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Mass Spectrometry Assisted Assignments of Fragments of Myoglobin Cleaved by
Copper(I) Complex with Tripodal Polyamimine Bearing an Hydroxyethyl Pendant
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Abstract: The bonding interaction and hydrolytic cleavage of horse heart myoglobin with [Cul(H,0)](BF,),, where
L is 2-[bis (2-aminoethyl)aminolethanol, were investigated by electrospray ionization mass spectrometry (ESI-MS),
tandem mass spectrometry (MS/MS) and SDS-PAGE electrophoresis. The SDS-PAGE electrophoresis showed that
the cleavage yield was dependent on the concentration of [Cul.(H,0)** and incubation time. The ESI-MS and
MS/MS analysis revealed that with the assistance of the pendant hydroxyl group in [Cul(H,0)**, [Cul(H,O)** may
selectively hydrolysis the peptide bonds of Phe33-Thr34, GIn91-Ser92, Ala94-Thr95, His116-Ser117 and Asn140-
Aspl41 of myoglobin by the binding of [CuL(H,0)]** to the side chains of His36, His93, His116 and Argl39 of
myoglobin.
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0 Introduction chemistry involved in protein sequencing " foot print-
ing!, folding studies?, protein semisynthesis!, proteo-

Endo-proteolytic cleavage has been of interest for ~ mics® and purification of fusion proteins!®. Proteases

a long time, which is one of the most common and most cleave proteins selectively and catalytically under
important procedures in biochemistry and bioanalytic mild conditions, but only a few of them are usable in
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practice because they often produce short fragments
that are ill-suited for automatic sequencing!. Unlike
enzymes, the existing synthetic reagents, such as
cyanogens bromide, BNPS-skatole and N-bromosucci-
nimide, which often require harsh conditions, must be
applied in high excess and often give incomplete
selectivity and relatively low yields!™. Therefore, new
cleavage reagents for efficient and selective cleavage
of peptides or proteins are required. New chemical
proteases should be capable of binding to certain
residues and promote selective cleavage of a peptide
bond near the binding sites. Relatively mild
conditions, equimolar amount or small molar excess
over the substrate, and easy removal of the reagent
after cleavage are desirable features. However, the
extreme stability of the peptide bond has placed limits
on the number of reagents available®',
In recent years, a variety of transition-metal
complexes have emerged as new synthetic reagents
for cleavage of peptide bonds in short peptides and
proteins"'?, These artificial proteases can overcome
thermal, chemical, and mechanical instability of natural
proteases and hydrolytically cleave short peptides and
proteins selectively and quickly. Hydrolyses of short
peptides promoted by metal ions of Cu(I)"! Zn(I)!™
Ni (DB Ce (V) 14, Zr (V)" and by the complexes of
Cu(ID', CeW), Fe( IT, T)!, PA(ID!, Py(IT)ic 11 okom19n20]
Co(II,IM)*" under either near neutral or acidic condit-
ions have been reported. Although many studies
proved the ability of transition metals to promote
cleavage of small compounds containing amide groups
and peptides, reports concerning the directly selective
hydrolysis of proteins were only for a very limited
number of proteins, such as myoglobin, lysozyme,
cytochrome ¢, bovine serum albumin etc. The site-
specific cleavages of proteins in the presence of metal
ions and/or complexes of Fe(I)*, Cu(ID)®!, Co( I, IIl )24,
PAI!+%21 - and PHID!2 are successful examples.
Myoglobin (Mb) is a small single heme protein
acting as an oxygen transportation in life, whose

23 Up to now, several

structure has been reported
kinds of metal complexes including Co(ll) complexes'™",

copper(Il) complexes!"™>21 CuCL>, Pd(Il) and Pt(Il)

sUMABD have been examined for their ability

complexe
to hydrolyze the peptide bonds in myoglobin, but most
of them have low catalytic rates and relative low
selectivity especially under physiological conditions.
Currently, Pd (I) and Pt (I) complexes have been
investigated in some details. These studies revealed
that only the peptide bond downstream from
methionine residues of myoglobin was cleaved by the
Pt (I) reagents, and the Pd () complexes-mediated
cleavage consistently occurred at the second or third
peptide bond from the
arginine and histidine. For the Pd (II) and Pt (I)

