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The “galvanization of biologyin recent years has promoted 680 | 690 700 710 720
the exploration of many important questions about the roles of m/z

zinc clusters in proteins. These clusters act to maintain protein Figure 1. Partial electrospray ionization mass spectrum of the product
structures, regulate zinc homeostasis, assist catalysis, andnixture from the reaction of zinc-complexed F1 wifr{itrobenzene)-
participate in signal transductidrf. Advances in NMR and sulfonic acid methyl ester. The charge state of all the ions shown is
mass spectrometry have allowed detailed studies of the primary+3. The inset shows the spectrum of the starting material.

and tertiary structures of proteins that contain zinc clusters and ) ) )

of ion flux during their interactions with drugs and with other ~double-focusing mass spectrometer equipped with a thermally
biopolymers®4 Most catalytic centers and some structural assisted electrospray ion sout€eMass assignments were made
exampled involve both protein residues and external ligands Py manually interpolating target ion masses from those of
(usually water). However, zinc ions can also be chelated entirely 'eference ions bracketing the unknown on both sides. Opti-
by functional groups provided by the protein, in tetrahedral mally, reference |ons_W|II fall Wllthl.n 500 m/z units of the
ligands comprising only cysteine thiol groups or combinations Unknown peak, and will have a similar charge state. All holo
of two or three cysteine thiols with the imidazole groups in Proteins were introduced in 10 mM ammonium acetate pH 7.0.
histidine side chains. Examples of the former are found in the AP0 or oxidized (demetalated) samples were introduced at pH
metallothionein family, in which 7 divalent zinc ions are 0.5 (MT) or 3.5.

chelated by 20 cysteine residifesExamples of the latter are ~_The molecular weights determined for this group of zinc-
the CCHC zinc finger motifs that occur in the HIV nucleocapsid binding proteins are summarized in Table 1 along with
proteir’ and the gene 32 protein from bacteriophage? T4. molecular weights of apoproteins and oxidized proteins. The

One of the structural questions that has not yet been resolvedt@ble also lists measurements of three standard proteins made
for metallothionein and proteins containing CCHC arrays is to confirm experimental reliability. In all examples studied,
whether all of the thiol groups in the ligand field are deproto- the observed molecular masses for holo-metalloproteins exceed
nated. Because they exchange readily with solvent, thesethose predicted for complete deprotonation. The calculated
protons have been difficult to resolve by NMR or X-ray Masses listed in the table are for species that contain two
crystallography. The determination of molecular mass by mass (deprotonated) thiolate groups per zinc ion chelated. In all cases,
spectrometry might be expected to provide relevant information Only enough protons are lost to formally balance the charges
(i.e., a proton count). The issue of thiol deprotonation has been Of divalent zinc ions (i.e., 14 for MT, which binds 7 metal ions,
discussed for CCCC arra§d? however mass measurements 4 for NcP7, which chelates 2 zinc ions, and 2 for the synthetic
have thus far been indeterminaid2 finger and gene 32 protein, which each bind a single divalent

This paper reports accurate mass measurements made usingnc ion). _ . o
electrospray mass spectrometry of rabbit liver metallothionein ~ Although partial retention of protons within the metal clusters
2a (MT)3 a recombinant analog [4-55] of HIV nucleocapsid IS the simplest explanation, molecular mass determinations do
p7 (NCP7)!4 a synthetic CCHC zinc finger (F1) comprising the Not exclude the possibility of charge adjustments elsewhere in
first 18 residues of NcP7and the recombinant binding domain ~ €ach protein. Others have suggested that the electrospray
[16-253] from the gene 32 protein from bacteriophagelsr4. Process might reprotonate the zinc arfdy protons for
The molecular weights of these proteins, ranging between 2000metallothionein). In order to test both of these possibilities the

and 27 000 Da, were determined on a JEOL HX110/HX110 Zinc-complexed octadecamer F1 was treated vpthi{roben-
zene)sulfonic acid methyl ester under conditions that produced

E%g \B/glrlge'e J'BME.SRblgsélegg%gﬁgnﬁz# ﬁggé—gg%é 475650, primarily monoalkylation (30 min, pH 7.0). The mass spectrum
(3) Blake, P. R.: Summers, M. Adv. Biophys. Cheml994 4, 1—30. (averaged from 100 scans) revealed an increase in mass of 14
(4) Zaia, J.; Jiang, L.; Han, M. S.; Tabb, J. R.; Wu, Z,; Fabris, D.; Da, with retention of the zinc ion (Table 1). When the reaction
FensselBauh CBIRAChff_ngIrVN?\? 3|:5'T283c10_§8?isé 1001 16 341345 time was extended so that dimethylated protein could also be
263 S{ﬁnféh M. j’_C(;Jgrg'. Che,'n.repgesigég '142' 461E51’1. : observed, the product mixture contained the monomethylated
(7) South, T. L.; Blake, P. R.; Sowder, R. C.; Arthur, L. O.; Henderson, zinc cluster; however, the dimethylpeptide was observed only
L. (Es) P%umnreFr{s,Ll\/:.+:hBioEt;:_hIemistrfy’l\1990 29"]‘7'78DGI\TA77|389i n interac as a demetalated species, the reduced apopeptide phs C
arpel, R. L. Inl' he blology of Nonspecific -Protein interactions H
Revson, R Ed.; CRC Press,gl>/nc.: Bocg Raton, FL, 1990; p;rlGB? (Table 1). Flgure 1 shows .the eleqtrOSpray mass.Spe.Ctrum of
(9) Myers, L. C.; Wagner, G.; Verdine, G. [I. Am. Chem. Sod.995 .the product mixture from th.IS reaction. Thg inset in .Flgure 1
117, 10749-10750. is the spectrum of the starting material, which contained both
goon) Wilker, J. J.; Lippard, S. 1. Am. Chem. Sod995 117, 8682~ holo-F1 and oxidized (demetalated) F1. Both of these peptides
(11) Allen, M. H.; Hutchens, T. WRapid Commun. Mass Spectrom.  Were found to be part|ally monomethylate.d. The monoisotopic
1992 6, 308-312. mass (Table 1) of the dimethylated peptide characterizes it as

