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ESI-FTICR mass spectrometry is used to determine the stoichiometry of iron-sulfur
cluster proteins. Theiron-sulfur clusters range from mononuclear iron-containing rubredoxin to
ferredoxin that contains [2Fe-25)], [3Fe-4S] and [4Fe-4S] clusters as well as metal-substituted
[BFeMn-4S] and [4Ga-4S] clusters. Positive and negative ionization mode mass spectra are
compared for these metalloproteins. An increase in ion stability is observed in the mass spectra
for some iron-sulfur cluster proteinsin negative mode ESI compared to their spectra obtained
in pogtiveion ES.

High resolution and high mass accuracy are two characterigtics of FTICR that make the
technique useful for metalloprotein studies distinguishing between mass differences associated
with disulfide bond formation, changesin oxidation state of the meta or meta cluster, and
changes in mass due to pogt-trandational modifications. The formation of disulfide bonds
between free cysteine ligands upon metaloprotein denaturation leads to changesin protein
molecular weight by aslittle as two mass units. The oxidation Sate of the metal or metd cluster
in ametaloprotein is derived from the difference between the caculated and experimenta
masses, and the biologically relevant oxidation state of the metaloprotein is observed. Post-
trandationd modifications such as glycosylation can greetly affect the measured molecular
weight, whereas modifications such as amidation have only asmall effect. The high potentid
iron-sulfur protein from Chromatium vinosum embodies al of these complications.

The chemicdly and on-line dectrochemicdly reduced forms of severd metdloproteins
are observed using ESI-FTICR. Norma sample handling procedures produce mass spectra of
metdloproteinsin their oxidized forms. After chemicd or eectrochemica reduction and

rigorous exclusion of oxygen, the reduced forms of metaloproteins are detected in the gas



phase. The oxidation state of the meta center is stable with respect to eectrogpray ionization in
both positive and negative ionization modes.
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CHAPTER 1

INTRODUCTION AND L ITERATURE REVIEW



This dissertation describes studies by eectrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry applied to metaloproteins. The high resolution and
accuracy of FTICR mass spectrometry are used to deduce the changes in mass that
accompany changes in metaloproteins, which may be structura or functiond. These changes
include amino acid modifications, post trandationa modifications, disulfide bond formetion,

metal subdtitution, and mass shifts that accompany redox reactions of metalloproteins.

M ass Spectrometry of M etalloproteins

Proteins that contain metd centers or metd clusters play a significant rolein biology.
These metdloproteins aid in biochemica processes such as respiration, muscle contraction and
relaxation, photosynthesis, and protein folding.* Subdtitutions of one meta or amino acid for
another has been a common ways to study the structure - function relationshipsin
metalloproteins. The three-dimensiona structure of the protein is, in many cases, critica to the
proper function of the metaloprotein as awhole °

Mass spectrometry has been used to identify these subgtitutions and mutations, and has
a0 been used to uncover awide range of metalloprotein characteristics. Mass spectrometry
provides ameans to study conformational changes that accompany metd binding, to observe
metd-protein interactions, and to infer mechanisms for protein folding.®° The meta or metd
cluster is usualy coordinated to the protein through only afew amino acids, however, dight
changesin the three dimensiond Structure of the active Ste can cause significant changesin
function.® ! Therefore, the ionization method that is chosen for mass spectrometric andysis
should be gentle, and not disturb the conformation of the three dimensiond structure of the
metalloprotein during transfer of the andyte into the gas-phase.’**® Many mass spectrometric
procedures have been used to probe three dimensiond structure in metaloproteins including
H/D exchange® ** " and by monitoring shiftsin the charge sate distribution in ESl caused by
variations in solvent composition.™ 8 1° The stability of metaloproteins and their derivatives
produced by site directed mutagenisis and by metal replacement has aso been studied. Both



positive and negative ions have been generated and studied.*% The derivation of the formal
oxidation state of the metal centers of various metaloproteins has adso been investigated, and
both oxidized and reduced meta centers have been observed both by accurate mass
measurements,?* 2 and through tandem mass spectrometric dissociation methods that include
collision induced dissociation (CID),? electron capture dissociation (ECD)?” and infrared

radiation multiphoton dissociaion (IRMPD).?

[ Denaturing ver sus Nondenaturing I onzation M ethods

There are saverd methods used in conjunction with mass spectrometry to ionize high
molecular weight biomolecules. For metaloproteins, the most relevant methods are
electrospray ionization (ESl) and matrix-assisted laser desorption/ionization (MALDI). ESl is
rapidly becoming the most popular technique for metalloprotein studies since the intact metal-
protein complex can be investigated in its native sate. MALDI is aso a soft ionization method
that is used in some cases with metaloproteins, but is limited in gpplicability by the sample
preparation methods which typically denature proteins. It isimportant to keep metalloproteins
in their folded state during ionization, since the metal centers are typicaly bound to the protein
through interactions with the Sde chains of severd amino acids. These Sites of interaction are
close enough to coordinate the metal center when the protein isfolded, but often are too distant
from each other in the denatured protein to serve effectively asligands. Most andyses of

metalloproteins have required the sample to be introduced in a nondenaturing medium.

Electrospray ionization (ES): A typicd ES sourceisillugrated in Figure 1. The setup
begins with a syringe that contains analyte in a solution. The solution is pumped by a syringe
pump for nanod ectrospray (electrospray at nL/hr flow rates). An electrical contact is made,
normally on the stainless stedl syringetip, viaaliquid dectricd junction. The voltage applied to
the needle usually varies according to the flow rate of the solution. For the proteins investigated
here, the flow rates are between 1 and 10 ni./h and the voltages range between 600 and 1200



Figure 1.1

The eectrospray source region of the FTICR mass spectrometry is shown
(ilugtration not shown to scale). Solution is pumped at low flow rates from the
syringe, where the high voltage contact is made, through ateflon tube, and into
the nanod ectrospray capillary. The dectrogpray is oriented on the same axis as
the heated meta capillary, which serves as the entrance to the mass

spectrometer.
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V. Thedectricdly charged solution is forced through a nanod ectrospray tip, which is
positioned on axis toward a hested metal capillary, which is maintained at ground potential.
This potentid difference between the nanoe ectrospray tip and the heated metal capillary causes
aTaylor coneto form, from which aspray of solution is emitted. The charged dropletsthat are
formed in the spray of solution produce gas-phase ions according to the charged residue model
(CRM) of ion formation.?® The CRM begins with the desolvation of the charged droplets. As
the radii of the droplets decreases, the charge on the dropletsincreases. The Rayleigh limit
defines the radius at which the charge on the droplet becomes greater than the surface tenson
that holds the droplet together.® At this point during desolvation, a coulombic fission event
occurs, and destruction of the droplet creates smdler droplets. The newly created droplets
repeat the process of desolvation and coulombic fisson until each droplet containsa single
proteinion. Theremaining solvent evaporates from the ion, leaving the protein ion in the gas
phase.

