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The structures of complexes between amides and metal ions were examined by FAB mass spectrometry and
collision-induced dissociation (CID). Zn>* was coordinated by the amide carbonyl oxygen atom of N-tetradecyl-
acetamide (1). In contrast, Ca’>* and Mg?* were coordinated by the amide group of 1 in both the keto and enol
forms. The catalytic role of Zn>* at the active site of the hydrolases might partly be explained by the effective at-
tack of Zn>* on carbonyl oxygen atom of the scissile amide group.
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The zinc ion (Zn*") plays an important role as the catalyst
in the enzymatic hydrolysis of amide bonds. For example,
Zn** is essential at the active site of metalloproteinases, such
as carboxypeptidases, thermolysins and collagenases.'® It
is also essential for the activity of histone deacetylases
(HDACsS), which catalyze the deacetylation of &-N-acetyl ly-
sine residues of nucleosomal histones and regulate gene ex-
pression.”'? It is well known that HDAC inhibitors are po-
tential anticancer agents, as they cause growth arrest, differ-
entiation and/or apoptosis in various tumor cell types.'’!?
Almost all HDAC inhibitors contain a functional group that
binds to Zn?*, e.g., disulfide, thiol, hydroxamic acid or
epoxyketone.'' '3 The phthalimide-type and cyclic amide-
type HDAC inhibitors that we have synthesized are hydrox-
amic acid derivatives.'*'”

In the crystal structure of the enzyme, the catalytic Zn" is
coordinated by amino acid side chains. X-ray crystallography
revealed that, in carboxypeptidases and thermolysins, Zn*" is
coordinated by two His, one Glu and one H,0,>* in collage-
nases and gelatinases, it is coordinated by three His,” and in
HDACS and in HDAC homologue, by two Asp and one His
and one H,0.%'” At the cleavage of an amide bond, the
Lewis acidic Zn>" at the active site of the enzyme is believed
to promote the cleavage by coordination of the amide car-
bonyl oxygen atom.>>%!5~18) A proposed mechanism for the
first step of the Zn>*-catalyzed hydrolysis of the amide bond
of acetylated lysine by HDAC homologue is shown in Fig.
1.9 Coordination of the carbonyl oxygen atom to Zn>" is fol-
lowed by nucleophilic attack of the Zn>*-bound water.

A selective requirement of Zn>" for the enzyme activity
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Fig. 1. Proposed Mechanism for the First Step of HDAC Deacetylation®
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was demonstrated by means of reconstitution experiments
with HDAC homologue.® The in vitro deacetylase activity
was observed after incubation of the purified HDAC homo-
logue with zinc chloride.¥ No significant activity was ob-
served with HDAC homologue preparations reconstituted
with Ca?*, Cu®", Fe?*, Mg*" or Mn*".¥ These results sug-
gest that the behavior of Zn>* in relation to an amide group
might be different from that of other metal ions. Therefore, it
is of interest to investigate how Zn>* and other metal ions in-
teract with an amide group.

FAB mass spectrometry is a powerful tool to analyze
adduct ions formed by coordination of organic compounds to
metal ions. When a mixture of an organic compound and a
metal salt in matrix solution is bombarded with fast atoms
(e.g., Xe), the intact adduct ions and fragment ions are des-
orbed. Singly charged ions are mainly detected in FAB ion-
ization."" 2" We have studied the structural requirements
(oxygen functional groups and olefinic double bond) for the
coordination of metal ions by means of FAB mass spectrom-
etry, and applied the results to the structural elucidation of
organic compounds.?? 2 Under FAB conditions, a carbonyl
oxygen atom and at least two proximal oxygen atoms effi-
ciently coordinate to a metal cation, and 7-electrons partici-
pate to form adduct ions. An isolated oxygen atom of a hy-
droxyl group or an ether hardly forms an adduct ion with a
metal cation, >

This paper describes FAB mass analyses of adduct ions of
amide group and Zn*" in order to clarify the mode of coordi-
nation. The spectral data were compared with those obtained
with Ca®*, Mg?>" and Co?*. Interactions of peptides with al-
kaline earth metal ions and transition metal ions, including
Zn*, have been extensively characterized chemically and by
mass spectrometry.>’ 3" Those findings indicate that a metal
ion can bind to several functional groups, such as C-terminal
carboxylate, N-terminal amino group, an intervening amide
group, and/or amino acid side chain. However, little is known
about the interactions of metal ions with a simple amide

group.

