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Figure 26. MALDI spectra of casein fractions (sample 2) after partially dephosphorylation at
enzyme/substrate ratio of 1/50 for 15min (a) before and (b) after enrichment on HA.

The identification of totally and partially phosphorylated casein fractions at

different dephosphorylation reaction time (t=0, t=5 min and t=15 min) before and after
casein enrichment are compared in Tables 6 and 7.
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Table 6. Dephosphorylation kinetics before casein enrichment by HA

tap=0 min tAp=5_min tAp=15.min
AP/protein=1/100 | AP/protein=1/50
Phosphoprotein Tn:Iaegge(t[i)c;z;I rl\rlllg::?;ad) MeaSlzIrDead) mass MeaSlzrDe:) mass
k-CN 1P 19022.59 | 19028.54 19025.56 19026.89
k-CN OP 18942.59 — 18943.56 18946.89
v1-CN 1P 20562.01 | 20554.78 20514.38 20452.03
as1-CN 8P 23614.87 | 23627.56 — —
as1-CN 7P 23534.87 | 23534.56 23525.10 —
as1-CN 6P 23454 .87 — 23444 .31 —
as1-CN 5P 23374.87 — 23363.95 —
as1-CN 4P 23294 .87 — 23284.31 —
as1-CN 3P 23214.97 — 23205.13 23206.74
as1-CN 2P 23134.87 — 23124.54 23126.74
as1-CN 1P 23054.87 — 23044.85 23052.19
B-CN 5P 24022.39 | 24036.26 — —
B-CN 4P 23942.39 | 24955.27 — —
B-CN 3P 23862.39 — 23891.92 —
B-CN 2P 23782.39 — 23811.92 —
B-CN 1P 23702.39 — 23733.73 23700.40
B-CN OP 23622.39 — 23651.73 23611.37
as2-CN 12P 25308.48 — — —
as2-CN 11P 25228.46 — — —
as2-CN 9P 25068.46 — 25050.02 —
as2-CN 6P 24828.46 — 24809.74 -
as2-CN 4P 24668.46 — 24656.68 24661.11
as2-CN 3P 24588.46 — 24576.68 24590.79
as2-CN 2P 24508.46 — — 24510.79
as2-CN 1P 24428.46 — — 24430.05
as2-CN OP 24348.46 — — 24353.04
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Table 7. Dephosphorylation kinetics after casein enrichment by HA

tap=0 min tAp=5_min tAp=15_min
AP/protein=1/100 | AP/protein=1/50
Phosphoprotein Tr:::;e(tli;;é;l MgzzlzrDead) Measu(gead) mass Measu:rDead) mass
k-CN 1P 19022.59 | 19029.57 19037.40 19038.89
k-CN OP 18942.59 - — —
v1-CN 1P 20562.01 - — —
as1-CN 8P 23614.87 | 23626.52 23620.87
as1-CN 7P 23534.87 | 23539.42 23542.28 23506.43
as1-CN 6P 23454.87 - 23464.34 23460.76
os1-CN 5P 23374.87 — 23379.45 23379.38
as1-CN 4P 23294.87 — 23307.89 23298.82
as1-CN 3P 23214.97 — — 23219.78
as1-CN 2P 23134.87 - — 23141.44
os1-CN 1P 23054.87 - — 23068.08
B-CN 5P 24022.39 | 24029.94 24024.78 —
B-CN 4P 23942.39 | 23951.22 23945.14 —
B-CN 3P 23862.39 — 23859.91 23870.20
B-CN 2P 23782.39 - 23779.39 23791.09
B-CN 1P 23702.39 - — 23703.70
B-CN OP 23622.39 - — —
as2-CN 12P 25308.48 25292.5 — —
as2-CN 11P 25228.46 25210.5 25231.05 —
as2-CN 10P 25148.46 25133.3 25153.52 —
os2-CN 9P 25068.46 - 25071.60 —
as2-CN 8P 24988.46 — 24987.32 —
as2-CN 7P 24908.46 — 24903.23 24909.14
as2-CN 6P 24828.46 - 24823.23 24830.17
as2-CN 5P 24748.48 - 24743.23 24753.69
os2-CN 4P 24668.46 — — 24669.47
as2-CN 3P 24588.46 — — 24589.87
as2-CN 2P 24508.46 — — 24502.53
as2-CN 1P 24428.46 - — 24426.37
as2-CN OP 24348.46 — — —
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The partially dephosphorylated casein fractions bound to the HA were
hydrolyzed, in situ, under conditions indicated in Method section. By this means,
peptides containing the Ser(P)-Ser(P)-Ser(P)-Glu-Glu cluster sequence were
evaluated.
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Figure 27. MALDI spectra of tryptic CPP hydrolyzed in situ from partially dephosphorylated casein
bound to HA. The dephosphorylated reaction was conducted at the enzyme/substrate ratio of 1/100
for 5min (a) and with enzyme/substrate ratio of 1/50 for 15 min (b).

Comparing the MALDI spectra (Fig. 27, panel a and b), the following
considerations can be made: 1) totally phosphorylated peptides were still present in
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the mixtures after 5 and 15min of the dephosphorylation reaction but the intensity
ratio between B-CN (f1-25)4P (3122.3 Da) and B-CN (f1-25) 3P (3042.3 Da) and
between as1-CN (f59-79)4P (2640.9 Da) and as1-CN (f59-79)3P (2560.9 Da) tended
to decrease; 2) after 5min dephosphorylation reaction, as-CN (f46-70) 3P (2927.8
Da) was already detectable 3) after 15min dephosphorylation reaction the og1-CN
(f59-79)3P  (2560.1 Da), as-CN (f2-21)3P (2459.4 Da), as>-CN  (f46-
70)2P 1(2848.7)[1, B-CN (f1-25)2P (2963.0 Da) and pB-CN (f1-25)1P (2883.0 Da)
phosphopeptides were recorded. The partially phosphorylated peptides issued for
different time of dephosphorylation (=0, t=5 min and t=15 min) are compared in
Table 8.

Table 8. Dephosphorylation kinetic of in situ hydrolyzed and enriched phosphopeptides. The peptides
of new formation at tap=5 min are marked in green and The peptides of new formation at txp=15 min

are marked in blue.