Electrospray ionization provides ameans for introducing labile molecules into the gas
phase for mass spectrometric analysis. The typica sample solvent (49% methanol, 49% water,
2% acetic acid) is highly denaturing, and usually causes the metal center to be lost from the
protein, resulting in a mass spectrum of the gpoprotein.*® 14 18 3035 Nondenaturing sample
introduction to the mass pectrometer requires the use of low organic solvent content (< 10%)
and neutral pH solutions. Introduction of such solutions by conventional eectrospray is difficullt,
but is easily accomplished with pneumatic assistance®®* or by nanoe ectrospray. 18 3° 40 41
Under nondenaturing conditions, metaloproteins which contain noncovaently bound metals or
meta clusters can dso be ionized without the loss of the noncovaently bound species.!* 18 19
21, 22,32,33, 4245 Dyring electrospray ionization, ions are created by the addition of protonsto
basic sites dong the peptide backbone to form pogtive ions or by loss of protons from acidic
gtesto form negative ions. The number of protons that accumulate on (or are extracted from)
the metalloprotein during ion desolvation depends on the number of Stes exposed to solution,

and adigribution of charge statesis normaly seen in the mass spectrum. When the ions are
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formed under nondenaturing solvent and ionization conditions it has been argued that the protein
remains in afolded conformation in the gas phase.> 1> %6 4" Thisis evidenced by the lower
average charge Sate of the resulting distribution. For metaloproteins, the molecular weight that
is derived from the experimental data corresponds to the mass of the amino acid condtituents
plus the weight of the meta center. When metdloproteins are exposed to denaturing solvent
conditions such as extremesin pH or substantial concentrations of organic solvents, or
aggressve ionization conditions such as a high nozzle-skimmer potentid, the protein becomes
denatured. When this occurs, the metd center is usudly lost from the protein.

An example of the effect of solvent conditions on the mass spectrum of a
metaloproteins is shown in Figure 2. The non-heme, iron-containing protein hemerythrin has
been analyzed using ESI-FTICR mass spectrometry.*! Metd binding was investigated under
different solvent compaositions to produce conditions necessary for the retention of the diiron
center of hemerythrin. When using a solvent conssting of 10% methanol in water, meta
attachment to hemerythrin was not disrupted, as shown in Figure 2, suggesting that the
metaloprotein remains in afolded conformation under these conditions. The denatured mass
Spectrum was obtained after dissolving the metaloprotein in a solution containing methanol,
water and acetic acid in theratio of 49:49:2, shows a reduction in molecular weight
corresponding to the mass of two iron atoms. The denaturation of a metaloprotein in mass
gpectrometry is accompanied by two characteristics in the mass spectrum. Firgt, asthe
metaloprotein unfolds, a grester number of ionizable Stes are exposed and become available
for protonation (or deprotonation). This produces a shift in the mass spectrum toward lower
mass-to-charge ratios and in some cases produces a broader charge state distribution, as can
be seen in Figure 2. The second characteristic of a denatured metalloprotein is the loss of the
metal. Asthe protein unfolds, the sites that bind the metal become more distant from each
other and the metal or meta center is released, resulting in amesasured mass thet is lower than
the molecular weight of the nondenatured metaloprotein by the mass of the metal or meta
cluster that is contained therein,™> *



Figure 1.2

The ESI-FTICR mass spectrafor hemerythrin in denaturing solvent, 49%
methanol, 49% water, 2% acetic acid (top), and in nondenaturing solvent, 10%
methanol (bottom), are shown. The wider range of charge states in the top
gpectrum and the loss in mass of ~106 Da indicates that the proteinin
denaturing solvent is unfolded. The nondenatured metaloprotein maintainsits
folded conformation.
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The observation of a metad ion complex in ESl mass spectrometry does not ensure that
the metd is bound specificdly to the protein active Site. Nonspecific adduction of cations
commonly occurs during ESl; however, nongpecificaly bound metas are more easily displaced
than a specificaly bound metd. Adjusmentsin the ionization conditions during ESI can be
used to reduce nonspecific interactions before detection.”® Also, specificaly bound metal
atoms are resstant to dialysis or buffer exchange by ultrafiltration. Such procedures alow

specific versus nongpecific binding of metas to be digtinguished.

Matrix assisted laser desorption ionization (MALDI): The observation of noncovaent
protein-metal and peptide-metal complexes has aso been accomplished using matrix assisted
laser desorption ionization (MALDI), dthough to a much lesser extent than for eectrospray
ionization. Severd reviews have discussed the pros and cons of both ES| and MALDI as
forms of ionization for metaloproteins and noncovaent complexesin

generd.®® % Typicaly, the preparation of a sample for MALDI is conducted at low pH using a
large excess of acidic matrix. These conditions denature a metalloprotein and disrupt the
binding of the meta center in a protein-metal complex.>>>*

MALDI-TOF mass spectrometry has been used to study zinc finger peptides under
nondenaturing conditions by using solution preparation conditions which fal in the pH range 4-8
by dissolving the matrix, apha-cyano-4-hydroxycinnamic acid in 1 M ammonium bicarbonate
to neutraize the acid.> A similar method was used more recently to identify specific versus
nonspecific binding in peptide-meta complexes® The sample preparation conditions were
kept at basic pH to prevent destruction of the meta-protein complex by using p-nitroandine.

An iron-sulfur cluster intermediate has aso been observed usng MALDI-TOF mass
spectrometry.>” The high potentid iron-sulfur protein from Chromatium vinosum has been of
interest because of its [4Fe-4S] cluster and the mechanism of its formation. Mass spectrometry
in combination with NMR spectroscopy has been used to characterize a stable [4F€]
intermediate in the metd-sulfur duster formation. Using *H-°*N heteronuclear single quantum
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coherence (HSQC) after the addition of Fe**, S* and dithiothreitol (DTT), a spectrum similar
to the native spectrum was obtained, suggesting the possible formation of HiPIP with a [4Fe-
49 dusgter. Similar experiments, but without the addition of S were also performed and

NMR spectra showing a change from apoprotein to protein with three dimensiona structure
were obtained. MALDI-TOF mass spectrometry was then used to confirm the addition of iron
to the apoprotein. The stable intermediate mass corresponded to apoprotein, 4 equivaents of
iron and 1 equivadents of DTT. *H NMR and eectron paramagnetic resonance (EPR) data
show that the addition of S* to the intermediate provides spectra that are indistinguishable from
the native [4Fe-4S] containing protein.