(12) Witkowska, H. E.; Shackleton, C. H.; Dahlman-Wright, K.; Kim, i ; i
3. Y. Gustafsson. J. AL Am. Chem. S04.995 1177 3319-3325. reduced and thus derived from the holopeptide by demetalation.

(13) Yu, X.; Wojciechowski, M.; Fenselau, @nal. Chem.1993 65, The monomethylpeptide WaS_Sequenced by high-energy
1355-1359. collisional activatiod” and methylation was found to have taken
(14) Hathout, Y.; Fabris, D.; Sowder, R. C., Il; Henderson, L. E.;
Fenselau, CDrug Metab. Dispos1996 24. In press. (16) Cody, R. B.; Tamura, J.; Musselman, B.Anal. Chem1992 64,
(15) Zaia, J.; Fabris, D.; Karpel, R; Fenselau, C. Submitted. 1561-1570.
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Table 1. Accurate Mass Measurements on Zinc-Binding Proteins

protein formula calcdl obsd (Da)
aprotinin control GgaH43N54079S; 6511.5 6511.5: 0.1°
apo-MT GooeHasN72084S1 6125.3 6125.4- 0.1
Zn-MT Ca26H36dN 72054521207 6568.9 6568.74 0.1
apo-NcP? [4—55] C250H411N9107057 6036.0 6036.2- 0.2
holo-NcP7 [4-55] CosdHa0M91070S7Z1N, 6162.8 6162.9+ 0.1
oxid.NcP7 [4-55] (three S-S) GosHa0sN91070S7 6030.0 6030.3: 0.2
gene 32 protein [16253] Ci19H182dN30d0366511ZN 26762.6 26762.1+ 0.4
dynorphin A [1-13] control GsH126N24015 1603.0 1602.9: 0.1
a-endorphin control GH120N18026S 1744.8 1744.8 0.1
holo-F1 Q4H137N31023832n 2107.9 2107. & 0.1
apo-F1 GaH13N31025Ss 2046.0 2045.8: 0.1
oxid-F1 (one S-S) CaaH13MN 3102353 2044.0 2043.8: 0.1
holo-CH-F1 GasH13dN310255:Zn 21219 2121.& 0.1
apo-GH4-F1 GagH143N31025S; 2074.0 2073.8:0.1
oxid-CH,-F1 (one S-S) GasH13dN31023S; 2058.0 2057.40.2

aThe neutral masses of all metalloproteins are calculated with loss of two protons per zinc ion chdlaeefitst six average mass measurements
were made using bovine insulin to provide bracketing reference ions. lons formedxfadiymotrypsinogen at three charge states were used to
bracket two charge states of gene 32 proteir{253]. The final eight monoisotopic mass measurements used porcine renin substrate tetradecapeptide
[1—14] to provide bracketing reference iofsStandard deviations are calculated from the multiple charge states in each spectrum.

place on Cys-6 and Cys-16, (see footnote on Supporting In summary, accurate mass determinations of rabbit liver
Information) in a ratio estimated from fragment ion intensities metallothionein 2a, of analogs of the nucleocapsid protein from
as 1.8:1. Any methylation at Cys-3 was too limited to be HIV, and of the binding domain of the gene 32 protein from
detected. We suggest that the first methyl group is bound in bacteriophage T4 show that two protons are lost for each zinc
the zinc center by a thiolate group that also has a high ion complexed. This and otHeYalkylation studies indicate that
equilibrium constant for protonation. We also conclude that thiol groups in a zinc ion coordination center may be alkylated
one, but not two, thiol groups or thiol ethers may be ligands in and still retain chelating capability. In the CCHC array, zinc
the CCHC array. ions are complexed as long as sufficient thiolate anions are
It has been previously shown that 1 and 2 equiv of a available to match the formal charge of each divalent metal ion.
therapeutic mustard can be covalently bonded to cysteine sideFurther studies will address protonation of CCCC and CCHH
chains in metallothionein with retention of all seven metal ibns. fingers and examine the effects of different metal ions.
Although an accurate average mass was not determined for this
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Proton sharing has also been reported between thiolate groups

in zinc fingers and nearby protons on the amide backBone. Supporting Information Available: The high-energy collisionally
activated tandem mass spectrum of methyl-F1 (1 page). See any current
(17) Biemann, KBiomed. Mass Spectrorh988 16, 99—-111. masthead page for ordering and Internet access instructions.
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