complexes, the hydrolytic cleavages of myoglobin were

residues of methionine,

achieved in a weak acid condition. In fact, there are
few examples of Cu(Il)-promoted hydrolysis of peptide
bonds in myoglobin. For a review, the peptide bonds
of GIn91-Ser92 and Ala94-Thr95 in myoglobin were
cleaved by Cu(ll) ion anchored to the side chain of
His93 residue at neutral pH P As for the Cu(Il)
complex of cycen, Cu(l)A-PS, Cu(l)B-PS and [Cu(ID)-
Cyc],-PSZ42_ four cleavage sites near histidine residues
in myoglobin were determined by MALDI-TOF MS.
These bonds

downstream or upstream from the histidinge residues

results prove that the peptide
are more susceptible to cleavage by coordination of
His to Cu(ll) complexes.

As known from previous studies, Cu(ll) ion was
one of the transition metal ions that shows significant
activities of artificial metallopeptidases for hydrolytic

and proteins [11a,16h,23a,23d.23e,29]

cleavage of peptides
However, how to design the new Cu(ll) complexes with
a variety of ligands is still a hot topic for improving
their selectivity and efficiency of hydrolytic cleavage.
It has been reported in some serine-containing
peptidases, the hydroxyl group of serine plays a key role
in catalytic hydrolysis of peptide bond in proteins>*+.
In this report, a new Cu(ll) complex with a hydroxye-
thyl pendant, [CuL(CD)](C10,), is designed as a model
compound to mimic the function and myoglobin is
taken as a target protein. This study reveals that the
complex of [Cul.(C)](C10,) is able to selectively hyd-
rolytic cleavage of myoglobin with high efficiency and

may extend to cleavage of other proteins in future.
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1 Materials and methods

1.1 Chemicals

Horse heart myoglobin was obtained from Sigma.
2-[bis (2-aminoethyl)aminoJethanol (L)*" and [CulL(Cl)]
(Cl10,)"P2 were synthesized according to the literature
procedures. Trifluoroacetic acid (TFA) was purchased
from Aldrich and acetonitrile of HPLC grade was
obtained from Fisher. All other chemicals were of
reagent grade.
1.2 Sample preparation

Double distilled water (dd H,0) was used for
preparation of solutions. An aqueous solution of
myoglobin with a concentration of 100 mg-mL™" was
centrifuged to remove insoluble residue and its
concentration was 2.72 mmol -dm~ determined by UV-
Visible spectroscopy at 557 nm (&57,=13.8 mmol ' -
dm®-cm™) after the addition of sodium dithionite .
The molecular mass of myoglobin detected by LC-ESI-
MS is 16951.0 Da, that is in excellent agreement with
16 951.5 Da calculated by IsoPro3.0 program for
apomyoglobin. 100.0 mmol -dm= of [CuL(H,0)]** was
obtained by mixing [CuLl,(Cl)[(C10,) with one equivalent
of AgBF, in aqueous solution, stirring at 37 °C for 4 h
in the dark and removing the white AgCl precipitate
[CuL.(HO)J*
determined by ESI-MS was 209.0, which is assigned

to [CulLH_J".
2+
(\OH
/

N
/ \Cu\on

/
N
H,
NH;

by centrifugation. The m/z value of the

[CuL(H0)1**

01 GLSDGEWQQVLNVWGKVEAD 20
21 ITAGHGQEVLIRLFTGHPETLEKF 20
44 DKFKHLKTEAEMKASEDLKKH 20
65 GTVVLTALGGILKKKGHHEAEL 86
87 KPLAQSHATKHKIPIKYLEFISD 109
110 AIIHVLHSKHPGDFGADAQGAM 131
132 TKALELFRNDIAAKYKELGFQG 153

Horse heart myoglobin

Scheme 1
1.3 Electrophoresis
Bio-Rad Mini-Protean Il instrument was used for
the SDS-PAGE

electrophoresis  of the digested

myoglobin. An 18% polyacrylamide gel for separation
was overlaid by a 7% polyacrylamide gel for stacking.
proceeded under a constant

voltage of 100 V at 25 °C for about 2.0 h. The peptide
bands were visualized by staining with a 0.10%

The electrophoresis

solution of Coomassie Blue R-250 in an aqueous
solution that contained 10% of acetic acid and 40% of
methanol. The intensities of the blue band corresponding
to the intact protein was scanned by a densitometer
UVP white/ultraviolet transilluminator and calculated

by the ImageQuant TL v2003.03

estimated relative error of the densitometric analysis

software. The

was 10%. The percentage of cleavage was calculated
based on the difference between the relative intensities
of the intact bands obtained in the presence and in the
absence of the [CuL.(H,0)]* in solution containing equal
concentrations of the protein under the same
experimental conditions; the intensities of the band
obtained in the absence of the [CuL(H,0)]** was taken to
be 100%. The reported percentage of cleavage can be
semi-quantitatively considered.