MALDI-TOF mass spectrometry has more recently been adapted to anayze
noncovaent interactions of metalloproteins by ionization from agueous solutions of hemoglobin
and camodulin.®® *° | n the hemoglohin experiments, the solution of 100 MM proteinin 10 MM
ammonium acetate buffer was injected into the high vacuum chamber of the mass spectrometer
with a high pressure pump. The liquid beam extended ~10 cm into the mass spectrometer
where it was then frozen onto aliquid nitrogen cool trap. The beam was intersected by a
tunable infrared laser beam that imparted enough energy to the protein to aid in its escape from
the liquid beam. The free ions were accelerated into the mass spectrometer. The intact
tetramer of hemoglobin was detected in both negative and positive ion mode, with both singly
and doubly charged ions observed in the spectra>® A more complete andysis of the technique
applied to noncovaent complexesis outlined in a second study by Wattenberg et d.° Inthis
study, camodulin, a metaloprotein that regulates cacium dependent processes in various
organisms, was examined using liquid beam ionization/desorption mass spectrometry (LILBID-
MS). The properties of the calmodulin/mdittin complex with calcium was sudied by this
method to observe the specificity of protein-substrate binding. The complex was shown not to
form after addition of magnesum ions, but the intact complex was found to occur when cacium
was added to the solution, demonstrating the specificity of the observed complex.
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investigated to obtain parameters and nondenaturing conditions for use with other less sable
iron-sulfur proteins. Rubredoxinisasmal (MW~6000 Da) protein found in severd different
bacteria, including Clostridium pasteurianum. Although the function of rubredoxin is not
known with certainty, it is thought to aid in eectron trangport. In its native sate, rubredoxin
contains an FeS, ste. Pdillot et d. used ESI-M S to examine rubredoxin purified from C.
pasteurianum as well as rubredoxin which had been overexpressed in E. coli.?? The study
identified both iron and zinc forms of Clostridium pasteurianum rubredoxin and illustrated an
increase in dability of both formsin the negative ion mode. They aso showed thet positive ions
that were formylated showed greater sability (i.e. retention of the metal center) than the non-
formylated forms based on the amount of gpoprotein for each metaloprotein.

More complex iron-sulfur cluster proteins have aso been studied in both modes of
ionization. Wild type and mutated forms of ferredoxins from Clostidium pasteurianum
containing a[2Fe-25] cluster were shown to be more stable in the negative ion mode than in
the positive ion mode.* The mass spectra for this metalloprotein showed that in addition to the
gpoprotein, a species existed whose mass matched the gpoprotein plus two iron atoms and two
sulfur atoms. The assembly of a[3Fe-2S] cluster was verified by other andytica methods.
Ferredoxin from Rhodobacter capsulatus containing two intact [4Fe-4S5] centers has dso
been observed as a stable negative ion.®® The native ferredoxin isolated from Rhodobacter
capsulatus contains one [3Fe-4S] cluster and one [4Fe-4S] cluster. However, overexpression
of ferredoxin complete with meta centers yields only minimal amounts of protein. It was
therefore necessary to express the protein in the gpo form and then recondtitute it with the meta
centers. The mass of the overexpressed apo-ferredoxin was identica to that purified from the
native bacteria. After insertion of the metal, ESI-M S was used to characterize the protein. The
mass of the recombinant protein matched that of the apo-protein plus two [4Fe-4F] clusters,
rather than containing one [3Fe-45] clugter asin the native form. This recombinant protein also
showed much wesker enzyme activity, adding evidence for its erroneous composition. The
results of these studiesindicate that these proteins are more stable at neutra pH and are
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converted to negative ionsin thisregion. Wild type ferredoxin from Anabaena has been
observed in pogitive and negative mode ESl and was shown to contain its intact [2Fe-29]
cluster only as anegativeion.® The positive mode spectrum contained only apoprotein.
MALDI was aso used to obtain conditions for which the iron-sulfur cluster could be observed.
An acceleration voltage of 20 kV produced peaks showing losses of 1S, 2S, [1Fe-25] or
[2Fe-1S] from the cluster. Reduction of the acceleration voltage to 15 kV reduced the losses
from the cluster and the protein containing the intact cluster was observed. Shiftsin charge
date digribution of the wild type and mutant forms of the protein using ESl in the negetive
mode have shown that the wild type protein isin atightly folded conformation (lower charge

gates) and open conformations (higher charge states) for the mutant forms of the ferredoxin.

Y Investigation of M etal Content

The identity of ametd center or group of metalsin a metalloprotein can be established
by mass spectrometry. Identifying the metal that is coordinated to awild type protein or
investigating the stoichiometry of ameta cluster to determine the extent of metal binding in the
active site of ametdloprotein are two common measurements. TOF, FTICR, and quadrupole
mass spectrometry have been coupled with separation methods and various ionization methods
to achieve the god of invedtigating the meta content of many metaloproteins. Among the many
metalloproteins studied for their stoichiometry are metalothioneins, zinc, copper and receptor
metalloproteins.

Fabris et d. examined the thiol protons of metalothioneins with ESI-MS®” Severa
different cdlasses of metdlothioneins were studied, including protein purified from the netive
grain, recombinant protein, and a synthetic protein. In dl the samples, the observed molecular
masses were higher than those expected with complete deprotonation. Only enough protons
were lost in each case to baance the charges of the divaent zinc atoms, suggesting partia

retention of protons within the metd clusters.



15

Metaloproteins typicaly have one or two types of metas which they bind preferentidly,
and these specific metads are necessary for the proper functioning of the metaloprotein.
However, it is often possible for the metaloprotein to bind other metds, dthough the affinity
may belower. It isaso possble for proteinsto interact with metas even though they are not
primarily metalloproteins. Cooperative binding, in which the protein retains dl of the metals
associated with the metal center or none at al, is another type of meta binding in proteins. In
many cases, cooperative binding is associated with a conformational change and this type of
change in three dimensiond structure can often be monitored by mass spectrometry.*©

Veendraet d. used ESI-M S to examine the zinc dependent binding of the vitamin D
receptor DNA binding domain to the mouse osteopontin (mOP) vitamin D response eement
(VDRE).* In the presence of zinc, it was found that the vitamin D receptor bound the mOP
VDRE in both a1:1 and 2:1 goichiometry. Both complexes contained two zinc atoms per
protein. Addition of 100 M zinc ion to the complex solution increased the amount of
dimer/DNA complex relative to monomer/DNA complex, but addition of 200 mM zinc ion
caused dissociation of the complex. In the asence of zinc, however, no binding to the mOP
VDRE was observed. Cadmium, which aso binds to zinc-finger domains, effected smilar
results. From these sudiesit is conjectured that metal binding to the two zinc-finger regionsis
necessary for DNA binding, but metal binding to the lower-affinity Sites causes dissociation of

the protein/DNA complexes.

\% M etalloprotein Oxidation States Observed by M ass Spectrometry

The formd oxidation sate of the metal center in metaloproteins has been examined by
mass spectrometry. Gas phase studies of metalloproteins have been important in investigations
of proteins, enzymes and metaloproteins and their smilarities to solution studies have also been
compared.’® >” The observation of the forma oxidation state carried by the meta centers of
metalloproteins has been an important consderation especidly for those proteinsinvolved in
redox chemistry, which carry out their biological function through the trand ocation of eectrons.
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Additiona sequence structure of metalloproteins can be obtained by eectrospray
ionization mass spectrometry in combination with methods like collision-induced dissociaion
(CID), dectron capture dissociation (ECD), and infrared radiation multiphoton dissociation
(IRMPD). Each of these methods has been applied to various heme proteinsin the gas phase
and supplies the energy of activation necessary to activate the molecule causing achangein its
conformation.