tap=0 min | 470 0 | ratiost/50
Monophospho Theoretical | Measured | Measured | Measured
peptide mass (Da) | mass (Da) | mass (Da) | mass (Da)
0s1(f106-119)1P 1659.8 1661.6 1660.9 1660.2
as1(f104-119)1P 1952.0 1952.3 1952.8 1951.6
B(f33-48)1P 2060.8 2062.8 2061.7 2061,3
0,s1(f103-119)1P 2080.4 2079.4 2081.6 2078.3
B(1-25)1P 2883.0 — — 2883.9
Diphosphopeptide Theoretical | Measured | Measured Measured
mass (Da) | mass (Da) | mass (Da) | mass (Da)
0s2(f126-136)2P 1410.5 1411.0 1411.9 1411.4
os2(f126-137)2P 1538.6 1540.3 1540.2 1539.7
os1(f43-58)2P 1926.1 1928.3 1927.7 1927.1
01(f43-58)1P 1846.7 1848.2 1847.8 1847.1
as2(f2-21)2P 2459.4 — — 2459.6
0,s1(f37-58)2P 2598.1 2598.1 2600.5 2595.8
0s2(f46-70)2P 2848.7 — — 2849.8
0,51(f35-58)2P 2855.2 2855.3 2855.6 2852.9
B(f1-25)2P 2963.0 - — 2963.7
Triphosphopeptide Theoretical | Measured | Measured Measured
mass (Da) | mass (Da) | mass (Da) | mass (Da)
os2(f2-21)3P 2539.4 2538.6 2539.4 2540.0
051(f59-79)3P 2560.1 - — 2559.6
01(f37-58)3P 2678.1 2677.8 2677.5 2676.7
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B(f2-25)3P 2886.2 2885.9 2885.1 2885.4
as1(f35-58)3P 2935.2 2935,0 2933.9 2932.6
B(f1-25)3P 3042.3 3043.8 3044.0 3043.2
Tetraphosphopeptide Theoretical | Measured | Measured Measured
mass (Da) | mass (Da) | mass (Da) | mass (Da)
os2(f2-21)4P 2618.9 2619.2 2619.9 —
01(f59-79)4P 2640.9 2640.7 2640.5 2639.4
B(f2-25)4P 2966.2 2965.9 2965.0
as2(f46-70)4P 3007.9 3007.2 3006.8 3005.8
B(f1-25)4P 3122.3 3122.1 3122.1 3121.0
Pentaphosphopeptide Theoretical | Measured | Measured Measured
mass (Da) | mass (Da) | mass (Da) | mass (Da)
051(f59-79)5P pyroQ 2703.9 2703.7 2703.3 2701.9
0s1(f59-79)5P 2720.9 2720.7 2720.4 2719.0
os2(f46-70)5P 3088.0 3086.7 3086.8 3085.0

17.2. Analysis of proteins and CPP occurring in mastitic milk

The enrichment of mixtures dephosphorylated in vitro has confirmed the ability
of the resin to bind phosphproteins and CPP with different degrees of
phosphorylation. At this point, to evaluate the milk quality, our method for the
phosphoprotein/phosphopeptide enrichment was tested on mastitic casein. In order
to examine whether the phosphorylated proteins were enriched by HA, MALDI
analysis was carried out on the casein sample before and after resin treatment
(Figure 28)

58



™o
|m (=)
o =
"
o lm,l Q S
100- = I/ i o 54534
p o
90+ Q | / o
= / w
a0 / o
fa / QL
o IIIL"Q III g A
f= 1
g =3
£ w &) 3 |
B \—/ 4
2 50 r\ =] 1= .'I
- o --.’l
Ee 40 - g | \ 8 ,83 |T_
0 @ '\ 8 - f
& = fo r i !
AN A IV |
MK o LV/ \—"'/\—/U L/\
10 j\_&/__. k\—\_,../"\_“_._/‘_/ ]
1] T T T T
10679.0 12018 11664.6 120574 12450.2 128130
Mass imfzl
o
=2
=
o
& 2 £
5B S 3
100, T Bk e 72988
{ o = rils &. UES
w2 ME R ARy
80 2 B g 2 i
- gelf = 5 gl e
T04 =N 0 i
- L
= 604 |
E | i
‘_§ 5'31 § 3 .I W
# 404 af
e QK
':\;\._'\.Hr
2@-
104
10879.0 112118 116645 4o iy 120574 124502 128430

Figure 28. MALDI spectra of casein sample before (a) and after (b) resin treatment in
the mass range of 10-13 kDa.

The partial MALDI-TOF spectrum of the original casein sample (Figure 28,
panel a) was compared to the same sample after the enrichment cycle by HA (Figure
28, panel b). Original casein sample signals could be assigned to y,-, y3-CN, and -
CN (f98-207). These non-phosphorylated plasmin-mediated peptides of 3-CN were
washed out when native casein sample was treated with HA. HA-treated samples did
not contain these peptides consistently with the function of HAP in capturing
phosphopeptides. In contrast, HA allowed phosphoproteins/phosphopeptides be
enriched from high SCC casein as clearly shown in Figure 28, panel b. Here, in the
partial view of the MALDI spectra, the m/z 10-13 kDa range contained a series of
phosphopeptides with various degree of phosphorylation. In particular, together with
the intact B-CN (not shown), the derived peptides B-CN (f1-97) (6P+2P) and B-CN
(f1-105) (6P+2P) occurred. The signals of the peptide B-CN (f1-107) formed
simultaneously with the B-CN (f1-105) counterpart were slightly detectable as B-CN
(f1-107) (6P+4P). The B-CN (f29-105/7)1P fragments considered by Le Roux Y. et
al."®® as possible indicators of the endogenous proteolysis in milk from cows with
subclinical mastitis were not found perhaps because of the dephosphorylation
activity. It must be remembered that unphosphorylated fragments didn’t bind to the
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HA. In contrast, the new fragment B-CN (f1-97) was released when the plasmin
activity increased in mastitic milks. Consistently, the presence of the partly
dephosphorylated fragments is connected to the higher ALP activity of mastitic milk.
The casein derived from high SCC milk was also analysed using LC-ESI-MS to
confirm the identity of proteins and phosphopeptides of mastitic milk. Four
phosphorylated B-CN (6P+3P) were detected in high SCC milk instead of the two, i.e.
B-CN 6P and 5P occurring in control milk. Four phosphorylated asi-CN (10P+7P)
were detected in high SCC instead of the two, i.e. as1-CN 10P and 9P of control milk.
In contrast, as1-CN (f141-148) (10P+8P) and as1-CN (Glnzg) (10+8P) deleted forms
occurred at similar degree of phosphorylation as shown in Table 9. Moreover, we
recorded that as1-CN (f141-148) was the prominent internally deleted form
consistently with that occurs in milk from healthy animal for which (110-117) form was
found. This is in agreement with the previous results'”®. as-CN shows the highest
number of possible phosphorylation sites compared to the other casein fractions and
naturally occurs under two molecular species both plasmin-sensitive substrates, a
major full-length, and an internal 9-residue domain deleted. Both proteins show the
same phosphorylation degree (Table 9).
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Table 9. Identification of casein fractions in mastitic ovine milk obtained by HA enrichment and ESI-
MS analysis

Measured Calculated
molecular mass molecular mass Protein
(Da) (Da)
as2-Casein
25623.09+ 4.7 25621.71 as2(1-208)12P
25542 .38+ 1.2 25541.73 as2(1-208)11P
25466.38+ 6.2 25461.75 as2(1-208)10P
25378.64+ 3.6 25381.77 as2(1-208)9P
25304.80+ 5.0 25301.79 as2(1-208)8P
2522471+ 3.9 25221.81 asp(1-208)7P
24546.7+0.8 24546.6 as2(1-208)-(34-42)11P
24466.1+0.5 24466.6 as2(1-208)-(34-42)10P
24386.2+0.8 24386.6 as2(1-208)-(34-42)9P
24305.5+0.3 24306.7 0s2(1-208)-(34-42)8P
24225.9.7+0.1 24226.7 as2(1-208)-(34-42)7P
as1-Casein