Results and Discussion

In order to analyze the adduct ions of an amide and Zn?*
by FAB mass spectrometry, N-tetradecylacetamide (1, molec-
ular weight M,: 255) was prepared (Fig. 2). The positive ion
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FAB mass spectrum of 1 in m-nitrobenzyl alcohol (matrix,
mNBA) showed a strong (M;+H)" peak at m/z 256 and a
weak (2M,+H)" peak at m/z 511 (data not shown). The
adduct ions of 1 and Zn>* were formed by mixing 1, 0.5 eq
of ZnCl, and mNBA. Figure 3A shows the FAB mass spec-
trum of the mixture. As described above, singly charged ions
are formed by FAB ionization, and Zn®* coordination prod-
ucts were detected as ZnCl* adduct ions.”” Thus, a strong
(M, +ZnCl)" peak at m/z 354 (a,), an (2M,+ZnCIl)" peak at
m/z 609 (a,), and a weak (3M,+ZnCIl)" peak at m/z 864 (a;)
were observed in the spectrum. The ZnCl* adduct ions of 1

n-C14HogNHCOCH, n-C14HogCH(OH)CH,0OH n-C11HagCON(n-CsHi1)2

1(My) 2 (Mp) 5 (My)

HO,  .OH

n1-C14H29CH—CH,
A2+ Cr

N
”'C14H29(|3H—(|:H2 1-C14Ho9CH—GH, *
HO, ,O 0L .OH
A{* and/or g+
3 (Mp+ACl)* A =Ca, Mg 2 4 (MyH+A)* A=Ca, Mg

Fig. 2. Structures of the Amides 1, 5, the Diol 2 and the Metal Adduct
Ions of 2 (3, 4)
Molecular weight and masses of ions are shown in parentheses.

122 256 (M;+H)*
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are designated as a,, where the numerical subscript » refers
to the number of the amide 1 in the adduct ions. A mixture of
1 and ZnCl, gave only ions of the type (nM;+ZnCl)*. The
isotopic abundance ratio of Zn for masses 64 :66:67:68:70
1s 100:57.4:8.4:38.6:1.3, and that of Cl for masses 35:37
is 100:32.0. Therefore, the spectral pattern of Zn-containing
ions, especially that of ZnCl" adduct ion, is characteristic,
and the presence of these ions can be readily recognized in
mass spectra.

Formation of stable adduct ions between 1 and ZnCl*
under FAB conditions was shown by the time-course of the
intensity of the adduct ions during the FAB mass analysis.
Rapid decrease of the intensity of the ions a, (M,+ZnCI)"
and a, (2M,+ZnCIl)" was not observed during the analysis
from 0 to 5min. The stability of the ion a, was further con-
firmed by the collision-induced dissociation (CID) spectra of
the ions a, (m/z 609, 2M,+%Zn*’Cl) and a, (m/z 354,
M, +%Zn**Cl) (Figs. 4A, B). The CID spectra show degraded
ions produced by the bombardment of the precursor ion with
He gas.***¥ Figure 4A shows that the ion a, afforded the ion
a,, and Fig. 4B shows that the ion a, did not generate any de-
graded ion or fragment ion. These data suggest that Zn>* was
bound only to the carbonyl oxygen atom of the keto form of
1. As will be described below, deprotonated ions may be