In a typical cleavage experiment, an aqueous
solution of 60.0 L containing 1.0 mg of myoglobin and
various concentrations of [Cul.(H,0)]’* at pH value of
6.8 adjusted by 20.0 mmol -dm™ phosphate buffer (pH
7.27) was incubated at 60 °C for 3 days. The cleavage
reaction was quenched by addition of EDTA with 10-
fold excess over [CuL(H,0)]*, and then, 360 L of the
standard SDS-reducing buffer was added. The mixture
solution was heated at 95 °C for 5 min and cooled at
room temperature later. 5.0 wL of the reaction
solution was loaded on a 7% polyacrylamide gel for
stacking and an 18% polyacrylamide gel for
separation in a Mini-Protean Unit.

1.4 pH measurements

pH value was measured with a PHS-3C pH
instrument and a phoenix Ag-AgCl reference electrode
standardized with pH 4.00, 7.00 and 10.00 buffers.
1.5 Mass spectrometry

ESI mass spectra and tandem mass spectra were
recorded by a Finnigan MAT LCQ ion-trap mass
spectrometer in a positive ionization mode. For LC-

ESI-MS, a chromatographic column directly connected
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to the injection valve of mass spectrometer was used
for analysis of myoglobin and its fragments-containing
samples. Typically, 2.0 pL of pre-treated degradation
solution was first injected into HPLC with a Hypersil
5 C8 column of size 2.1 mm x 100 mm using a
gradient of water/acetonitrile, both containing 0.1%
CF;COOH. The gradient was made by increasing the
amount of acetonitrile from 0 to 60% in 70 min, at a

!. The isolated solution was

flow rate of 0.2 mL +min~
then directly transported into ESI-MS instrument. The
molecular mass was determined by transformation of
ESI-MS raw data into a true molecular mass scale
using Bioexplore software. The measured molecular
mass of a given fragment was compared with the value
calculated by PAWS
ProteoMetrics, LLC. For MS/MS analysis, the most

intense ion in a spectrum was selected as the precursor

software, obtained from

ion, and a collision-induced dissociation scan with an
isolation width of 3 m/z was performed. The optimal
relative collision energy of 30% gave satisfactory
information about the cleaved fragmentation of the
protein. The employed voltage at the electrospray
needles was 4.5 kV, N, sheath gas flow was 35 units
(arbitrary for the LCQ-Deca system) and the heated
capillary temperature was 200 °C. Helium gas was
admitted directly into the ion trap, and was used as
the damping gas to improve trapping efficiency and as
collision gas in the Collision-Induced Dissociation
experiments.
1.6 Interaction of [CuL(H,O)]* with myoglobin
0.55, 2.75, 5.50, 11.00 and 22.00 plL of 50.0
mmol +dm™ [CuL.(H,0)]** were respectively added to
10.0 pL of 2.72 mmol -dm™ myoglobin solution, with
molar ratios of 1:1, 5:1, 10:1, 20:1 and 40:1, and then
extra dd H,0O was added to make total volume of the
mixture solution up to 120.0 pwlL and pH value of 6.5.
These mixed solutions were incubated at 37 °C and
then measured by LC-ESI-MS.
1.7 Cleavage of myoglobin with [CuL(H,0)J]*
15.0 pL of 2.72 mmol - dm™ myoglobin was mixed
with 8.25 pL of 100.0 mmol +dm = [CuL (H0)]**
solution in a molar ratio of myoglobin/[CuL.(H,0)]** to
be 1:20, and dd H,0 was added to make total volume

of the mixture solution up to 80.0 pwL with pH 6.5.
The solution was incubated at 60 “C for 3 days. The
cleavage reaction was quenched by addition of 16.0
pL of 0.50 mol-dm™ EDTA and was then centrifuged.
The obtained clear solution was analyzed by LC-ESI-
MS and MS/MS. 20.0 pL of 6.0 mol -dm™ urea was
added to the remaining precipitation and the mixture
was incubated at 37 °C for 12 h, and was then
centrifuged. The above clear solute was also tested by
LC-ESI-MS.