23564.2+ 3.0 23561.6 as1(1-199)10P
23481.3+ 0.8 23481.7 as1(1-199)9P
23400.7+ 1.8 23401.7 as1(1-199)8P
23323.24+2.8 23321.7 as1(1-199)7P
23435.0+0.8 23433.5 as1(1-199)-(Glnzg) 10P
23354.7+0.8 23353.5 as1(1-199) -(Glnsg) 9P

23275.4+0.4 23273.6 0s1(1-199)-(GlInzg) 8P
22546.70+3.5 22549.5 as1(1-199)-(141-148)10P
22466.53+3.1 22469.5 as1(1-199)-(141-148)9P
22386.15+3.5 22389.5 as1(1-199)-(141-148)8P
22306.20+3.5 22309.5 as1(1-199)-(140-148)7P

p-Casein

23830.98+1.1 23831.14 B(1-207)6P
23747.04x4.7 23751.16 B(1-207)5P
23667.23+3.7 23671.18 B(1-207)4P
23587.32+4.2 23591.19 B(1-207)3P

The ESI-MS analysis allowed the identification of a wide variety of
phosphorylated peptides of different size and wide phosphorylation degree derived
from the intense enzymatic degradation associated with high SCC (Table 10).
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Table 10. Identification of peptides in mastitic milk obtained by HA enrichment and LC-ESI-MS
analysis. N-terminal and C-terminal cleavage sites are highlighted. The degree as well as maximum
degree of phosphorylation are compared.

Fragment | fétermine | Clerminel | Degreosol | degroo
phosphorylation
p-Casein (1-207)

B(f1-29) — Lyszo-lleso 5P, 4P, 3P, 2P 5P
B(f29-60) Lysag-Lysze | Tyreo-Proes 1P 1P
B(f30-60) Lyszo-lleso Tyreo-Prog: 1P 1P

B(f1-97) — Lysg7-Valgg | 6P, 5P, 4P, 3P, 2P 6P
B(f1-105) — Lys10s-His10s | 6P, 5P, 4P, 3P, 2P 6P
B(f1-107) — Lys107-Glu1os 6P, 5P, 4P 6P

as2-Casein (1-208)
aso(f1-25) — Lysa2s-Asngs 4P, 3P 4P
0s2(f36-69) Lysas-Leuse Gluge-Valzg 4P, 3P, 2P 4P
as2(f36-71) Lysss-Leuss Lys7¢-llez 3P, 2P 4P
0s2(f36-77) Lysss-Leuss Lysz7-Hiszg 3P, 2P 4P
as2(f1-53) — Tyrss-Sersy 4P, 3P, 2P, 1P 4P
as2(f54-115) Tyrss-Sersa | Argq15-Asnqqs 4P,3P 4P
as2(f54-204) Tyrss-Sersq Tyrao4-Valyos 7P, 6P, 5P, 4P 7P
as2(f54-208) Tyrs3-Sersq — 7P, 6P, 5P, 4P P
as2(f116-204) | Argi15-Asnq1g | Tyraps-Valoos 3P, 2P, 1P 3P
as2(f116-208) | Argq15-Asnqie — 3P, 2P, 1P 3P
as2(f115-151) | Lysq14-Argq1s | Lysise-Thrysz 3P, 2P 3P
as1-Casein (1-199)
as1(f4-58) Lyss-Hiss Lysss-Glnsg 3P, 2P, 1P 3P
os1(f1-60) — Metso-Lyse1 3P, 2P, 1P 3P
as1(f2-60) Argq-Proy Metgo-LySs1 3P, 2P, 1P 3P
0as1(f61-174) Metso-Lyss1 | Thri7a-Asp17s 6P, 5P, 4P 7P
0s1(f62-174) Lysg1-Alasy | Thri74-Asp17s 6P, 5P, 4P 7P
061(f62-199) Lysgi-Alag, — 7P, 6P 7P
as1(f62-90) Lyser-Alag, Arggo-Tyro1 4P, 3P, 2P 6P
0s1(f43-102) | Lyss2-Aspss | LySio2-LyS103 5P, 4P, 3P, 2P 8P
0s1(f43-103) | LySs2-Aspsz | LyS1o3-Tyr1o4 5P, 4P, 3P, 2P 8P
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The specific cleavage of Lys-X and Arg-X at C-terminal position was clearly
due to the increased activity of plasmin. In complement with other bonds, Tyr-X
cleavage was caused by cathepsin G. All peptides showed a wide phosphorylation
range, suggesting that proteolytic cleveage occurred concurrently with the intense
dephosphorylation enzyme correlated with increased phosphatase activity.

Additionally, the tryptic in situ hydrolysis of mastitic casein bound to HA
provided additional information about the milk quality to be used as nutraceutical.
The identification of these CPP could represent easier indicators about the nature of
milk, mastitic or not-mastitic. As dephosphorylation produces a characteristic mass
decrease of 80 Da or multiple of 80 Da, CPP with this mass variation confirmed the
phosphatase activity. This procedure was found very effective and actually
represents one of the most powerful tool for the identification of parent
phosphorylated proteins. The partial view of the MALDI spectra in two mass ranges
taken by direct analysis of the crystallized matrix containing HA and phosphoric acid
is shown in Figure 29 (panel a and b).
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Figure 29. MALDI spectrum of tryptic CPP HA-enriched from mastitic milk in different mass range: 1-

2.9 kDa (a) and 2.8-3.7 kDa (b). Adducts of CPP with K™ are encircled in green.

All the tryptic phosphopeptides identified in the HA-enriched fraction are listed

in Table 11.
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Table 11. Tryptic CPP enriched from mastitic ovine milk

User DB
mass mass Peptide Position Modifications
(Da) (Da)
p-Casein
PHOS PHOS
3542.83 | 3544.27 |REQEELNVVGETVESLSSSE B-CN (f1-28) PHOS PHOS
ESITHINK/(K)
PHOS
REQEELNVVGETVESLSSSE PHOS PHOS
3462.83 | 3465.28 | EqiTHINKI(K) B-CN (f1-28) PHOS PHOS
REQEELNVVGETVESLSSSE PHOS PHOS
3385.43 | 3385.30 | EqITHINKI(K) B-CN (f1-28) PHOS
REQEELNVVGETVESLSSSE
330642 | 3304.33 | EqiTHINK/(K) B-CN (f1-28) PHOS PHOS
REQEELNVVGETVESLSSSE
3226.04 | 322534 | EqiTHINK/(K) B-CN (f1-28) PHOS
2062.01 | 2062.99 | (K)/FQSEEQQQTEDELQDK/(l) B-CN (f33-48) PHOS
as1-Casein
(K)/ENINELSKDIGSESIEDQAM PHOS PHOS
2905.49 | 2905.78 |Epayiq) as1-CN (f35-58) PHOS
(K)/ENINELSKDIGSESIEDQAM
2825.08 | 2826.79 |Epakia) as1-CN (£35-58) PHOS PHOS
1898.54 | 1898.78 |(K)/DIGSESIEDQAMEDAK/(Q) as1-CN (f43-58) PHOS PHOS
1818.40 | 1798.92 |(K)/DIGSESIEDQAMEDAK/(Q) as1-CN (f43-58) PHOS
PHOS PHOS
2158.69 | 2155.97 |K)/DIGSESIEDQAMEDAKQM/(K) | os4-CN (f43-60)2P Aspecific
cleavage
PHOS PHOS
2287.34 | 2287.75 |(K)/AGSSSSSEEIVPNSAEQK/(Y) | s CN (f62-79) PHOS PHOS
PHOS PHOS
PHOS PHOS
2208.60 | 2207.77 |(K)/AGSSSSSEEIVPNSAEQK/(Y) | as-CN (f62-79) PHOS PHOS
PHOS
PHOS PHOS
2127.85 | 2127.79 |(K)/AGSSSSSEEIVPNSAEQK/(Y) | as-CN (f62-79) PHOS PHOS
as2-Casein
(K)YHKMEHVSSSEEPINISQEIY PHOS PHOS
3187.93 | 319210 | oK/ o s2-CN (f2-25) PHOS PHOS
(K)HKMEHVSSSEEPINISQEIY PHOS PHOS
3105.60 | 311113 | QEKIN) o s2-CN (f2-25) PHOS
3031.89 | 3032.14 |(KVHKMEHVSSSEEPINISQEIY | = on (5225 PHOS PHOS

