conjugates, by employing variable
length diaminoalkyl linkers, for plasmid modification.

Herein, we present synthesis, characterization and
metalation of four new conjugates 2–5 and their cataly-
tic potential towards the cleavage of model P-esters and
a natural susbtrate, supercoiled plasmid DNA
(pBR322). As these metalloconjugates were insoluble in
common organic solvents and in aqueous buffers, the
present study is a unique example of heterogeneous
catalysis of plasmid nicking reaction.

Four diglycine conjugates 2–5 were prepared by reacting
N-benzoylglycylglycine-p-nitrophenyl ester with diamino-
alkanes such as 1,2-diaminoethane 2, 1,4-diamino
butane 3, 1,8-diamino-3,6-dioxa octane 4 or 1,4-bis-
(3-aminopropoxy)butane 5 (Scheme 1)7 and metalated
with Cu(OAc)2

.H2O.8 The extent of copper incorporation
was determined by atomic absorption spectroscopy and
was reconfirmed by spectrophotometric estimation.9

Amount of copper incorporated was reasonably close
for conjugates 2–5 and values were found to be 272, 278,
282 and 332 mg/g, respectively. These values suggest that
there are approximately 2.5 copper atoms per bis-dipep-
tide ligand. It is not possible to determine the crystal
structures to verify exact stoichiometry and binding
mode due to the insoluble nature of these conjugates.

Pseudo-first-order rate constants (kobs) were determined
for model P-ester cleavage assisted by metalloconjugates
2–5 (Table 1).10 Rate accelerations reaching 106-fold
over the uncatalyzed reaction11 were observed for bNPP.

0960-894X/03/$ - see front matter # 2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0960-894X(02)01068-5

Bioorganic & Medicinal Chemistry Letters 13 (2003) 923–926

*Corresponding author. Fax: +91-512-259-7436; e-mail: sverma@
iitk.ac.in

http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
mailto:sverma@iitk.ac.in
mailto:sverma@iitk.ac.in


Corresponding kobs for a monophosphate ester sub-
strate, pNPP and an RNA model, hNPP, are mentioned
in Table 1. Curiously, all bis-diglycine conjugates
exhibited similar rate enhancements thereby indicating a
lack of linker length effect. This effect could also be
partly ascribed to the fact that all metalated conjugates,
except 5, possess similar copper content. Once again,
the insoluble nature of these constructs play a role in
imparting similar catalytic features to 5, despite the fact
that it contains more Cu2+ than other compounds (2–
4). All unmetalated conjugates were unable to catalyze
the cleavage of model P-esters.

Temperature dependence of the cleavage reactions was
studied by determining the pseudo-first-order rate con-
stants at four different temperatures (Table 2). As
expected, an increase in rate was observed for every
10 �C rise in the temperature. The energy of activation
was found to be 19.75 kcal mol�1 and the frequency

factor was 4.74�1010 min�1, as determined from the
�ln kobs versus 1/T plot (Fig. 1). These results confirm
high stability of these complexes as the catalysts were
able to withstand a temperature of 60 �C, while still
maintaining catalytic assistance for pNPP hydrolysis.

In reaction arrest experiment, conjugate 3 was incu-
bated with bNPP (4 mM) for 13 h and the release of
p-nitrophenolate anion was recorded at regular inter-
vals. After this period, 3 was filtered and change in the
absorbance was further recorded over 75 h. As evident
from Figure 2, cleavage reaction completely aborted
soon after filtration of 3 suggesting a crucial role for
coordinated copper ions, and lack of the release of
copper ions from the conjugate leading to hydrolysis.

Scheme 1. Synthesis of diglycine conjugates 1–5.

Table 1. Pseudo-first-order rate constants for pNPP, bNPP, hNPP

hydrolysis catalyzed by conjugates 2–5a

Substrate Conjugate kobs

(min�1)
kuncat

(min�1)
krel

pNPPb 2 6.79�10�4 4.92�10�7 1.38�103

3 7.48�10�4 1.52�103

4 5.45�10�4 1.11�103

5 8.08�10�4 1.64�103

bNPPc 2 1.03�10�3 7.8�10�10 1.33�106

3 0.86�10�3 1.11�106

4 0.80�10�3 1.13�106

5 0.54�10�3 0.70�106

hNPPc 2 1.62�10�3 1.98�10�6 0.81�103

3 1.60�10�3 0.81�103

4 1.89�10�3 0.95�103

5 1.48�10�3 0.75�103

aHydrolytic reactions were performed in 0.01 M N-ethylmorpholine
buffer prepared in 50% aqueous methanol.
bConcentration of pNPP was 7 mM, weight of conjugates 2–5 were 1 mg/
5 mL, corresponding to 0.87, 0.85, 0.88, 1.04 mM of Cu, if all conjugates
were to be completely soluble in buffer solution (pH 8.0, 40 �C).
cConcentrations of bNPP and hNPP were 10 and 3 mM, respectively
and weight of the conjugates 2–5 were 1 mg/3 mL, corresponding to
1.46, 1.43, 1.48, 1.7 mM of Cu, if conjugates were to be completely
soluble in buffer (pH 7.5, 40 �C for bNPP, 30 �C for hNPP).