The zinc binding Sites on engineered hemoglobin were investigated by ESl mass
spectrometry.* Adduct masses to the B-chain were ~63 Da greater than the B-chain. The
discrepancy was narrowed to the adduction of Zn ion, which, with the displacement of two
protons for Zn?*, is consistent with the atomic mass for zinc, 65.38 Da. After addition of
EDTA to the protein, chelation was no longer observed. The binding site for zinc was
narrowed to a cysteine residue after CID was performed on the protein. The neutra |oss of
zinc sulfide provides evidence that a cysteine resdueisinvolved in cheaion of zinc ion.

The dtructures of cytochrome ¢ variants were studied using sustained off-resonance
irradiation with collison-induced dissociation (SORI-CID) to obtain primary sequence
information for each.%® It was found that after fragmentation in the gas phase, the iron-
containing heme group wasin its reduced state, with a charge of 2*. The result implies that the
reduced form of the heme group for cytochrome ¢ is more stable after the fragmentation event
in the gas phase than the oxidized form. A study comparing the CID peatterns for myoglobin,
hemoglobin and cytochrome ¢ by Henion and coworkers produced a similar result for the
dissociated heme group for cytochrome c. However, the heme groups for myoglobin and
hemoglobin remained in their oxidized formsin the gas phase.® The reduced and oxidized
forms of cytochrome ¢ have aso been investigated indirectly by ESI-FTICR mass
spectrometry. Wang and co-workers reported the use of capillary eectrophoresis-mass
spectrometry. ! They reported the separation of the two forms of cytochrome c by capillary
electrophoresis before detection, however, the resolution of the mass spectrometer was not

cgpable of distinguishing the mass difference between the oxidized and reduced forms, soit is
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not possible to conclude that the reduced sample did not reoxidize prior to mass spectrometric
detection. Additiona studies of the oxidized forms of metalloproteins are outlined in Chapters 2
and 3 of thiswork, and further studies of the reduced forms of metaloproteins are covered in

Chapters6 and 7.

VI High Resolution M ass Spectrometry

Fourier transform ion cyclotron resonance (FTICR) mass spectrometry is used for the
study of metalloproteins because of its high resolution and mass accuracy.® 16 18:19.24.25 The
fundamentals of FTICR mass spectrometry have been covered in severa papers® " A typica
experimental sequenceisshown in Figure 3. Since ESl is a continuous ion source, the
sequence begins with quench of the andyzer cell and hexapole region of the source. This
removes ions from these regions and prepares the ionization-detection sequence for a scan.
lons are then pulsed from the hexapole to the andyzer cell where they are first excited and then
detected. Anilludtration of the excitation and detection processes is shown in Figure 4
(adaptation from reference 73). Metadloprotein ions are captured at the center of theion
cyclotron resonance (ICR) cdll by trapping voltages that are maintained on the from and back
trap plates of the cdll. Although the trapped ions have a smdl amount of kinetic energy, their
orbita radiusis smal compared to the dimensions of the ICR cell. To be detected, they must
be excited radidly so they approach the edges of the andyzer. This excitation occurs by
imparting kinetic energy to the trapped ions by gpplying anr.f. eectric field to the excitation
plates of the ICR cdll. Chirp excitation, arapid sweep of arange of frequencies, is often used
to exciteions of al mass-to-charge rangesin the andyzer cell. Thisalowsal of the trapped
ions to be excited and detected smultaneously. When the cyclotron resonance of anion of a
particular mass-to-charge becomes resonant with the applied fidd, it spirals away from the
center of thetrap as shown at the top of Figure 4. If the dectric field is maintained, ions will
continue their spird until they collide with the trap itsdlf, becoming neutrdized. If the dectric
field is controlled so that the ions are only excited to alarge radius, the cyclotron orbit is



Figure 1.3

The experimenta sequence during ESI consists of acell quench, ionization
pulse, excitation of trapped ions and detection. The raised boxesindicate

changes in voltage to move ions through the system.
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Figure 1. 4
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Excitation of trapped ions is accomplished by imparting kinetic energy to the
ions. The magnetic fidd (field lines point into the page) serves to maintain the
orbit of theions as they spiral away from the center of the cell. The stable orbit
of theions (shown in lower figure) is detected by the cell plates. Animage
current isinduced, and the frequency of the orbiting ions are obtained. The

frequency information is transformed into a mass-to-charge scae.






Figure 1.5

The forces acting on acharged particle in amagnetic field include the Lorentz
(magnetic fidd) force and the centrifugd force. The magnetic field lines are
oriented into the page.
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preserved as shown at the bottom of Figure 4. The packet of ions of a given mass-to-charge
attracts electrons to each detection eectrode as it passes by initsorbit. Thissinusoida current,
aso know as image current, isinduced by the orbiting packet of ions. The sgnd isamplified,
digitized, and stored for processing by a computer.”

The high accuracy obtained in FTICR mass spectrometry results from the measurement
of the frequency of the orbiting ionsin the cell. The forces that describe the motion of theions
in the cdll can be derived from Figure 5. A charged particle in motion is congrained to its orbit
by the magnetic fidld or Lorentz force. Thisforceis defined by the first half of equation 1,
where q isthe charge on the particle, B isthe magnetic field

srength, and v isthe velocity of the orbiting particle. The second force affecting the particleis
the centrifugal force, which is defined by the second haf of equation 1. The mass of the particle
is defined as m, and the centripetal acceleration is defined by v2/r. Rearrangement of equation

1 yields equation 2, the cyclotron frequency, w.

Although high resolution can be obtained by measurements of an ions cyclotron
frequency, there are il limitations to the method. The maximum resolution that can be
obtained from a given data set can be ca culated from equation 3, where R is resolving power,
wisthe cyclotron frequency, and T isthe duration of the transient.