KQEK/(N)
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(K)/HKMEHVSSSEEPINISQEIY
2951.98 | 2952.16 KQEK/(N) as2-CN (f2-25) PHOS
KHKMEHVSSSEEPINISQEI PHOS PHOS
2934.22 | 2934.85 YK/(Q) as2-CN (f1-22) PHOS PHOS
KHKMEHVSSSEEPINISQEI PHOS PHOS
2854.40 | 2854.87 YK/(Q) as2-CN (f1-22) PHOS
2775.72 | 2774.89 $E%C“SEHVSSSEEP'N'SQE' @2CN (f1-22) | PHOS PHOS
2603.81 | 2604.91 |KHKMEHVSSSEEPINISQEI o 2-CN (f1-22) PHOS
YKI/(Q)

1540.62 | 1540.41 [(R)/EQLSTSEENSKKI/(T) as2-CN (f126-137) | PHOS PHOS
1412.48 | 1412.24 |(R)/EQLSTSEENSKI/(K) as2-CN (f126-136) [ PHOS PHOS
asz2-Casein aspecific cleavage of tryptic CPP

as2-CN (f1-21)
2806.00 | 2806.68 | KHKMEHVSSSEEPINISQEI Y(K) | C-termin. Tyry- E:gg l';:gg
LySZZ
as2-CN (f4-21)
2412.00 | 2413.19 |(K)MEHVSSSEEPINISQEIY(K) C-termin. Tyry,- E:g:ﬁ:gg
Lys2;
as2-CN (f54-71)
2254.42 | 2253.97 |(Y)SIRSSSEESAEVAPEEVKI/(l) N-termin. Tyrs3- g:gg ﬁ:gg
Ser54
as2-CN (f54-71)
217412 | 2174.99 |(Y)SIRSSSEESAEVAPEEVKI/(l) N-termin. Tyrs3- Pch:),ﬁOPgos
Ser54

It is possible to note the absence of non-phosphorylated peptides confirming
the specificity of the HA-based procedure while the presence of partially
dephosphorylated forms validated casein from high SCC.

From native p-casein, five partly dephosphorylated CPP species were
identified, corresponding to loss of 1, 2, 3, 4 and 5 phosphate groups. The presence
of B-CN (f1-28) (5P+1P) is an additional indicator to the previous finding. A lower
phosphorylation degree (6P+3P) was observed before trypric hydrolysis (Table 9).
This means the partial dephosphorylation of B-casein in the presence of anomalous
SSC.

From the native asq-casein, tryptic hydrolysis produced os1-CN (f62-79)6P
(6P+4P) and CPP as as1-CN (f43-60)2P due to aspecific cleavage.

From agy-casein, asp-CN (f2-25)4P (4P+2P) and aspecific as-CN (f54-71)4P
(4P+3P) were released. Three CPP having different N-terminal extension, i.e. 1-22,
4-22 and 2-25, raise from as;CN (Table 11). All CPP containing the cluster Ser(P)-
Ser(P)-Ser(P)-Glu-Glu, essential to bind minerals, showed a wide degree of
phosphorylation due to the loss of phosphate groups.
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In conclusion, high plasmin (or other proteases) activity associated with high
cell count, and especially alkaline phosphatase activity may represent mastitis
indicator. The enrichment by HA of phosphoproteins and CPP is fundamental for
evaluating milk quality.
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18. Use of CPP as process markers

CPP can also represent process markers. Proteolysis and casein and
phosphopeptide dephosphorylation is of utmost interest in the cheese ripening. We
considered Grana Padano (GP) cheese where the biochemical changes which occur
during ripening are caused by the synergistic action of a variety of enzymes, such as
chymosin, indigenous milk enzyme proteinase, starter bacteria enzymes, and
secondary microorganisms enzymes'’*. Then, it has been suggested that acid
phosphatases from both milk and lactic acid bacteria contribute to dephosphorylation
of phosphopeptides in cheese, which are produced from casein by enzymatic activity
during cheese ripening'”. In cheese made from pasteurized milk, indigenous acid
phosphatase or bacterial phosphatases are probably responsible for
dephosphorylation of caseins, but in raw milk cheese, e.g. Parmigiano Reggiano or
Grana Padano, ALP may play an important role’”®. Hence, in a cheese made from
raw milk, the enzymatic activity is more intense than that occurring in a cheese made
from pasteurized milk. Pasteurization, in fact, inactivates several enzymes in milk,
including lipase and alkaline phosphatase. Lack of alkaline phosphatase activity
indicates that the milk has been properly pasteurized. As Grana Padano is a D.O.P.
cheese and its Production Disciplinary states that it must be produced with raw milk,
it is important to have a technique for controlling the use of raw milk. It has been
demonstrated that a centripetal temperature gradient and a consequent gradient of
alkaline phosphatase inactivation between the outer part and the core of GP cheese
takes place during moulding. The traditional cheesemaking technology also includes
milk clotting at 32° C, curd cooking up to 55° C, and cheese moulding at room
temperature for 48 h. It has been able to note that the temperature decreases rapidly
to 35-40° C at the surface, but because of the slow heat-transfer within the cheese,
the core remains at 52-56 °C for 8-10 h. Such condition promotes the formation of a
centripetal gradient of ALP inactivation which remains unmodified in moulded forms
at room temperature throughout ripeningm. The outside of the Grana contain levels
of residual phosphatase about 10-100 times higher than the core of cheese.
Moreover, the significant heat load on the inner zones of the cheese together with the
low pH value may reduce the activity of other indigenous and heat-sensitive
enzymes, like acid protease'’®. Also an increased proteolytic activity was observed
mainly in the outer zone of cheese. More free amino acids (FAA) were detected in
the outer parts of GP cheese'”® just caused by the higher enzyme activities than in
the cheese core. The peptide degradation involves firstly dephosphorylation of the
SerP N-terminal and then release of Ser by aminopeptidases'’”. This mechanism
was confirmed by the extremely low levels of SerP found in the free amino acid (FAA)
containing fraction of GP whereas free Ser accumulated as a consequence of the
simultaneous presence of both active phosphatase and aminopeptidase. As well
known, constitutive alkaline phosphatase is inactivated by milk pasteurization which
can affect splitting of SerP during cheese ripening: If SerP wasn’t dephosphorylated
by residual phosphatase, free Ser cannot be released by the bacterial
aminopeptidase activity. Hence, milk pasteurization originates an equal distribution
of FAA between the outer and the core part of the ripened cheese form. In fact, no
free Ser gradient depending on the unequal activity of ALP within the cheese was
observed but FAA content was depressed in comparison to control raw-milk
cheese'” together with longer size CPP.
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In conclusion, the detection of a different peptide profile associated to the
thermal gradient can be diagnostic for the use of raw milk as stated by the Decree of
the Regulatory Production.