(A) 14ZnCl, (1 : 0.5)
a
(2M+ZnCl)*
5@ a4 609
(My+ZnClI)*
354
ag
(8M,+ZnCl)*
g J\“\u ' W Il1 lil - ‘.l i 'y . . 86‘1 . .
1ea 208 302 400 sea ) 708 800 se8 1222
128 ¢4
. | 294 (M-H+Ca)*
256 (B) 1+CaCl, (1:0.2)
a+by ap+b,
sa 4 330 (M;+CaCl)* c, 985 (2My+CaCiy*
(2M;-H+Ca)*
549
= cy  agths
> l l (3M;-H+Ca)* 840 (3M,+CaCly*
=2 804
3 gl ll“ﬂm.l‘nllnllr.IJ.,..« SN STIVRTIEWAN PO 1 l‘m i .'l N l N .
I3 102 208 3e2 480 B ) 708 820 309 1028
=
Q 198 N
-% 256 ay+b,
© (2M;+MgCl)* (C) 1+MgCl, (1: 0.2)
o 569
C2
(2M;-H+Mg)*
52 ¢ 533 ag+bs
(8M;+MgCly*
ZJ_JJJWM
102 202 32 400 522 608 708 822 922 1002
122 340 (Mg+H)*
(D) 5+CaCl, (1 : 0.5)
s@ ay
(Mg+CaCl)* a
414
(2M3+CaCl)* ag
J J I l 753 (8Mg+CaCly*
Py Dol b Lot e A al . 10;92
} T ' h T T T T T Y T 1
190 200 302 400 S0 608 702 808 520 1002 1108 1220

Fig. 3. Positive ion FAB-MS

m/z

(A) 1 with 0.5 eq of ZnCl,, (B) 1 with 0.2 eq of CaCl,, (C) 1 with 0.2 eq of MgCl,, (D) 5 with 0.5 eq of CaCl,. Protonated molecule (M+H)*. Matrix: m-nitrobenzyl alcohol. lon
peaks are designated as follows. a,: keto form amide complex, b,: enol form amide complex, c,: deprotonated amide complex.
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Fig. 4. CID Spectra of (A) a,: (2M,+%Zn*Cl)* and (B) a,;: (M, +*Zn*Cl)",

formed from the adduct ions containing the enol form of 1.
Plausible structures of a, and a, are shown in Fig. 4.

In contrast to Zn**, we found that Ca®* and Mg®* dis-
played different behavior with the amide group. Figure
3B shows the FAB mass spectrum of a mixture of 1 and
0.2eq of CaCl,. The spectrum shows CaCl" adduct ions
a;: (M,+CaCl)™ at m/z 330 (Calcd for C,,H;;NOCa**Cl:
330.1877, Found: 330.1837), a,: (2M,+CaCl)" at m/z 585
and ay: (3M,+CaCl)" at m/z 840. lons b, b, and bs, the
CaCl™ adduct ions of the enol form of 1, will be described
below. A remarkable feature of the spectral pattern is the rel-
atively high abundance of the ions c,, ¢, and c;. Deproto-
nated and Ca’* adduct ions ¢;: (M;,—H+Ca)*, ¢,: 2M,—
H+Ca)" and c;: (3M,—H+Ca)™ were formed at m/z 294
(Caled for C,H;,NOCa: 294.2110, Found: 294.2073), 549
and 804, respectively. The masses of these ions c, formally
correspond to the CaCl™ adduct ion of 1 minus HCI. The
FAB mass spectrum of the mixture of 1 and 0.2 eq of MgCl,
also gave MgCl™ adduct ions, and deprotonated and Mg>"
adduct ions (Fig. 3C). Above-mentioned isotope distribution
of zinc causes relatively low abundance of Zn-containing
ions. Therefore, ZnCl™ adduct ions of 1 in Fig. 3A were
formed with 0.5eq of ZnCl,. The relative intensities of the
adduct ions a,, a,, a; in Fig. 3A and those in the spectrum of
1 with 0.2eq of ZnCl, were essentially the same (data not
shown).

Our previous study showed that the FAB mass spectrum of
a mixture of 1,2-hexadecanediol (2, molecular weight: M,)
and CaCl, gave CaCl" adduct ions (M,+CaCl)" (3) and
(2M,+CaCl)*, and deprotonated and Ca** adduct ion (M,—
H+Ca)* (4) (Fig. 2).>> Deprotonation had occurred at a hy-
droxyl group of 2, and MgCl, displayed similar behavior to
CaCl,.”» The FAB mass spectrum of a mixture of the diol 2
and ZnCl, also showed the ion (M,—H+Zn)" (data not
shown). Hall and Brodbelt studied the adduct ions of dike-
tones and metal ions by electrospray ionization (ESI) mass
spectrometry, and reported on the influence of keto-enol tau-
tomerism of diketones and their chelation with alkaline earth
metal ions and transition metal ions.*¥ They found that de-
protonated and metal adduct ions of the type 2L—H"+
M2")* (L: enolizable 1,3-diketone, M: metal) were formed
through displacement of a proton in the enol form of the
diketone upon coordination of the metal ion. From our re-
sults on the metal adduct ions of the diol 2 and the reported
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and Plausible Structures of a, and a,