2 Results and discussion

2.1 Interaction of myoglobin with [CuL(H,0)]*
ESI mass spectra were measured after incubation
of mixed solutions of [Cul. (H,0)* and myoglobin in
molar ratios of 1:1, 5:1, 10:1, 20:1, 40:1 at 37 °C and
pH value of 6.5, labeled as samples a, b, ¢, d, e.
After 4 h of incubation of samples a, b, ¢, d, e,
besides free myoglobin, the singly Cu(Il)-coordinated
species [CuLH_JMb and the doubly Cu(Il)-coordinated
species [CulLH_Na],Mb were detected, corresponding
to molecular mass of 17 160.0 Da and 17 415.0 Da,
respectively, but the intensities were very weak. After
12 h of incubation for the samples b, ¢, d, e, the
singly Cu(Il)-coordinated species [CuLH_,[Mb and the
doubly Cu(Il)-coordinated species [CulLH Na,Mb disa-
ppeared, and the triply Cu (I)-coordinated species
[CuLH_ Na;Mb was strongly detected, as shown in
Fig.1, which corresponds to molecular mass of 17 644.0
Da. As the incubation time was prolonged to 24 h, the
triply-coordinated species was decreased and a new
peak appeared at 17 813.0 Da, shown in Fig.2, which
is assigned as quadruply-coordinated species [(Cul.)
(CulLH_Na)] Mb. These two species were always obs-
erved, as the molar ratio of [Cul.(H,0)** to myoglo-bin
was varied from 5:1 to 40:1 under the same experi-
mental conditions. Any adduct of myoglobin anchored
by more than four [Cul.(H,0)]** was not det-ected after
extra 24 h of incubation, and the quadruply-
coordinated species became the dominant one in the
processing of time. It is evident that there are four
binding sites in myoglobin that are preferred by [Cul

(H,0)I** during the incubation time. In the experiment
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Fig.2 ESI-mass spectra of Cu(Il)-coordinated species of [(CuL)y(CuLH_Na)]Mb measured after purification on

HPLC with a Hypersil 5 C8 column

of cleavage, the quadruply-coordinated species was
also detected in a clear solution obtained by treating
precipitate of the digested solution with urea. It
further that the

species is the predominant one even the mixture

indicates quadruply-coordinated
solution is incubated at 60 °C for 3 days.
2.2 Degradation of myoglobin with [CuL(H,0)]*
To examine the influence of the concentration of
[CuL(H,0)]** on the cleavage, myoglobin was incubat-
ed with [CuL(H,0)]** in [CuL.(H,0)]**/myoglobin molar
ratios of 0, 10, 20, 30, 40, 50, 60 respectively at 60
°C for 3 days. As shown in Fig.3(a), control experiment
indicats that no cleavage occurs in the absence of
[CuL(H,0)]* (lane 1). Therefore, the cleavage of myog-
[CuL(H,0)P*. In lanes 1~7, a
band just below the band of intact myoblobin is

lobin is mediated by

observed. This band was also found even when

myoglobin was freshly prepared, therefore, this band

which was also observed in the cleavage of myoglobin
with Pd(I) complexes ® is due to the minor impurity
of  backbone
cleavage. The molecular mass of this band in this
study was detected by the LC-ESI-MS to be 14 699.0