19. Experimental procedure 4

Materials

0.1N Hydrochloric acid solution was Carlo Erba. 3 samples of Grana Padano
cheese, at 15 months ripening, were supplied from GranBiraghi factory obtained
according to the traditional cheesemaking technology. For the cheese samples, a
cylindric portion with 5cm diameter from the round side near the outer layer and from
the core of the cheese was recovered. Each portion was grated to obtain an uniform
sample. The other materials have been already reported.

Preparation of pH 4.6-soluble fraction of cheese

Finely grated cheese (10 mg) was suspended in 45 mL of 0.1 N HCI. The
suspension was homogenized for 1 min by an Ultra Turrax T50 and then centrifuged
at 4,000 rpm for 30 min at 4° C. The resulting supernatant solution was freeze dried
(Lyolab A, LSL Secfroid, Aclens, Switzerland).

HA-based CPP enrichment of the pH 4.6 soluble fraction

Lyophilized soluble fraction (10 mg) was dissolved in 80 ul buffer at pH 8.0
containing TrisHCI 50 mM, KCI 0.2 M, urea 4.5 M, DTT 10 mM and loaded on HA
(10mg), previously washed with loading buffer. The next steps of phosphorylated
protein enrichment and tryptic hydrolysis in situ were the same as those already
reported above.

LC/MS Analysis

The LC-MS analysis was carried out under the conditions above reported. The
only difference was that, instead of TFA, formic acid (FA) was used in the elution
buffer to reduce signal suppression.

20. Results and discussion

After enrichment by HA of the pH 4.6-soluble fraction of the GP inner and
outer part, a lot of phospopeptides bound to HA, while nonphosphorylated
compounds were washed out with buffers. From the analysis of recovered CPP, it is
possible to note that, during cheese ripening, several CPP derived by a intense
enzymatic hydrolysis were present in the core and the inner part of the ripened
cheese (Tables 12 and 13). All peptides had in common the N-terminal or C-terminal
residues. Plasmin appeared to be the main responsible enzyme for casein
degradation during hard cheese ripening. B-Casein was extensively degraded by this
enzyme with the concomitant formation of plasmin-derived peptides as B-CN (f1-28),
B-CN (f1-29), B-CN (f1-32), found only in the inner part of GP (Table 12).
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Table 12. Identification of CPP by LC-ESI-MS from the inner part of a 15-month-old cheese.

Measured | Measured | Measured | Measured
mass (Da) | mass (Da) | mass (Da) | mass (Da) Amino acid sequence . CPP .
(MH") (MHZ") (MH3+) (MH‘") identification
-casein
1348.4 674.7 LpSpSpSEESITR B-CN (f16-25)3P
1435.4 718.2 479.1 pSLpSpSpSEESITR B-CN (f15-25)3P
1591.1 796.1 531.0 pSPSpSEESITRINK | B-CN (f17-28)4P
1644.6 822.8 548.9 EpSLpSpSpSEESITR B-CN(f14-25)4P
1704.1 852.6 568.7 LpSpSpSEESITRINK | B-CN (f16-28)3P
1743.4 872.2 581.8 VEpSLpSpSpSEESITR B-CN (f13-25)4P
1790.6 895.8 597.5 pSLpSpSpSEESITRINK | B-CNf(f15-28)3P
1857.1 929.1 619.7 IVEpSLpSpSpSEESITR B-CN(f12-25)4P
1870.0 935.5 624.0 pSLpSpSpSEESITRINK | B-CN (f15-28)4P
1871.0 936.0 624.3 EpSLpSpSpSEESITRIN B-CN (f14-27)4P
1999.0 1000.0 667.0 EpSLpSpSpSEESITRINK | B-CN (f14-28)4P
2098.0 1049.5 700.0 VEpPSLpSpSpSEESITRINK | B-CN(f13-28)4P
22115 1106.3 737.8 IVEPSLpSpSpSEESITRINK | B-CN (f12-28)4P
2341.0 1171.0 781.0 EIVEpSLpSpSpSEESITRINK B-CN (f11-28)4P
2594.2 1297.6 865.4 VPGEIVEpSLpSpSpSEESITRINK B-CN (f8-28)4P
2708.8 1354.9 903.6 678.0 |NVPGEIVEpSLpSpSpSEESITRINK B-CN (f7-28)4P
2967.0 1484.0 989.7 7425 ELEEL B-CN (f2-25)4P
NVPGEIVEpSLpSpSpSEESITR
3079.0 1540.0 1027.0 770.5 EEL B-CN (f4-28)4P
NVPGEIVEpSLpSpSpSEESITRINK
31235 1562.3 1041.8 781.6 RELEEL B-CN (f1-25)4P
NVPGEIVEpSLpSpSpSE ESITR
3193.0 1065.0 799.0 LEEL B-CN (f3-28)4P
NVPGEIVEpSLpSpSpSEESITR INK
3322.0 1108.0 831.3 ELEEL B-CN (f2-28)4P
NVPGEIVEpSLpSpSpSEESITR INK
3450.0 1150.7 863.3 ELEEL B-CN (f2-29)4P
NVPGEIVEpSLpSpSpSEESITRINKK
3478.6 1160.2 870.4 |RELEEL B-CN (f1-28)4P
NVPGEIVEpSLpSpSpSEESITRINK
3607.0 1203.0 902.5 |RELEEL B-CN (f1-29)4P
NVPGEIVEpSLpSpSpSEESITRINKK
RELEEL
3978.0 1326.7 9953 | NVPGEIVEpSLpSpSpSEESITRINKK | B-CN (f1-32)4P
IEK
os1-casein
1314.2 657.5 IpSpSpSEEIVPN as1-CN (f65-74)3P
1401.4 701.2 467.8 pSIpSpSpSEEIVPN as1-CN (f64-74)3P
1481.2 741.1 494 .4 pSIpSpSpSEEIVPN as1-CN (f64-74)4P
1610.6 805.8 537.5 EpSlpSpSpSEEIVPN as1-CN (f63-74)4P
1681.4 841.2 561.1 AEpSIpSpSpSEEIVPN as1-CN (f62-74)4P
1810.6 905.8 604.2 EAEpSIpSpSpSEEIVPN as1-CN(f61-74)4P
1965.3 983.2 655.8 IpSpSPSEEIVPNPSVEQK | 0s1-CN (f65-79)4P
2132.0 1066.5 711.3 pSIpSpSPSEEIVPNPSVEQK | 01-CN (f64-79)5P
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2261.0 1131.0 754.3 EpSIpSpSpSEEIVPNPSVEQK | 01-CN(f63-79)5P