_wT

3
> 3)

R



Figure 1.6

Trandentsfor insulin (A, C) and their transformation into the mass-to-charge
scde (B, D) are shown. Resolution increases as the duration of the transient
increases. The resolution for spectrum obtained from the 0.47 strangent (A,
B) is~27,000. Theresolution for the longer 0.83 strangent (C, D) is
~47,000.
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This eguation emphasizes the need for long trangents in obtaining high resolution data. This
requiresionsto be congrained in their cyclotron orbits during the time the transent sgnd is
collected. Ultra-high vacuum and the number of trgpped ionsin the cell are two factors that
limit the duration of the trandent. An example of the image sgnd or transent and the mass
spectrum that accompanies the data are shown in Figure 6. Both spectra were obtained for
bovine insulin and illustrate the gpplication of the Fourier transform to the frequency spectrato
yield the mass spectra. Figures 6A and 6C show transents obtained for bovine insulin in two
separae experiments. The trandent in Figure 6A has aduration of 0.47 sand the trandent in
Figure 6C has aduration of 0.83 s. Figure 6B is obtained after gpplying the Fourier transform
to the shorter transent signal, and a resolution of ~27,000 is obtained. For the longer trandent,
Figure 6D was derived. The resolution obtained for the transformed signdl is 47,000. From
these data and equation 3, one can see that higher resolution is obtained from longer transents.
The mass accuracy of FTICR mass spectrometry aso aidsin the andlysis of the small
changes in mass that are associated with metaloproteins depending on their structure and
function. Other mass spectrometric methods, such as time-of-flight (TOF) and Quadrupole
mass spectrometry are helpful in discerning changes in mass associated with the loss of metdl
from ametaloprotein, or the identity of metal substitution into a metaloproteins®:** but
FTICR mass spectrometry is capable of providing additiona information about metalloproteins
that can only be acquired through its highly accurate measurements.*® 2° The one to two mass
unit shifts that are associated with disulfide bond
formation or oxidation state determination can be easly investigated over awide mass range by
FTICR mass spectrometry since it is capable of providing mass accuracies of the order of a
few ppm over afairly wide mass-to-charge range.” The combination of ESl with FTICR mass
spectrometry resultsin the production of the high resolution data shown if Figure 7, from which
charge date information and ultimately molecular weight data can be extracted. Thefigure
congdgis of three spectra: ampiaillin, ubiquitin, and high potentia iron-sulfur protein. The

proteins are shown in order of increasing molecular weight. The monoisotopic pesk in the



Figure 1.7
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The theoreticaly derived spectrafor the 1+ charge state of ampicillin dimer and
the 7+ charge state of ubiquitin are shown with the experimentaly derived
spectrum for the 5+ charge state for high-potentia iron-sulfur protein. The
monoisotopic pesk in each spectrum decreases with increasing molecular

weight.
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chargestate: 17 Ampicillin (dimer)
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digtribution obtained for ampicillin is the lowest mass-to-charge peek in the distribution and
conssts of the sum of dl of the lowest massisotopes of the eements that make up the
molecular formula. The monoisotopic speciesinclude 2C, H, N, %0 and *2S. The other
pesksin the digtribution consst of variaions in the molecular formula. The second largest pesk
in this digtribution, for example, is composed of dl of the lowest mass isotopes in the molecular
formula with the exception that one of the *2C isotopes has been replaced by *C, which results
in anincrease of ~ 1Da. Theremaining pesks in this distribution are composed of varying
contributions of additiona *3C isotopes in the molecular formula, as well as variations of the
other isotopes, athough the abundance of *C greatly outweighs dl other possihilities.

The gppearance in the mass spectrum and consstency in the molecular weight increase
for 1C isotopesis fortuitous, since the spacing of the isotope pesks depends on the charge
present on agiven ion. For the m/z vauesin the ampicillin digtribution, we can conclude thet
since the spacing between the isotope peaks is ~1 m/z unit, the charge ontheionisaso 1+.
Alternatively, since the mass difference between *2C and *3C is ~1 Da, the isotope spacing for
asngly-charged ion must be ~1 nvVz unit. For a doubly-charged ion, the spacing between
isotope peaks dropsto ~0.5 Da. The rule gppliesto proteins of al molecular weight and to all
charge sates. The second spectrum in the figure is of the higher molecular weight protein,
ubiquitin. The decreasein mV/z spacing between the isotope peaks suggests that the charge
date for this protein is grester than one. In fact, the difference between the spacing is 1/7 the
gpacing of the 1+ charge sate of ampicillin. This 7+ charge sate for ubiquitin differs from the
ampicillin spectrum in that the monoisotopic pesk for ampicillin is the most abundant isotope

pesk in the
M =(m/2z- zZM,,, @
digribution, whereas for ubiquitin, it is one of the lowest pesksin the digribution. The

monoisotopic peek is eadly discernible in the mass spectrum for proteins and peptides whose

molecular weights are under 5000 Da, however, the increased probability for multiple heavy
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isotopes decreases the rel ative abundance of the monoisotopic peak.”™ " After 20000 Da, the
monoisotopic peek is no longer visible in the mass spectrum for our current instrument
conditions and must be inferred from the data after applying the c? test.!® " The mass of each
of these proteins can be obtained using equation 4, where M is gpparent mass, M, isthe mass
of aproton, zisthe charge present on the ion, and m/z is the measured mass-to-charge ratio.
So for ubiquitin of 7+ charge, assuming that dl of the chargeisin the form of protons, the
molecular weight of the monoisotopic speciesis 8559.62 Da.

The trestment of the data for metaloproteinsis the same for al other proteins. Inthis
case, ome of the charge on the meta center isin the form of the oxidation sate for the meta
center, rather than soldy in the form of protons. This makes the comparison of the measured
monoisotopic mass and the calculated mass unequa. The calculated mass assumes that there
are no disulfide bonds in the protein and uses the most abundant form of the metd, not the
monoisotopic form, in the caculation of the molecular weight. This corresponds, for example,
to *°Fe instead of >*Fe, which is only 6% abundant compared to *°Fe, and produces very weak
sgnasin the mass spectrum. The [4Fe-4S)-containing metalloprotein from high-potentia iron-
sulfur protein from Chromatium vinosum is shown & the bottom of the figure. The molecular
weight calculated from the datalis 9247.77 Daand is compared to the theoretical molecular
weight, 9250.80 Da. Since some of the charge on ametdloprotein ion isin the form of the
oxidation state of the metd, eq 4 overestimates (for postive ions) the number of protons that
make up agiven charge state. In this case, the gpparent mass will be lower than the caculated
molecular weight (monoisotopic mass) by the mass of protons that are equd to the charge on
the metal center. The charge state calculated from the spacing between the isotope pegksis
5+, and we assume that dl of the charge is present in the form of protons, we have
overestimated the number of protons by an amount equa to the charge on the meta center of
the protein, [4Fe-4S]*". Thistreatment is described in more detail in the following chapters.
Although the charge state information can be derived from both high resolution and low

resolution ESl mass spectra, the small changes in mass described here, in addition to other
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circumstances encountered during later chapters, illudtrate the necessity for having FTICR ad in
the determination of mass from avariety of metaloproteins.

Asthe molecular weight of metalloproteins increases, the charge state distribution for
the ions gpproaches higher mass-to-charge. The higher charge states, and the probability of
having a greater number of isotopes for a given mass decreases the isotope spacing for an ion.
The isotope satidtics, or the relative abundances of the isotopes, which ad in the assgnment of
the monoisotopic peak in the distribution, aso become less certain. For this reason, many of
the measurements that require high resolution can only be achieved for metaloproteins with
molecular weights less than ~20,000 Da, athough stoichiometry and substrate binding can il
be andyzed for large metaloproteins. The effective mass range of any anayzer isincreased by
afactor equd to the number of chargeson anion.”” Many enzymes and metdloproteins fall
into the high molecular weight category where thisis advantageous. Hemoglobin, for example
is atetrameric metaloprotein that binds avariety of ligands. ESI-FTICR mass spectrometry is
used in Chapter 7 to observe ligand binding to hemoglobin and myoglobin in their reduced and
oxidized forms.