data on 1,3-diketones,*® it seems reasonable to consider that
Ca’* and Mg*" were coordinated with the amide group of 1
in both the keto and enol forms, and that deprotonation oc-
curred at the hydroxyl group of the enol form of the amide
group. Plausible structures of these Ca?" adduct ions are
shown in Fig. 5. CaCl* adduct ions of keto and enol forms of
the amide 1 are assigned to be a, and b,, respectively. Only
one structure is shown for each ion, although several forms
are possible.

In order to confirm these structures, CID experiments were
carried out with the Ca®* adduct ions of 1 (Fig. 5). The ion
(a,+b)): (M,+Ca*>Cl)" at m/z 330 gave a fragment ion c:
(M,—H+Ca)" at m/z 294, which showed that the precursor
ion contained the enol form of the amide group (b,), and the
ion b, gave the ion c, by elimination of HCI (Fig. 5A). The
ion ¢, at m/z 294 stayed unchanged, which showed that c,
was stable (Fig. 5B). The ion (a,+b,): (2M,+Ca’’Cl)" at m/z
585 gave the ions a, and c,, which showed that the precursor
ion contained keto and enol forms of the amide 1 (Fig. 5C).
Presumably, a, and ¢, were formed from a, and b,, respec-
tively. The ion ¢,: (2M,;—H+Ca)" at m/z 549 gave only the
stable ion ¢, by elimination of a molecule of 1 (Fig. 5D).
These data showed that Ca* formed adduct ions with 1 in
both keto and enol forms.

In order to examine the FAB mass spectrum of non-enoliz-
able amide complex, N,N-dipentyldodecanamide (5) (molec-
ular weight: M;) was prepared, and the FAB mass spectrum
of a mixture of 5 and 0.5 eq of CaCl, was recorded (Fig. 3D).
As expected, the spectrum showed only CaCl* adduct ions
of the keto form of 5, a;; (My;+CaCl)* at m/z 414, a,:
(2M;+CaCl)* at m/z 753 and a,: (3M,+CaCl)" at m/z 1092,
and the spectral pattern was similar to that of a mixture of 1
and ZnCl, (Fig. 3A). These data further support our conclu-
sion that Zn?" is coordinated by amide group only in the keto
form.

It was reported that, in the reconstitution experiments of
purified HDAC homologue, Co** produced a comparable
level of activity with Zn*".® Co?" can often substitute for
Zn** in enzymatic experiments."® Therefore, we tried to an-
alyze a mixture of the amide 1 and CoCl, by FAB mass spec-
trometry. However, Co’* adduct ions of 1 were unstable
under FAB conditions, and the ions formed rapidly disap-
peared during the analysis. Only the first scan of a mixture of
1 and CoCl, (1 :5) gave a spectrum of Co*" adduct ions (Fig.
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Fig. 5. CID Spectra of (A) (a,+b,): (M, +Ca*Cl)*, (B) ¢;: (M,—H+Ca)*, (C) (a,+b,): 2M,+Ca*Cl)* and (D) c,: (2M,—H+Ca)*, and Plausible Struc-

tures of the Ions a;, a,, b;, b,, ¢, and c,

Only one structure is shown for each ion, although several forms are possible.
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Fig. 6. Positive lon FAB-MS of 1 with 5 eq of CoCl,
Matrix, m-nitrobenzyl alcohol.
6). It showed CoCl" adduct ions a,: (M,+CoCl)" at m/z 349  Experimental

and a,: (2M,+CoCl)" at m/z 604, and the spectral pattern
was similar to that of 1 and ZnCl,. These results indicate that
Co** was bound to the keto form of 1 in a similar manner to
Zn>*. A unique ion at m/z 312 contained Co>" ion, and was
assigned to (M,—2H"+Co*")" (Caled for C,H;NOCo:
312.1738, Found: 312.1756). Rapid decrease of CoCl*
adduct ions might be caused by the conversion of Co?" to
Co’* under FAB conditions.