23335 1167.3 7785 AEpSIpSpSpSEEIVPNPSVEQK | 0s1-CN (f62-79)5P

2462.0 1231.5 821.3 EAEpSIpSpSpSEEIVPNPSVEQK | ag-CN(f61-79)5P
os2-casein

1515.4 758.2 505.8 pSpSpSEESIIpSQE as2-CN (f8-18)4P

1614.4 807.7 538.8 VpSpSpSEESIIpSQE as2-CN (f7-18)4P

2006.6 1003.8 669.5 VpSpSPSEESIIPSQETYK | 0s2-CNf(f7-21)4P

In the outer parts of cheese, the higher intense enzymatic hydrolysis with
respect to the core caused the degradation of these precursors and their
disappearance (Table 13).

Figure 13. Identification of CPP by LC-ESI-MS from the outer portion of a 15-month-old cheese

sample.

mizzu(';ac; miaszu(';ac; miaszu(';ac; miaszu(';ac; Amino acid sequence cpp
(MH") (MH?) (MH™) (MH") identification
-casein
1192.2 596.8 LpSpSpSEESIT B-CN (f16-24)3P
1348.4 674.8 450.2 LpSpSpSEESITR B-CN (f16-25)3P
1359.2 680.2 SLpSpSpSEESIT B-CN (f15-24)4P
1435.4 718.0 479.0 SLpSpSpSEESITR B-CN (f15-25)3P
1703.8 852.4 568.6 LpSpSpSEESITRINK | B-CN (f16-28)3P
1742.0 872.2 582.0 VEpSLpSpSpSEESITR B-CN (f13-25)4P
1870.6 935.8 624.0 pSLpSpSpSEESITRINK B-CN (f15-28)4P
1871.0 936.0 624.4 EpSLpSpSpSEESITRIN B-CN (f14-27)4P
1999.0 1000.4 667.4 EpSLpSpSpSEESITRINK | B-CN (f14-28)4P
2211.8 1106.6 738.0 553.8 IVEpSLpSpSpSEESITRINK | B-CN (f12-28)4P
2341.6 1171.3 781.2 EIVEpSLpSpSpSEESITRINK B-CN (f11-28)4P
2708.8 903.6 677.8 NVPGEIVEpSLpSpSpSEESITRINK B-CN (f7-28)4P
as1-casein
1314.2 657.8 IpSpSpSEEIVPN as1-CN (f65-74)3P
1320.4 660.8 EpSIpSpSpSEEIV as1CN (f63-72)3P
1401.4 701.2 468.0 pSIpSpSpSEEIVPN as1-CN (f64-74)3P
1481.4 741.2 494 .4 pSIpSpSpSEEIVPN as1-CN (f64-74)4P
1610.6 805.5 537.3 EpSIpSpSpSEEIVPN as1-CN (f63-74)4P
1681.4 841.0 561.0 AEpSIpSpSpSEEIVPN as1-CN (f62-74)4P
1965.4 983.4 656.0 IpSpSPSEEIVPNPSVEQK | 01-CN (f65-79)4P
2132.4 1067.0 711.6 pSIpSpSpSEEIVPNPSVEQK | asi-CN (f64-79)5P
2333.0 1166.8 778.4 AEpSIpSpSpSEEIVPNPSVEQK | asi-CN (f62-79)5P
as2-casein

1515.4 758.2 505.6 pSpSpSEESIIpSQE | as-CN (f8-18)4P
1614.4 807.8 538.8 VpSpSpSEESIIpSQE | as2-CN (f7-18)4P

Plasmin hydrolysed asi-casein producing the as1-CN (f61-79) peptide further
attacked at the Metgo-Gluss peptide bond, originated by action of an unknown
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endopeptidase. The consequent formation of the three peptides such as as1-CN(f1-
60)2P, as1-CN (f23-60)2P and as1-CN (f61-79) 5P"'®? was recorded.

Plasmin hydrolysed asp-casein producing the as-CN (f1-21) fragment. Then,
several shorter CPP were released from this precursor through the combined action
of proteases and phosphatases; each peptide was devoid of one or more residues at
the N- and/or C-terminus (Table 12 and 13). Following the specific cleveage of
plasmin-derived CPP, it is possible to deduce the activity of general and specific
aminopeptidases (which release the N-terminal amino acid from oligopeptides),
phosphatase and carboxypeptidases A and B (which release the C-terminal amino
acid from oligopeptides). In particular, the synergistic activity of phosphatase and
aminopeptidases allows to obtain shorter CPP with cleavage in the cluster Ser(P)-
Ser(P)-Ser(P)-Glu-Glu, otherwise resistant to any enzymatic activity'®®. As already
mentioned, the presence of CPP such as as1-CN (f65-74)3P, as1-CN (f65-79)4P and
B-CN (f16-25)3P is possibly due to the formation of dephosphorylated intermediate
peptides such as as1-CN (f64-74)3P and B-CN (f15-25)3P. This synergistic enzyme
activity was also present in the inner part of GP. Here, the residual activity of
phosphatases was very low as demonstrated by the higher number of CCPs in the
GP core. This was sign of a lower enzyme activity than in the outer part of cheese
form. All larger CPP such as B-CN (f2-25)4P, B-CN (f4-28)4P, B-CN (f1-25)4P, B-CN
(f3-28)4P, B-CN (f2-28)4P, B-CN (f2-29)4P, B-CN (f1-28)4P, B-CN (f1-29)4P, B-CN
(f1-32)4P, as1-CN(f61-79)5P, 0s1-CN(f63-79)5P, as2-CN(f7-21)4P were absent in the
outer parts of the cheese form while they occurred in the inner one. In GP made
using pasteurized milk, the different peptide profile was not observed owing to the
phosphatase inactivation and lower proteolytic activity. Peptides as as1-CN (f65-
74)3P, as1-CN (f65-79)4P and B-CN (f16-25)3P were absent because CPP were not
dephosphorylated by alkaline phosphatase (data not shown). Since indigenous ALP
is fully inactivated in pasteurized milk, no gradient in free Ser depending on the
unequal activity of the enzyme within the cheese form was observed and a diminutive
amount of FAA was found in the core cheese form. In conclusion, the analysis of
CPP of the inner and outer parts of the GP cheese form has provided some
comprehensive information on the nature of the milk used in processing.
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21. Conclusions

In conclusion, during the PhD work, a technique for selective enrichment of
phosphorylated components has been developed starting from complex mixtures of
proteins and peptides. The high selectivity technique of CPP enrichment based on
hydroxyapatite (HA) chromatography was then transferred in semi-industrial scale for
the formulation of a functional milk containing HA-CPP microgranules. HAS was
synthesized by wet-chemical precipitation reactions from Ca(OH), and H3;PO, to
reduce production costs and 3 different protein mixtures as casein, milk proteins and
raw milk were used to recover tryptic CPP. It was thus possible to use several initial
raw materials for preparing the new ingredient, according to the specific industrial
needs.