Da. Besides intact band of myoglobin, two major

of myoglobin and not a product

fragmental bands with molecular weights of ca. 6.5
kDa and 3 kDa
electrophoretogram. From Lanes 2 to 7, the percentage
of cleavage is 36.2%, 43.6%, 45.7%, 61.1%, 70.6%
and 71.0%, respectively. It is evident that raising the

in lanes 2~7 were observed from the

molar ratio of [Cul.(H,0)]** to myoglobin significantly
increases the extent of cleavage, however, when the
molar ratio of [Cul.(H,0)]**/myoglobin is greater than
50, the degree of cleavage does not increase again. In
the previous study, when the molar ratio of CuCly
myoglobin was greater than 15, specificity of the

cleavage was reduced . By contrast to this, [Cul
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Lanes in the SDS polyacrylamide gel electrophoretogram: (1) control experiment in the absence of [CuL(H,0)*; (2) 10:1;
(3) 20:1; (4) 30:1; (5) 40:1; (6) 50:1; (7) 60:1. (a) 60 °C for 3 days; (b) 60 °C for 1 days; (c) 60 C for 1 day in 6.0mol dm= urea
Fig.3 Myoglobin was incubated with [Cul.(H,0)]* in different [CuLl.(H,0)]*/myoglobin molar ratios at pH value of 6.8

(H,0)]** shows high regioselectivity even the molar
ratio of [CuL(H,0)]** to myoglobin is raised up to 60.
The hydrolytic cleavage was sensitive to incubated
time. As shown in Fig.3(b), the efficiency of cleavage
incubated at 60 C for 1 day is much lower than that
at 60 °C for 3 days. As shown in Fig.3(c), the cleavage
reaction is also carried out in the presence of 6.0
mol -dm~ urea. The denaturation of the myoglobin by
urea increases the rate of cleavage and does not alter
the pattern of cleavage. This result implies that the
selectivity of cleavage does not depend on the
secondary structure of the myoglobin. This situation
was also observed in the cleavage of myoglobin with
CuCl,>,

2.3 C(leavage sites of myoglobin promoted by

[CuL(H,O)|(BF ),

As mentioned above, there are four binding sites
in myoglobin towards the [CuL.(H,0)]** complex. Only
knowing the composition of [CuL.(H,0)]*-bound Mb is
not enough, it is necessary to further determine the
sites to which the [Cul.(H,O)]** has been anchored.
As far as the [CuL(H,0)]**-bound Mb is concerned,
MS/MS analysis is unsuitable for direct sequencing
because it is too large. In this study, therefore, the
binding sites in [Cul.(H,0)**-bound Mb were determi-
ned through observation of cleaved fragments. As
demonstrated by the LC-ESI-MS data and in Table 1,
the molecular mass of fragments produced by cleavage
is 1439.0,2911.0, 3 665.0, 3 984.0, 6 445.0, 6 582.0,
6 878.0, 10 093.0 and 10 388.0 Da, which correspond
to the cleavage sites of Phe33-Thr34 (site 1), GIn91-
Ser92  (site 2), Ala94-Thr95 (site 3), His116-Ser117
(site 4) and Asn140-Aspl41 (site 5) respectively. The
four cleavage sites of 1, 2, 3 and 4 are exactly the

same as that of the Cu(ll) (cyc)-promoted cleavage of

myoglobin™. The sites 2 and 3 were also observed in

(24 at neutral pH

the cleavage of myoglobin with CuCl,
and with Pd(II) complex®. The cleaved site 5 was
observed for the first time. Previous studies showed
that a peptide bond, which is the second or third
peptide bond upstream or downstream from histidine
residue in myoglobin can be cleaved by Cu(ll) and
Pd(Il) complexes® 2 In this study, it is observed
that the four cleavage sites of 1, 2, 3, 4, which are in
proximity to the histidine residues, are also cleaved
by [CuL.(H,0)F*. This report provides a new evidence
of Cu(ll) complexes-promoted specific cleavage of the
histidine-containing proteins and peptides™*¥., It was
reported that in degradation of myoglobin by Cu (II)
Cyclen, GIn91-Ser92 and Ala94-Thr95 were the major
initial cleavage sites, and the fragments of Glyl1-GIn91
and Glyl-Ala94 produced were degraded rapidly
afterwards, whereas Ser92-Gly153 and Thr95-Gly153
were more stable during the time of incubation .
Interestingly, this situation was also found in this
study. As shown in Fig.3, there is no band observed
at ca. 10 kDa and the intensive bands appeared at ca.
6.5 kDa and 3 kDa. These results semi-quantitatively
indicates that although fragments of Glyl-GIn91 and
Glyl-Ala94 with the molecule mass of 1 0093.0 and
1 0388.0 Da are detected by ESI-MS because of its
high sensitivity, they are unstable during the incubat-
ion and are cleaved further. As for the cleavage site 5
of Asnl40-Aspl4l, the cleavage seems occur at the
sec-ond peptide bond downstream from argininel39
residue, that is, the X-Y bond in the sequence segme-
nts Arg-X-Y, in which X and Y are any noncoordinat-
ing residues. Latest research shows, a Cu(Il) compl-
ex of cyclen acting as a protein-cleaving catalyst,

can selectively cleave lysozome at peptide bond of
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Table 1 ESI mass spectra for fragments of myoglobin cleaved by [CuL(H,0)]*