In summary, FAB mass analyses showed that the amide 1
formed adduct ions with Zn** and Co*" in the keto form, and
with Ca’* and Mg*" in both the keto and enol forms. The
specific role of Zn?* in amide bond hydrolases might be at
least partly explained by the effective attack of Zn’* on the
carbonyl oxygen atom of the scissile amide group. The high
vacuum solvent-free environment of the mass spectrometer
provides ideal medium for the investigation of the intrinsic
interactions between a metal ion and an amide. The gas-
phase interactions may mimic hydrophobic metal ion binding
that occurs in interiors of proteins.’>3¢)

Instrumentation and Sample Preparation FAB mass spectra were
recorded on a JEOL JMS-HX110 double-focusing mass spectrometer in an
EBE arrangement with a JMS-DA7000 data system. The ion acceleration
voltage was 10 kV, and xenon gas was accelerated at a voltage of 6 kV. m-Ni-
trobenzyl alcohol (mNBA) was used as the matrix. CID spectra were ob-
tained with helium as the collision gas, which was metered to cause about
20% attenuation of the main beam.

Sample solutions for the FAB mass analyses, e.g. compound 1 contain-
ing 0.5 eq of ZnCl,, were prepared by mixing 5 ml each of 0.1 m compound 1
in CHCL-CH,OH (1:1), 0.05m ZnCl, in H,0-CH;OH (1:9) and
mNBA.?>%25 An aliquot of the mixture was applied to the target tip for FAB
mass analyses. FAB mass spectra were obtained by means of a 5.2's scan
from m/z 10 to 1900. The values at 20, 30, and 40s from the start of the
scanning were averaged except for the spectrum of a mixture of 1 and CoCl,
(Fig. 6), which shows the value of the first scan.

Materials Compounds prepared were characterized by 'H-NMR spec-
troscopy (JEOL JNM A-500 NMR spectrometer, 500 MHz) and FAB mass
spectrometry. 1-Tetradecylamine, dipentylamine, CaCl,, MgCl,-6H,0,
CoCl,- 6H,0 were purchased from Wako Pure Chemical Industries, Ltd. n-
Dodecanoyl chloride and mNBA, and ZnCl, were purchased from Tokyo
Kasei Kogyo Co., Ltd. and Kanto Chemical Co., Inc., respectively.

N-Tetradecylacetamide (1) To a solution of acetic anhydride (0.5 ml)
and pyridine (2ml) was added a solution of 1-tetradecylamine (220 mg,
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1.0mmol) in benzene (0.5ml), and the mixture was stirred overnight at
room temperature. The reaction mixture was poured into ice-water and ex-
tracted with ethyl acetate. The organic layer was washed with 1~ HCI, sat.
NaHCO; and brine, dried over MgSO,, and concentrated. The residue was
purified by silica gel column chromatography (CH,Cl,—ethyl acetate 1: 1) to
give 1 (164 mg, 64%) as a colorless solid. 'H-NMR (CDCl,) &: 0.88 (3H, t,
J=6.8Hz), 1.22—1.32 (22H, m), 1.48 (2H, m), 1.97 (3H, s), 3.23 (2H, q),
5.41 (1H, s), FAB-MS: m/z 256 (M+H)", 511 2M+H)*.

N,N-Dipentyldodecanamide (5) To a solution of dipentylamine
(236 mg, 1.5 mmol), pyridine (2 ml) and triethylamine (0.5 ml) was added n-
dodecanoyl chloride (236 mg, 1.1 mmol) at 0 °C, and the mixture was stirred
overnight at room temperature. The reaction mixture was poured into ice-
water and extracted with ethyl acetate. The organic layer was washed with
1~ HCI, sat. NaHCO; and brine, dried over MgSO,, and concentrated. The
residue was purified by silica gel column chromatography (hexane—ethyl ac-
etate 4: 1) to give 5 (235mg, 68%) as a colorless oil. "H-NMR (CDCL,) &:
0.85—0.97 (9H, m), 1.10 (1H, m), 1.22—1.35 (24H, m), 1.46—1.65 (SH,
m), 2.27 (2H, q), 3.15—3.30 (4H, m), FAB-MS: m/z 340 (M+H)*.
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