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A New Strategy for Directed Protein Cleavage
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Abstract: Attachment of a Ni(Il)-glyglyhis chelate to trifluoperazine results in a molecule capable of cleaving calmodulin at

a single locus upon activation with a peracid.

We reported recently! a molecule (TFE-Fe) capable of oxidative cleavage of the protein calmodulin.2
TFE-Fe consists of a trifluoperazine moiety tethered to the iron complex of EDTA. By using a known
calmodulin antagonist3 to direct redox active iron to the protein's active site, TFE-Fe cleaves calmodulin to
produce six fragments in modest yield (pH 7.4, 7 ©°C). The reaction is Oz-dependent, inhibited by catalase, and
generates several fragments, consistent with the involvement of a diffusible radical such as HOe. In an effort to
increase the specificity of protein cleavage, we synthesized a reagent likely to support protein cleavage through a
nondiffusible oxidative mechanism. We report that glyglyhis-trifiuoperazine (GGH*TFP, 1) induces specific
protein cleavage as the nickel chelate. Protein cleavage occurs in the second EF hand of calmodulin4

X s
CFy Fy N LCOH
CFyCO,H, CHng DNP
—_—
EDC{, THF, 97’% EDCI, THF, 75%
4
HAN

.,

CFs
Hscugcu,ou 1. CFyCOH 1eNi
o mc CHCly, 89%

Y,

Figure 1
Two factors dictated our choice of tetraaza-Ni(II) complexes as non-diffusible oxidative protein cleavage
reagents. One was the recognition that in contrast to free Ni(II) salts,3 tetraaza-Ni(I) complexes are reactive
catalysts for hydrocarbon oxidation in the presence of single oxygen atom donors.6 More to the point, the
products observed include those which arise from hydrogen atom abstraction. Secondly, certain oligopeptide
complexes of Ni(I) are capable of autocatalytic self-cleavage in the presence of molecular oxygen’ and
strikingly specific oxidative cleavage of DNA.8 These results suggested that tetraaza-Ni(IT) complexes might
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be suitable for the oxidation and cleavage of protein substrates, thereby mimicking the activity of peptidyl o.—
amidating monooxygenases.? GGHeTFPeNi (1#Ni) was synthesized 10 (Figure 1) and shown to be a potent
calmodulin inhibitor (IC50 = 4.5 uM).