Once CPP were bound to the resin, the complex HAS-CPP was finely ground
and added to milk. The sensory characteristics of this new formulation were
compatible for milk fortification. Hence, in this PhD work, a new drink enriched with
functional components of high biotechnological interest as phosphopeptides has
been created. CPP preparation was useful for the treatment of dental caries and
vehiculing trace elements (copper, iron, selenium, etc).

The quality of the CPP preparation was also important. The evaluation of milk
quality was conducted through the study of phosphoproteome of a mastitic milk
sample. In this kind of milk, the developed analytical technique revealed new
phosphorylated components in a wide range of dephosphorylation due to the
increased phosphatase(s) activity associated to the high somatic cells and a number
of plasmin-derived casein peptides. Dephosphorylation of proteins and CPP
correlated well to high SCC having a negative impact on the functionality of the
bioactive peptides.

Furthermore, the study of CPP dephosphorylation in the inner and outer parts
of a 15-month-old cheese has allowed to find CPP as process markers. In a milk
made by raw milk, a gradient of alkaline phosphatase and protease inactivation was
associated to a thermal gradient between the core and outer parts of GP, while no
gradient of inactivation was evident for a cheese made by pasteurized milk. In this
direction, the analytical method is suitable to provide detailed information on the
evaluation of the genuineness of liquid milk and cheese. The development of such a
specific strategy opens up the possibility for further application in phosphoproteomics
and structure-function studies.
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Abstract—The general synthesis of a new class of non-natural diamino acids, 2-amino-3-[(2’-aminoalkyl)seleno Jpropanoic acids, or
Se-(aminoalkyl)selenocysteines, is reported. Under the conditions devised, enantiopure N-Boc-protected B-L-iodoamines, which are
readily generated from proteinogenic a-amino acids, were treated with the selenolate anion obtained from NaBH, splitting of the
Se—Se bond in commercial L-selenocystine. The Se-alkylation products were enantiomerically pure and the reaction is high yielding
(92-98%), without any detectable traces of accompanying by-products.

© 2007 Elsevier Ltd. All rights reserved.

Selenium is an essential micronutrient for animals and
humans: to date, its bio-availability seems to depend
upon the naturally occurring selenium-containing amino
acids selenocysteine (Sec) and selenomethionine,
although other selenoamino acids, such as Se-methyl-
selenocysteine, selenohomocysteine and selenocystathio-
nine, are also involved in selenoamino acid metabolic
pathways.!

In recent years, organoselenium chemistry has emerged
as an exceptional class of structures, due to its pivotal
role in the synthesis of a large number of biological com-
pounds and important therapeutic products ranging
from antiviral and anticancer agents to naturally occur-
ring food supplements.?

Simple organochalcogenide compounds have been
reported to display antioxidant activity in vitro and
in vivo. It has been suggested that the exploitation of
the redox activity of selenium, as in the case of tellu-
rium, could provide antioxidants of considerable
potency, which would be suitable tools in free radical
biology, as the scavengers of reactive oxidizing agents.?

Keywords: Organoselenium; Selenolanthionine; Selenocystine; B-Iodo-

amines; Diamino acids.
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Exciting areas of research using chiral organoselenium
compounds also include catalytic asymmetric reactions
to provide enantiomerically enriched compounds, repre-
senting a new trend in this field of organometallic
chemistry. In this context, chiral selenide- and diselenide-
containing ligands have been employed as useful cata-
lysts in various asymmetric transformations including
enantioselective addition of diethylzinc to aldehydes,*>
the 1,4-addition of Grignard reagents to enones,® and
palladium-catalyzed asymmetric allylic substitution.”

R CO,H HO,C CO,H
Y\SG/Y ﬁ/\xﬁ/
NH, NH, NH, NH,

1 2
a(X=9),b(X=Se)

Here we report the synthesis of new enantiopure non-
natural diamino acids (1) containing selenium. They
represent a new family of chalcogenide diamino acids
paralleling their sulfurated analogues that we have
recently reported.® The interest of both classes of such
novel non-natural diamino acids depends essentially
upon their structural similarities with natural meso-lan-
thionine (2a), key-residue of lanthibiotic peptides and
meso-selenolanthionine (2b), respectively. Even more
interesting is their inclusion in peptides® that performs
formal ‘bioconjugation’ processes,”!® mimicking the
results of the alkylation, by proteinogenic a-amino acid
moieties, at the chalcogen atom of selenocysteines
(Sec), or cysteines (Cys) already present in peptide
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chains. An illustrative example of the use of N(Boc)-p-
iodoamines, obtained from aspartic and glutamic acids,
to alkylate a pre-existing cysteine in a solid-phase grow-
ing peptide was already reported.!!

The synthesis of compounds 4a-c¢ (Scheme 1) was
accomplished in a very simple, clean and high yielding
synthetic route starting from commercial L-selenocystine
and N(Boc)-B-L-iodoamines as Se-alkylation species.
The procedure reported for the synthesis of their sul-
fur-containing analogues® could not be adapted, due
to the high tendency of L-selenocysteine to undergo oxi-
dation. Hence, L-selenocystine was refluxed with NaBH,4
in dry EtOH, under argon atmosphere, to produce
in situ (R)-2-amino-2-carboxyethaneselenolate anion.
The formation of the latter could be observed by the dis-
appearance of the initial intense yellow colour of seleno-
cystine ethanolic solution.!> The corresponding'3'*
N(Boc)-B-L-iodoamine 3a—c¢ (obtained from Phe, Pro
and Val, respectively) was then added to the solution
to alkylate the anion and after refluxing the reaction
mixture for a few more minutes, the Boc mono-
protected selenodiamino acids 4a—c were observed as
sole products (TLC, LC-MS). Attempts to use cystine
under the same conditions to prepare sulfur analogues
of 4a—c were disappointing, due to the poorest reaction
yields.

Diamino acids 4a—c were not isolated as such,!® but were
converted into N,N-protected compounds, ready for
peptide coupling, bearing either a second Boc group
(5a—¢) or orthogonal Boc/Fmoc (6a—c) protection
(Scheme 1).

We propose for any of these new chalcogen-containing
diamino acids an acronym to avoid cumbersome system-
atic names in the current laboratory practice and in
order to readily recognize their presence in peptide
sequences as well. The proposed acronym is composed
of ‘Se’ (from ‘Sec’) [as well as ‘Cy’ (from ‘Cys’) for the
terms containing the sulfur atom] and the italicized
‘one-letter code’ denoting the a-amino acid whose side
chain (R in formula 3 and others therefrom) is present
in it. Accordingly, the selenodiamino acids reported in
this Letter are shown in Table 1 with their acronyms
and the whole family should be referred to as ‘SeX” fam-

R. Caputo et al. | Tetrahedron Letters 48 (2007) 1425-1427

ily [as well as ‘CyX’ family for the sulfur-containing
terms].

The stereochemical integrity of the final products
was assessed by RP-HPLC, 'H and '*C NMR.