Fragment Multiply charged ions (m/z) Averaged molecular mass
Observed Calculated

Aspl41-Glyl53  480.6(+3), 720.6(+2), 1 439.9(+1) 1439.0 1 439.6
Ser92-His116 728.9(+4), 971.5(+3), 1 456.7(+2) 2911.0 29114
Glyl-Phe33 733.7(+5), 917.1(+4), 1 222.1(+3) 3665.0 3665.1
Ser117-Gly153 571.3(+7),798.0(+5),997.2(+4),1328.8(+3), 3984.0 39835
Thr34-Gln91 645.3(+10), 717.8(+9), 806.4(+8), 1 074.9(+6), 1 611.8(+4) 6 445.0 6 445.4
Thr95-Cly153 598.9(+11), 732.5(+9), 941.4(+7), 1098.3(+6), 1 317.3(+5), 1 646.5(+4) 6 582.0 6 581.6
Ser92-Gly153 625.2(+11), 861.2(+8), 983.6(+7), 1 147.1(+6), 1 376.5(+5), 1 720.3(+4) 6 878.0 6 876.9
Glyl-GIn91 649.5(+16), 800.2(+13), 866.5(+12), 1 040.1(+10), 1 154.1(+11), 1 299.6(+8), 1 732.4(+6) 10 093.0 10 092.6
Glyl-Ala94 673.8(+15), 843.3(+12),918.7(+11), 1 010.5(+10), 1 122.4(+9), 1 262.8(+8), 1 443.7(+7), 1 683.9(+6) 10 388.0 10 387.9

Argl14-Cys115 and Argl25-Gly126, which is near
arginine residue® .. Shields” proposed that the Cu
(I) ion could bind to the guanidine group of arginine
residue and fragmentation occurred remote from the
Cu(T) ion-attached site. Lavanant®” also indicated that
the sites of cleavage were the same in the [MCu(I)]*
and [M-H+Cu(Il)]* complexes, in which M represents
the dipeptides containing arginine or lysine. Therefore,
it is reasonable to believe that the cleavage site 5 is
relative to argininel39. The [Cul (H,0)]** anchors to
the side chain of Argl39, resulting in cleavage of the

second peptide bond downstream from the binding

sites.
16 951.0
10093.0 , 6878.0
1
20110
0 |
, ! !
Glyl —mmmmn Phc33:LThr34 e e eemeeee Ala90-GING14 Scr92--Ala944 Thr9S - Hisl 16-:Ser1 17--Asn1404Asp141-Gly153
| ! H H i 1439.0
3665.0 ! 6445.0 i i -~
) ] i 39840 0000
[
10388.0 | 6582.0
|
Scheme 2

2.4 Sequencing cleaved fragments with MS/MS

analysis

There is a current interest in using tandem mass
spectrometry as a tool for sequencing biomolecules
instead of N-terminal amino-acid sequencing by
Edman degradation. In our previous studies, LC-ESI-
MS combined with MS/MS analysis has been proven
to be a powerful technique for understanding
interactions of metal complexes with peptides and
proteins, especially for determination of binding sites in
metal complexes-bound peptides and proteins!*2%2%38]