Protein cleavage experiments were performed with pre-formed GGHe TFP¢Ni and analyzed by SDS-
PAGE (Figure 2).11,2 Incubation of GGHe TFPeNi with calmodulin in the presence of magnesium
monoperoxyphthalate (MMPP) results in the appearance of two discrete cleavage bands whose intensities
depend on the concentration of GGHeTFPeNi between 10 uM and 40 uM (lanes 3-5). At concentrations greater
than 80 uM, non-specific cleavage is observed. No cleavage is observed when GGHeTFPeN:i is incubated with
calmodulin alone or with high concentrations of GGHeNi and MMPP (lanes 1 and 2). There is an absolute
requirement for both Ni(II) (lane 6) and MMPP (data not shown). As observed with TFE-Fe, cleavage occurs
in a specific trifluoperazine binding pocket on activated calmodulin: GGHeTFPeNi dependent cleavage is
inhibited by 2 mM trifluoperazine (lane 8) or when Ca2+ is omitted from the reaction (lane 9). The extent of
protein cleavage is independent of molecular oxygen and unaffected by added catalase (100 pg/mL, 4560
U/reaction), consistent with initial hydrogen abstraction by a metall2 or ligand-based radicall3 and the lack of
involvement of free hydrogen peroxide in the reaction mechanism.14 The yield of each cleavage fragment
increases with time to a maximum of ~5% after three minutes but does not increase further, signaling
competitive degradation of the reagent.13
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Figure 2. Silver stained denaturing polyacrylamide gel illustrating protein cleavage by GGHe TFPeNi. Unless otherwise noted,
all lanes contain 10 pM calmodulin, 10 mM Tris-Cl pH 7.2, 1 mM CaCl, ImM MMPP, and the indicated reagent. Lane 1:
MMFPP alone; 2: 40 uM GGHeNi; 3: 10 uM GGHeTFPeNi; 4: 20 uM GGHeTFPeNi; 5: 40 uM GGHeTFPeNi; 6: 40 uM
GGHeTFP; 7; 40 pyM GGHe TFPeNi, argon purge; 8: 40 uyM GGHeTFPeNi, 2 mM TFP; 9: 40 pnM GGHe TFPeNi, no calcium in
buffer. The GGHeTFPeNi complex was preformed using Ni(AcO)2 at 250 pM in water. Calmodulin and GGHe TFPeNi were
preincubated at 25 °C for 10 min. The reaction was initiated by addition of MMPP and stopped after 3 min. by addition of thiourea
to a final concentration of 4.2 pM, The samples were frozen, lyophilized, and dissolved in loading buffer. Stacking gel: 10%
acrylamide, 4.8% bis-acrylamide, 10% glycerol; separating gel: 20% acrylamide, 0.5% bis-acrylamide, 10% glycerol.
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The two fragments have approximate molecular weights of 5 and 12 kD. Since calmodulin has a
molecular weight of 17 kD,16 and no other GGHeTFPeNi dependent fragments are visible on the gel, we
conclude that these two polypeptides arise from cleavage of calmodulin at a single locus. Neither fragment yields
a sequence when subjected to automated Edman degradation, signaling chemically blocked amino termini and a
non-hydrolytic cleavage pathway. Therefore, the cleavage site was identified from the amino acid composition
and apparent molecular weights of the cleavage fragments. Calmodulin from bovine brain contains a unique
trimethyllysine residue at position 115 which migrates with a distinctive retention time during amino acid
analysis. Amino acid analysis of PVDF-blotted17 fragments reveals the presence of trimethyllysine in the 12 kD
fragment, and significantly, the absence of trimethyllysine in the 5 kD fragment. Thus, the 12 kD fragment
contains the C-terminus of calmodulin while the 5 kD fragment contains the N-terminus. In concert with the
molecular weights of the fragments this indicates that protein cleavage has occurred in the the second EF hand?
of calmodulin. Experiments designed to identify the products of this protein cleavage reaction are underway.