The studiesincluded in this dissertation expand on literature that has been conducted by
other groups and it also provides new information in the study of metaloproteins. We have
examined the smdl changesin mass that are associated with metalloprotein structure and
function and in doing so have developed a variety of methods for future investigetions. The
details of these methods are included and a synopsis of the potentia future direction of this

research is also outlined (Chapter 8).
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Abstract

Electrospray ionization (ESI) Fourier transform ion cyclotron resonance mass
spectrometry is used to determine the stoichiometry and oxidation states of the metad centersin
severd iron-sulfur proteins. Samples are introduced into the ESl source under nondenaturing
conditionsin order to observe intact metal-containing protein ions. The stoichiometry and
oxidation Sate of the metal or meta-sulfur cluster in the protein ion can be derived from the
mass spectrum. Mononuclear metal-containing proteins and [4Fe-4S] centers are very stable
and yidd the molecular ion with little or no fragmentation. Proteins that contain [2Fe-29
clusters are less stable, and yield loss of one or two sulfur atloms from the molecular species,
athough the molecular ion is more abundant than the fragment peeks. [3Fe-4S]-containing
proteins are the least stable of the species investigated, yielding abundant peaks corresponding
to the loss of one to four sulfur atomsin addition to a pesk representing the molecular ion.
| sotope [abeling experiments show that the sulfur loss originates from the [3Fe-45) center.
Negative ion mode mass spectra were obtained and found to produce much more stable [3Fe-
45]-containing ions than obtained in positive ion mode. ESl analyss of the same proteins under
denaturing conditions yields mass spectra of the gpo form of the proteins. Disulfide bonds are
observed in the gpoprotein mass spectra that are not present in the holoprotein. These result
from oxidetive coupling of the cysteinyl sulfur atcoms thet are reponsible for binding the metdl
center. In addition, inorganic sulfide is found to incorporate itsdlf into the apoprotein by forming

sulfur bridges between cysteine residues.

Introduction

Metd ions are essentid to the catalytic function and structurd stability of many
metdloproteins® 2 Inthisrole, meta ions serve as ameans to orient and stabilize the
conformation of aprotein. Metals dso mediate chemical reactions, most commonly redox
reections that are accompanied by a change in the oxidation state of the metal or metd clugter.

A wide variety of spectroscopic methods have been used to examine metaloproteins®
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Recently, mass spectrometry has been used to characterize meta-containing proteins and their
metal centers. Electrospray ionization mass spectrometry has been applied to metal-containing
proteins because the tightly folded, compact structure of the protein’s native conformation can
be retained under appropriate sample conditions, permitting the retention of the meta center.>’
Thisbiologicaly active conformation is usualy denatured by exposure to heet or organic
solvents, which can weaken or disrupt interactions between a protein and ameta or metal-
containing complex, resulting in the loss of the meta from the protein. Thus dectrospray
ionization is generally more useful for examining intact metaloproteins than is matrix-assisted
laser desorption/ionization (MALDI), as the sample preparation conditions for the laiter tend to
be highly denaturing. Chait and co-workers have described the ES conditions necessary for
the detection of holomyoglobin,® and some more recent publications have presented the
application of eectrogpray ionization to noncovalent complexes including meta-protein
interactions® %11

In electrospray ionization mass spectrometry, the molecular weight of aproteinis
assigned from the mass-to-charge vaues that are measured for multiply-charged ions. Such
assgnments are trivid to make if it can be assumed that dl of the charge that is present on an
ion results from an excess of protons for pogtive ions or a deficit of protons for negative ions.
Metdloproteins offer an additional consderation, as the metals that are present can carry
charge aswell, and they can exhibit more than one oxidation state. The oxidation state of the
metal must be taken into account in order to properly assign amolecular weight from the mass
gpectrd data. Henion and co-workers described the effect of the oxidation state of iron in
heme-containing proteins, and studied ferric heme associated with myoglobin and ferrous heme
associated with cytochrome ¢, in which only a 1 mass unit difference ditinguished the two
oxidation states of heme.*? The influence of the oxidation state of the meta centersonionsin
electrospray has also been described for iron-containing rubrerythrin and hemerythrin,® as well

asfor Cd?** and Zr?* metdlothionaeins*
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The high resolving power and mass accuracy of Fourier transform ion cyclotron
resonance (FTICR) mass spectrometry combined with e ectrospray ionization make the
method useful in determining the small mass changes that sgnd subtle but sgnificant structurd
details for metdloproteins. In this paper we present the gpplication of FTICR mass
gpectrometry to iron-sulfur proteins, which are defined as proteins that contain iron with at least
partid coordination to sulfur. Thisincludes both proteins with a mononuclear iron center, such
asthat present in rubredoxin, which coordinatesiron to the protein through cysteinyl sulfur, as
well as proteins with more complex meta centers that contain clusters of iron and inorganic
sulfide ranging from [2Fe-2S)] to [4Fe-4S] and even multiple iron-sulfur clusters®® The redox
activity of these proteins dlows them to exhibit more than one oxidation state, which makesthe
interpretation of the mass spectra data more chalenging.

The gtability of Anabaena ferredoxin has been previoudy examined using eectrospray
mass Spectrometry to examine mutant versions of the protein,*® and the stoichiometry and
identity of iron-sulfur dustersin Sulfolobus acidocaldarius'” and Rhodobacter capsulatus'®
ferredoxins have also been determined using mass spectrometry. More recently, an
intermediate cluster structure from the high-potentia iron-sulfur protein (HiPIP) from
Chromatium vinosum has been investigated by mass spectrometry as a possble modd for
characterizing the assembly of metd-sulfur dustersin ferredoxin.® Theiron and zinc forms of
Clostridium pasteurianum (Cp) rubredoxin and its recombinant counterpart purified from
Escherichia coli have dso been investigated using electrospray ionization mass spectrometry to
determine conditions that prevent the loss of the metal centers.®

Iron-sulfur proteins are good candidates for study by FTICR mass spectrometry
because of the small changes in massthat are predicted to occur with the changes in the meta
center’ s oxidation state and stoichiometry. The high resolving power of FTICR mass
gpectrometry can be used to digtinguish small mass differences associated with changes such as

oxidized versus reduced disulfide bonds, changes in ametalloprotein’s oxidetion state, and
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changesin metd subgtitution. Such small, but significant changes can be measured more
accurately by FTICR than by any other mass spectrometric method.