Selenium nucleophiles have been reported'® to react
with aziridines that act as chiral aminoalkyl cation
equivalents. In our experience, chiral B-iodoamines ap-
pear to be strongly competitive with aziridines: as an
illustrative example, we obtained almost quantitative
formation of (S)-tert-butyl 1-phenyl-3-(phenylselen-
yl)propan-2-ylcarbamate (7), in only a few minutes
using the protected B-iodoamine 3a, from N(Boc)-L-
phenylalanine, and benzeneselenolate anion generated
in situ from diphenyl diselenide and NaBH, in refluxing
EtOH. The same product had been reported!’ to be
formed in 24 h, 72% yield, using the same benzeneselen-
olate anion and N(Boc)-aziridine from N(Boc)-L-
phenylalanine.

PhSeSePh
Ph I NaBH, Ph SePh
EtOH, THF
NH-Boc 15 min, 94% NH-Boc
3a 7

In conclusion, these new, non-natural selenylated diami-
no acids can be obtained enantiopure, in good yields
and if required, in orthogonally protected forms ready
for insertion into peptide sequences. The synthesis is
very simple and the starting materials are generally inex-
pensive and easily accessible as well. All the mentioned
observations highlight the synthetic value of the enantio-
merically pure N(Boc)-B-iodoamines as aminoalkyl
cation equivalents.

It is also worth noting that the lysine-like configuration
of our diamino acids, associated with a proteinogenic
side chain, prompts their exploitation as branching dia-
mino acids to build up chalcogen-containing peptide-
bond based new dendrimeric structures. Work is already
in progress in our lab to produce enzyme-mimicking
dendrimeric scaffolds including proteinogenic o-amino

R
CO,H |
HOC _~.-Se NH-Boc 3 R COLH
cose NH2  "NaBH, in EtOH Se
NH, reflux, 5 min NH-Boc NH,
4
Boc,0 FmocOSu
a: R =CH,C¢Hs (Phe)
b: R = CH,CH,CH,N  (Pro)
[ |
€: R =CH(CHjy), (Val) R CO,H R CO,H
Se Se
NH-Boc NH-Boc NH-Boc NH-Fmoc
5 6

Scheme 1. Synthesis of N,N-protected SeX diamino acids from L-selenocystine and B-L-iodoamines.
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Table 1. New N,N-protected SeX diamino acids
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N(Boc)-B-L-Iodoamine SeX diamino acid Yield® (%) Mp (°C) [oc]zD5 (CHCl)
3a Boc-SeF(Boc)-OH (5a) 98 132-133 45.1
3a Fmoc-SeF(Boc)-OH (6a) 95 138-139 40.2
3b Boc—SeP(Boc)-OH (5b) 92 Foam 23.8
3b Fmoc-SeP(Boc)-OH (6b) 94 97-98 31.3
3c Boc-SeV(Boc)-OH (S¢) 97 Foam 35.7
3c Fmoc-SeV(Boc)-OH (6¢) 95 88-89 38.5

#Yield of diprotected selenodiamino acid, referred to the starting B-iodoamine.

acids, such as Ser, His and Asp, that are commonly
involved in the enzymatic active sites.'3
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Commercial L-selenocystine (0.3 g, 1 mmol) was sus-
pended in anhydrous EtOH (10 mL) under argon atmo-
sphere. Solid NaBH, (0.2 g, 5 mmol) was added in one
portion and the mixture refluxed for 5 min, until clear and
colourless. tert-Butyl (S)-1-iodo-3-methylbutan-2-ylcarba-
mate 3c (0.6 g, 2mmol) dissolved in anhydrous THF

16.

17.

18.

(4 mL) was then added. After 10 min under reflux, the
reaction mixture was cooled to room temperature and split
in two portions. The first one, after evaporation of the
solvents under vacuum, was redissolved in THF (10 mL)
and treated with FmocOSu (0.3 g, 1 mmol) under standard
conditions to afford eventually (R)-2-{[(9H-fluoren-9-yl)-
methoxy]carbonylamino}-3-[(S)-2-(tert-butoxycarbon-
ylamino)-3-methylbutylselenyljpropanoic acid, Fmoc—
SeV(Boc)-OH (6¢), (96%). An analytical sample: mp 88—
89 °C (from CH,Cl,-hexane), [oc]f)5 +38.5 (¢ 1.0, CHCly).
"H NMR (500 MHz, CD;0D, J in Hz): = 0.87 (d, 3H,
J=16.8),0.90 (d, 3H, J=6.8), 1.44, (s, 9H), 1.77 (dq, 1H,
J=16.8), 2.67 (dd, 1H, J=9.3 and 12.2), 2.82 (dd, 1H,
J=44 and 12.2), 297 (dd, 1H, J=7.8 and 12.7), 3.03
(dd, 1H, J=4.9 and 12.7), 3.50 (m, 1H), 4.25 (t, 1H,
J=16.8), 4.34 (m, 2H), 4.44 (m, 1H), 7.31 (t, 2H, J =17.8),
7.39 (t, 2H, J=17.8), 7.69 (d, 2H, J=17.8), 7.79 (d, 2H,
J=7.8); 3C NMR (125 MHz, CD;0D): § = 18.8, 20.5,
27.0, 29.3, 29.9, 33.9, 48.7, 56.3, 58.0, 68.7, 80.4, 121.4,
126.8, 128.6, 129.3, 142.9, 145.6, 158.8, 174.6. HR-MS
(EI): caled for C,gH36N>OgSe [M+H+] 576.5626, found
576.5630.

The second portion, after evaporation of the solvents
under vacuum, was also redissolved in THF (10 mL) and
treated with Boc,O (0.2 g, 1 mmol) under standard con-
ditions to afford (R)-2-(tert-butoxycarbonylamino)-3-[(S)-
2-(tert-butoxycarbonylamino)-3-methylbutylselenyl]prop-
anoic acid, Boc-SeV(Boc)-OH (5¢) (97%). An analytical
sample: foam, M]zjs +35.7 (¢ 1.6, CHCl;). 'H NMR
(500 MHz, CD;0D, J in Hz): 6 =0.89 (d, 3H, J=6.8),
0.92 (d, 3H, J=6.8), 1.45 (s, 18H), 1.78 (dq, 1H, J = 6.8),
2.65(dd, 1H, J=12.7 and 8.9), 2.83 (dd, 1H, J = 12.7 and
3.9),2.93(dd, 1H, J=12.7 and 6.8), 3.0 (dd, 1H, J=12.7
and 4.9), 3.50 (m, 1H), 4.37 (br t, 1H); *C NMR
(125 MHz, CD;0D): 6 = 18.7, 20.5, 27.1, 29.3, 29.7, 34.0,
58.5,80.3, 81.2, 158.2, 158.9, 174.5. HR-MS (EI): calcd for
C18H34N20686 [M+H+] 454.4397, found 454.4402.
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Mp 81-82°C (from Et,O-hexane), [oc]lz)5 15.5 (¢ 1.0,
CH,Cl,); lit.'® "H NMR spectrum consistent with
the structure; mp 80.7-81.3 °C, [o]f; 14.
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