In summary, we have described a new reagent for the localized protein cleavage, applied to the protein
calmodulin. This reagent can also direct protein self-cleavage: we have shown that the tetrapeptide glyglyhiscys
may be attached through a disulfide bond to a unique cysteine on calmodulin to generate a protein conjugate that
cleaves itself in a highly specific reaction in the presence on Ni(II) and MMPP.18 It is noteworthy that GGH is
the only protein cleaving reagent yet described that can be encoded at the DNA level to permit the expression of
peptides carrying a small protein cleaving domain at their amino termini.8 We anticipate that attachment of
GGHeNi to protein ligands1:2 or to proteins themselves? will provide reagents capable of probing protein
conformational changes and the relationship between protein structure and function in a variety of systems.
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1: {H-NMR (250 MHz, CD30D) 8 7.63 (d, J=1.0, 1H), 6.8-7.1 (m, 8H), 5.05 (tapp, J=7.2, 1H), 4.02 (t, J=6.2, 2H), 3.89
(s, 2H), 3.67 (s, 2H), 3.42 (m, br, 4H), 2.86 (dd, J=7.3, 14.0, 1H), 2.74 (dd, J=7.2, 14.0, 1H), 2.44 (1, J= 7.0, 2H), 2.09-
2.37 (m, 4H), 1.88 (m, 2H). IR (neat, cm-1) 3253, 3091 2936, 1647, 1513, 1443, 1330, 1238, 1125. HRMS (FAB)
calculated M+H 645.2583, observed 645.2590. 3: {H-NMR (250 MHz, CDCl3) & 8.79 (4, J=2.5, 1H), 8.52 (dd, J=2.5, 8.7,
1H), 7.62 (d, J=8.7, 1H), 7.57 (d, J=1.3, 1H), 6.85-6.99 and 7.05-7.20 (m, 7H), 7.00 (s, 2H), 5.47 (d, br, J=8.6, 1H), 4.92
(dd, J=6.7, 14.8, 1H), 3.97 (1, J=6.6, 2H), 3.47 (m, bd, 4H), 2.98 (dd, J=6.2, 14.7, 1H), 2.85 (dd, J=6.9, 14.6, 1H), 2.45 (1,
1=6.7, 2H), 2.33 (3, bd, 4H), 1.90 (m, 2H), 1.37 (s, 9H). IR (neat, c™1) 3416, 3288, 3096, 2975, 2815, 1707, 1642, 1607,
1537, 1337, 1244, 742. HRMS (FAB) calculated M+H 797.2692, observed 797.2691. 4: /H-NMR (250 MHz, CD30D) §
8.91 (d, J=2.1, 1H), 8.62 (dd, J=2.7, 8.8, 1H), 7.92 (s, 1H), 7.88 (d, J=8.8, 1H), 6.9-7.3 (m, 8H), 4.18 (tapp. J=7.0, 1H),
4.03 (t, J=6.2, 2H), 3.48 (m, br, 4H), 2.83 (dd, J=6.9, 18.7, 1H), 2.71 (dd, J=6.9, 18.7, 1H), 2.48 (1, J=7.2, 2H), 2.35 (m,
br, 4H), 1.90 (m, 2H). IR (neat, cm-1) 3313, 3102, 2944, 1646, 1608, 1540, 1423, 1340, 1243, 1120, 744. HRMS (FAB)
calculated M+H 697.2168, observed 697.2186. §: { H-NMR (250 MHz, CD30D) § 8.92 (d, J=2.5, 1H), 8.63 (dd, J=2.5, 8.8,
1H), 7.97 (D, J=8.7, 1H), 7.89 (s, 1H), 6.9-7.3 (m, 8H), 5.13 (tapp, J=7.2, 1H), 4.04 (t, J=6.3, 2H), 3.89 (d, J=16.8, 1H),
3.78 (d, J=16.9, 1H), 3.70 (s, 2H), 3.3-3.6 (m, 4H), 3.01 (dd, J=6.9, 14.6, 1H), 2.91 (dd, J=8.3, 14.7, 1H), 2.50 (t, }J=7.0,
2H), 2.39 (m, br, 4H), 1.91 (m, 2H), 1.42 (s, 9H). IR (neat, cm-1) 3284, 2975, 2927, 2816, 1677-1632 (br), 1537, 1453,
1421, 1334, 1239, 1165, 1120, 727. HRMS (FAB) calculated M+H 911.3122, observed 911.3109. 6: {H-NMR (250 MHz,
CD30D) & 7.58 (d, J=1.1, 1H), 6.9-7.2 (m, TH), 6.84 (s, 1H), 5.02 (tapp, J=7.2, 1H), 4.03 (t, }=6.2, 2H), 3.88 (d, J=16.6,
1H), 3.78 (d, J=16.6, 1H), 3.71 (s, 2H), 3.42 (m, 4H), 2.98 (dd, J=7.2, 14.5, 1H), 2.86 (dd, J=7.1, 14.5, 1H), 245 (1, J=7.0,
2H), 2.1-2.4 (m, 4H), 1.89 (m, 2H), 1.44 (s, 9H). IR (neat, cm-1) 3297, 3081, 2932, 2816, 1686 (br), 1637 (br), 1608,
1540, 1533, 1339, 1242, 1165, 1121, 910, 733. HRMS (FAB) calculated M+H 745.3107, observed 745.3157. Compound

2 was prepared as described in reference 1.
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