Experimental

All proteins examined here were produced by overexpressonin E. coli. The
preparation and purification of recombinant wild-type (WT) and D14C Pyrococcus furiosus
(Pf) ferredoxin has been described previoudy.?* The same procedures were used to generate
and purify the C21A mutant. The [4Fe-4S] cluster was converted to the 3Fe form by treating
the ferredoxin with 5-fold excess of ferricyanide for 15 min and removing excess oxidant by gel
filtration.?? Pf ferredoxin with a**S-enriched metal center was prepared by recongtitution of
the gpoprotein using Na*'S and FeCl, to form the [4Fe-4**S] dusgter. The 3Fe form of this
protein was generated using ferricyanide as described above. The d subunit of Pf pyruvate
oxidoreductase (POR-d) was obtained as the apoprotein through separate expresson in E.
coli. In vitro recondtitution of the purified apoprotein using FeCl; and Na,S resulted in the
incorporation of two [4Fe-4S] clusters/d subunit.® The [2Fe-25]-containing g-subunit of
Thermotoga maritima (Tm) hydrogenase was obtained as the recombinant form expressed in
E. coli. The protein was purified using Q-sepharose ion-exchange and Superdex 75 gd
filtration chromatography. Prior to andyss, protein solutions were desdted by concentretion in
amicrocentrifuge tube with integral didyss membrane (Millipore Corp., Bedford, MA). After
concentration in the microcentrifuge tube, the protein was resugpended in 15 mM ammonium
acetate solution to yield afind protein concentration of 15 M. Apoprotein mass spectra were
obtained for most of the samples by dectrogpraying a solution of the holoprotein dissolved in
49% methanol, 49% water, and 2% acetic acid. WT and D14C apoproteins were denatured
in 1 M hydrochloric acid, which removed the cluster and precipitated the protein. The protein
was resolubilized by adjusting the pH to 8.0 by adding concentrated buffer. The reduction of
D14C mutant from Pf was conducted in both sodium dithionite (J. T. Baker, Phillipsburg, NJ)
and 3,10-dimethyl-5-deazai soall oxazine (5-deazaflavin) (provided by Dr. Vincent Massey,



Department of Biologica Chemigtry, University of Michigan, Ann Arbor). The reduction of
ferredoxin using sodium dithionite has been described previoudy.?! The reduction of D14C
mutant with deszaflavin was carried out usng 50 M protein in asolution of 15 MM
EDTA/diammonium sdt hydrate (Milwaukee, WI) to produce afinad volumeof 1 mL. 5
Deazaflavin was prepared asa 1 mM solution in water and wasisolated from light and purged
with nitrogen for 15 min to remove oxygen. Exactly 1 niL of this solution was added to the
protein solution, and the solution was exposed to light until reduced. Reduction was monitored
using a UV-visble spectrophotometer.

All mass spectra were acquired with a Bruker BioApex 7-T FTICR mass spectrometer
equipped with an eectrogpray ionization source by Andytica The glass capillary in the
Analytica source was replaced by a heated meta capillary. All samples wereionized by
nanoelectrospray. Capillary tips for nanoel ectrospray were produced in our lab from 100 mm
i.d. fused-dlica capillary (Polymicro Technologies, Phoenix, AZ). The capillary was pulled to a
finetip by pulling with a constant force while hesting with a microtorch (Microflame, Inc.,
Minnetonka, MN). The average flow rate for sample introduction to the mass spectrometry
was 8 niL/h. A liquid dectricd junction was formed by applying 1.2 kV to the syringe needle
that infused the sample into the oray capillary.?* The heated metd capillary was maintained at
atemperature between 100 and 140 °C for the experiments. lons were stored in the source
region in ahexapole ion guide for 0.5-0.75 s and were pulsed through a series of dectrostatic
lenses into the detection cell where trapping potentias of 0.90 V and 0.95 V were used on the
front and back trapping plates of the cdll to isolate ions for excitation and detection. Thetime
domain signd (trangent) was collected by averaging approximately 50 scans. The summed
transent was apodized prior to application of the Fourier transform, followed by calibration to
yield amass spectrum. Negative ion mass specira used the same magnitude voltages for
electrogpray, externa injection ion optics, and trapping potentias, but the polarities were

reversed.
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Cdculations of isotope digtributions for the proteins were made by using 1soPro
software (http:/Aww.members.aol/msmssoft). The c? test was used to match experimentaly
obtained isotope digtributions with calculated distributions, as described by McL afferty and co-
workers.?® After assigning the isotope composition of each of the peaks in the experimentaly
observed digtribution, an estimate of the monoisotopic mass was derived from each pesak by
subtracting the **C-3C mass difference times the integer number of heavy isotope atoms
assgned to the pesk. This analys's makes the reasonable assumption that the principa heavy
isotope composition of each peak is **C. The monoisotopic masses that are reported are the
average of the vaues derived from the five to eight most abundant isotope peaksin an isotope

digtribution of the most abundant charge state present in the mass spectrum.

Results and Discussion

The metalloproteins described below are chalenging targets for mass spectrometric
analyss, asthe details that are sought must be discerned by messuring ardatively smal change
in the molecular weight of the protein. The oxidized versus reduced metal produces a changein
the observed mass of theion as smdl as 1 Da, and the reduction of a disulfide linkage shifts the
molecular weight by 2 mass units per bond. To discern these smal changes againgt the
relatively large molecular weight of the protein, we obtain isotopically resolved mass spectra
from which we can deduce the monoisotopic molecular weight of the protein. Monoisotopic
meass is defined as the sum of the lowest molecular weight isotopes in the molecular formula
For most proteins, this corresponds to *2C, *H, N, %0 and *2S. This measurement is more
accurate than that of average molecular weight, which corresponds to the centroid of the
isotope distribution of the molecular pesk and which requires accuracy in the measurement of
both mass-to-charge and abundance of each ion. McLafferty and co-workers have described
the measurement of the monoisotopic mass of proteins by comparing caculated and
experimentally observed isotope distributions for the protein, using the ¢ test to match the two
and to assign the correct number of heavy isotopes to each pesk in adistribution.”® Measuring
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the monoisotopic mass removes the error associated with an average mass for a distribution of
isotopes, because the monoisotopic massis not affected by the naturd variability in isotope
abundances in asample or the Satistica variation in measured isotope digtributions.

For most proteins, amolecular weight is calculated based on an elementa composition
of aneutral protein molecule, i.e. al ionizable Stesin the protein are assumed to be neutrd.
There are no Smilar conventions to guide the calculaion of the molecular weight of a
metalloprotein. Since the metal center can carry charge, the assumption of neutrdity for the
protein would require that one subtract (or add) protons from the eementa composition to
achieve acharge of zero. Thisisunsatisfactory, because one would calculate a different
molecular weight for each oxidation state of the metal. For the purpose of discussion, we have
adopted the convention that molecular weight is calculated asif the meta center has an
oxidation state of zero. The monoisotopic massthat is calculated in this manner for a
metalloprotein corresponds to the mass of the apoprotein plus the atomic masses of the
components of the metal center. For these calculations, we use the nuclidic mass of the most
abundant isotope of the metd, rather than the lowest atomic massisotope. For iron, this
corresponds to *°Fe rather than >*Fe, which has arelative abundance of 6% compared to *°Fe
and which produces very wesk sgndsin the mass spectrum. More importantly, the mass
difference between the most abundant isotope peek of an iron-containing protein and that of its
apoprotein corresponds to the loss of **Fe. Thisistrue for al proteins described below, even
those that contain eight iron atoms. Note that, for this manner of calculating a molecular weight,
it isassumed that no disulfide bonds are present. If thiol linkages are present, they will exhibit
themsalves as a deviation of two masses per disulfide bond between the caculated and
experimentally determined molecular weights.