Table 2. Pseudo-first-order constantsa for pNPP hydrolysis at vari-
able temperatures assisted by metalloconjugate 2

Temperature (�C) kobs (min�1)

30 0.31�10�3

40 0.68�10�3

50 2.77�10�3

60 5.30�10�3

aHydrolytic reactions were performed 0.01 M of N-ethylmorpholine
buffer (5 mL) prepared in 50% aqueous methanol, concentration of
pNPP was 7 mM and weight of the conjugate was 1 mg/5 mL, corre-
sponding to 0.87 mM of Cu if the conjugate was to be completely
soluble in buffer.

Figure 1. Plot of �lnKobs versus 1/T, for pNPP hydrolysis catalyzed
by 2.
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Plasmid modification by copper complexes of tripeptides of
type Xaa-Xaa-His-NH2, have been demonstrated in the
presence of exogenously added co-oxidants such as mag-
nesium monoperoxyphthalate, oxone, and H2O2/ascorbate
system,2b,d presumably through the generation of non-
diffusible reactive species.

We evaluated the reactivity of insoluble metallobis-
dipeptide derivatives using pBR322 supercoiled plasmid
relaxation assay.12 These reactions were performed in
the absence of co-oxidants and thus, the observed
results are likely to have arisen out of non-oxidative
pathway. A time-course analysis of pBR322 cleavage by
conjugate 3 displayed complete conversion of super-
coiled form I to nicked form II, in 8 h (Fig. 3). Analo-
gous to the model P-ester cleavage, a similar profile for
plasmid modification was observed for conjugates 1–5
(Fig. 4), once again suggesting a lack of linker length
effect on the catalytic activities of bis conjugates related
to plasmid relaxation.

In order to rule out possible involvement of reactive
species, this reaction was performed in the presence of
radical scavengers and EDTA (Fig. 5). Scavengers, such
as t-butanol and DMSO, had no visible effect on plas-

mid relaxation (lanes 6 and 7). These results suggest that
the reaction prefers a pathway that remains uninhibited
by scavenging reagents. However, the reaction was
completely inhibited in the presence of excess EDTA (40
mM) presumably due to copper complexation (lane 8),
reinforcing the importance of coordinated copper ions
in metalated conjugates.

We also performed the cleavage reaction under rigorous
anaerobic conditions13 (argon-filled glove bag) to inves-
tigate the role of ambient oxygen.14 It was found that
the supercoiled plasmid (form I) converted to its closed
circular form (form II) under such conditions (Fig. 6,
lane 2), confirming oxygen-independent cleavage.

The results presented here indicate that the plasmid
relaxation is occurring either via non-diffusible radicals
or through hydrolytic pathway. Interestingly, these
constructs oxidatively cleaved plasmid in the presence of
co-oxidants, such as magnesium monoperoxy pthalate
(data not shown). Hydrolytic and oxidative cleavage
duality of copper based artificial nucleases has been
previously discussed.14a,b,15 However, hydrolytic clea-
vage by artificial nucleases is more desirable for nucleic
acid modification as the products so formed are amen-
able to further biochemical manipulations.16

Detailed investigations regarding mechanism and clea-
vage product identification are currently under progress.
In short, we have synthesized a series of bio-inspired
nucleolytic reagents that demonstrate efficient plasmid
modification under heterogeneous reaction conditions.
The latter property, imparted to the conjugates by
molecular design, enables their convenient removal at
the end of reaction thus obviating the use of additional
purification steps, prior to subsequent biochemical
transformations. Finally, incorporation of a recognition
element for selective DNA cleavage will also be carried
out and reported in due course of time. It is expected
that such reagents will broaden the scope of chemical
nucleases in many chemico-biological applications.

Figure 2. Arrest of bNPP hydrolysis catalyzed by conjugate 3.

Figure 3. Cleavage of supercoiled pBR322 plasmid DNA by conjugate
3. lane 1: pBR322 (0 h); lanes 2–6: pBR322 + 3 (1, 3, 5, 7, 8 h),
respectively; lane 7: pBR322 (8 h).

Figure 4. Cleavage of supercoiled plasmid pBR322 by metalated con-
jugates. Lane 1: pBR322 (blank); lanes 2–6: pBR322 + conjugates 1–5
(8 h), respectively.

Figure. 6. pBR322cleavage with conjugate 3 under anaerobic condi-
tions. Lane 1: pBR322 + 3 (8 h); lane 2: pBR322 + 3, under anaero-
bic conditions (8 h); lane 3: pBR322 (blank, 8 h).

Figure 5. Radical scavenger experiment for pBR322 plasmid cleavage
assisted by 3. Lanes 1–4: pBR322; pBR322 + unmetalated 3; pBR322
+ Cu+2 (50 mM); pBR322 + Cu+2 (50 mM) + EDTA (2 mM),
respectively; lane 5: pBR322 + 3; lanes 6 and 7: pBR322 + 3, in
presence of t-butanol (100 mM) or DMSO (100 mM); lane 8: pBR322
+ 3, in presence of EDTA (40 mM).
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