In order to further confirm the sites of cleavage, the

MS/MS  analysis in this study was employed to
sequence the cleaved fragments. From the cleaved
fragments with molecular mass of 1 439.0, 2 911.0,
3665.0,3984.0 Da, we chose the most intense peaks
of 720.6%*, 971.5%, 1222.1*, 997.2* as precursor ions,
respectively. We characterized only the b, and y, ions,
which are the most common fragments on account of
their greater stability towards further dissociation. The
successive N-terminal and C-terminal fragment ions
that exactly match the sequence of Aspl141-Glyl53,
Ser92-His116, Glyl-Phe33, and Serl17-Glyl53 in
myoglobin. An example of MS/MS spectrum recorded
for [M + 2HT* (m/z 720.6) for the cleaved fragment of
Aspl41-Gly153 is illustrated in Fig.4. The successive
N-terminal fragment ions bs-b,, and C-terminal frag-
ment ions yiyp, assigned in Fig.4 exactly match the
sequence of Aspl41-Glyl53 in myoglobin. These
results further confirm that the sites of cleavage are at
Phe33-Thr34, GIn91-Ser92, Ala94-Thr95, Hisll6-
Ser117 and Asnl140-Aspl4l.
2.5 Selectivity of binding and cleavage in

[CuL(H,0)J**-bound myoglobin

Horse heart myoglobin consists of 153 amino
acid residues and only of a helices spans by short
connecting links that have a coil conformation.
Because the hydrolytic cleavage of myoglobin
promoted by [CuL.(H,0)]** proceeds at neutral pH, the
conformation of myoglobin may be conserved. As
mentioned above, the histidine residues and arginie
residues are the potential bonding sites preferred by
[CuL(H,0)]**. As shown in Fig.5, among 11 histidines
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Fig.4 MS/MS spectra recorded for [M + 2H]* (m/z 720.6) for the cleaved fragment of Aspl141~Gly153 with

molecular mass of 1439.0 Da
and 2 arginines in myoglobin, the four binding sites
confirmed are located at the positions which are easily
attached by [CuL(H,0)]**. His36, His116 and Argl39
are on the surface of the myoglobin, and His93 is
located at the passage through the center of heme
pocket. Therefore, according to the information of the

cleaved fragments and the visualization of the

Fig.5 Three-dimentional view of myoglobin with the

putative binding sites. The figure was prepared
with Pymol. Delano, W.L. The PyMOL
Molecular Graphics System 2002, DeLano
Scientific, San Carlos, CA, USA. Citation:
protein data bank, pdb ID: 1YM

conformation of myoglobin, His36, His93, His116 and
Argl39 residues are more susceptible to binding with
[CuL(H,0)*, giving rise to selective cleavage of peptide
bonds in the vicinity of these binding sites.

As well known, to perform the metal complex-
mediated cleavage, two conditions are required: firstly,
the metal ion must be anchored to a site which is in
the vicinity of the aimed peptide bond; secondly, the
metal ion must retain at least one aqua ligand after
anchoring. If either condition is absent, cleavage does
not occur™. In this study, the [CuL.(H,0)]** complex
is designed as a new “inorganic protease”, in which
the pendant hydroxyl group may assist hydrolysis of
peptide bond in myoglobin, which was also observed
in hydrolysis of peptide bond in methionine-containing
dipeptides and oxidized insulin B lately reported™.
In the [CuL.(H,0)]** complex, the pK, value of hydroxyl
group was determined to be 8.5"%. In the experimental
condition at pH value of 6.8, [Cul.(H,0)]** is a dominant
species with occupancy of 98%, and the deprotonated
Although the

deprotonated species is present in small amount, the

one only has occupancy of 2% .

negative charge exhibits greater nucleophilic ability. It

is reasonable to believe that both protonated and



E2 M Bt

S R O AR MVEE = IR 22 1 Cu(DBE & 0 VDRI WLLL 85 B BT 45 1 BT 1) B33 45 A 251

deprotonated species may assist the cleavage of
bonds

anchored residues.

peptide downstream or upstream from

In conclusion, myoglobin is remarkably cleaved
by [Cul.(H,0)** with explicable specificity, and only
five cleaved sites were detected. The cleavage tends
to occur at the second or third peptide bond upstream,
and the first or second peptide bond downstream from
the binding sites. It is worth emphasizing that the
degradation of myoglobin with [CuL.(H,0)]** is accom-
plished at neutral pH. Compared to Cu(ll) (cyc)®, the
Cu(ll) complex is simple and easily synthesized. In
comparison with CuCl,®, the new Cu(ll) complex is
more efficient and more specific, especially in high
molar ratio. Importantly, the ability of the Cu(ll) com-
plex exhibited in selective hydrolytic cleavage of
myoglobin with high efficiency provides a clue to
design new metal complexes bearing the pendant
serine-

hydroxyl group to mimic the function of

containing peptidases.
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