For the purpose of discussion, we aso define aterm, “apparent mass’. The apparent
meass is the molecular weight that we derive directly from experimental data usng the common
agorithm for converting mass-to-charge for a multiply charged ion to the mass of the zero-

charge molecule, shown in eq 1 below, where M, is apparent mass, My, isthe mass of a
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proton, z isthe charge present on the ion, and myz is the measured mass-to-chargeratio. This
agorithm assumesthet al charge is due to excess protons. Whilethisis true for an gpoprotein,
for ametaloprotein some of the charge that is present results from a nonzero oxidation state of
the meta atom or metal-containing prosthetic group. Thus, for metaloproteins, eq 1
overestimates the number of protons that provide charge to the molecule. The apparent mass
derived from eq 1 will be lower than the calculated molecular weight by the mass of the protons
equa in number to the oxidation state of the metd. For example, if one Fe(l11) atom is present
in aprotein, then the apparent mass derived from the mass spectrum will be lower than the

ca culated molecular weight by the mass of three protons.

M, =(m/2z)z- zZM ,, ()

The gpparent massis an experimentaly measured monoisotopic mass. Where the
monoisotopic peak cannot discerned by ingpection, it is derived by comparing experimental and
calculated isotope distributions with the c? test.*® As stated above, the gpparent mass will differ
from the calculated mass both as aresult of the oxidation Sate of the metal, and, if present,
from disulfide bonds. The mass difference alows one to assign these feastures. Once these
have been determined, the apparent mass can be corrected to yield the actual molecular weight

of the metdloprotein.

Mononuclear Metal Centers. Thesmdlest iron-sulfur protein investigated hereis
rubredoxin from (Cp), which contains a single iron atom coordinated to the protein by four
cysteinyl sulfur atoms. Figure 1 shows the eectrogpray mass spectrum obtained for rubredoxin,
showing the +3, +4 and +5 charge States for the protein. The most abundant peak
corresponds to the holoprotein ion in the +4 charge state. Figure 1 shows an expansion of the
+3 charge state of the spectrum, and compares thisto the isotope distribution expected for this
molecule. The c? test is used to compare the calcul ated isotope distribution with the
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The ESI-FTICR mass spectrum of iron rubredoxin from Clostridium
pasteurianum containing gpoprotein and holoprotein. The observed signa
corresponds principaly to the meta-containing holoprotein. A smdl sgnd is
aso observed for the apoprotein. Smal adduct signals appear at higher mass-
to-charge, and represent the addition of oxygen and sodium to the holoprotein.
Theinset illustrated the calculated (top) and measured (bottom) isotope
digributions for the 3+ charge state of iron rubredoxin from Cp. The
monoisotopic peak is caculated from the sum of al of the lowest molecular
weight isotopes in the molecular formula, *2C, H, N, °0O, %S and the most
abundant isotope of the metal, >°Fe, and is labeled as >°Fein the top pand.
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experimentaly observed digtribution. The number of heavy isotopes present in each peak in the
experimenta datais assigned, and the monoisotope pesk isidentified. This peak consgts of
isotopes 2C, H, N, *°O, 32Sin addition to *°Fe, which has anatura abundance of 91.8%.
The “monoisotopic” peak is not the lowest mass-to-charge peak in the isotope distribution, but
refers here to a composite of the masses of dl monoisotopic eements in the molecular formula
of the gpoprotein plus the mass of the most abundant isotope of the metal contained in the
active ste. The apparent mass derived from these datais 6096.58 Da compared to the
calculated mass of 6099.55 Da, adifference of 3 Da. The oxidation State of iron in this protein
is 3+; thus, it contributes three chargesto the ion. Correcting for the charge on the metd results
in an assignment of the monoisotopic mass of 6099.59 Da, which agrees with the calculated
value within 6.23 ppm. The 3+ oxidation State of iron in rubredoxin is the highest oxidation
date that is possble for this metaloprotein biologicaly

Also observed in the mass spectrum isasigna corresponding to the apoprotein, at m'z
1511. The derived monoisotopic mass is 6039.65 Da, which isfour mass units lower than the
caculated molecular weight of 6043.61 Da. In this case, the mass difference is the result of the
formation of two disulfide bonds. Upon loss of the metal from rubredoxin, the four cysteine
resduestha coordinated iron are available to form two disulfide bonds. It isimportant to
recognize that the number of disulfide bonds can vary between a metaloprotein and its
gpoprotein, particularly if one wishes to use the gpoprotein pesks as an internd mass cdibrant
for the metaloprotein.?”%

[4Fe-4S] Clusters. Cuboida [4Fe-4S] clugters are frequently found in iron-sulfur proteins,
and anumber of these were investigated in this study. The mass spectrum of Pyrococcus
furiosus ferredoxin (Pf Fd) containing a[4Fe-4S] cluster, and that of its mutant, D14C
(espartic acid replaced by cysteine a position 14), are shown in Figure 2. The mass spectrum
of the wild type protein exhibits the +3, +4 and +5 charge States of the protein, athough the +4
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Wild-type [4Fe-4]] ferredoxin (top) and D14C [4Fe-4S] ferredoxin (bottom)
from Pf are shown. The cuboida [4Fe-4S] clugter, shown intheinsd, isligated
to the protein through three cysteine resdues and an aspartic acid resduein the
wild-type protein. The addition of oxygen to the protein produces aless
abundant ion that is observed a higher mass-to-charge ratios in each of the
mass spectra. The monoisotopic peak in the isotope distributions for both WT
and D14C are labeled 4 *°Fe. The * denotes a noise peak in the mass

spectrum.
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charge state dominates the mass spectrum. From these data an apparent mass of 7509.83 Da
is derived, which is 4 mass units less than the calculated mass of 7513.87 Da. The highest
oxidation state for the protein in its biologica environment is 2+, dthough it is possble for the
[4Fe-4S] cluster to have an oxidation state of 4+ (4 Fe** and 4 S*). The 4+ oxidaion Sateis
not observed under biological conditions® and we do not interpret the data as corresponding
to this high oxidetion state. The native ferredoxin from Pf is aso known to contain adisulfide
bond that is remote from the iron-sulfur cluster,? and this bond together with a2+ oxidation
date for the metal center would be consistent with the 4 Da difference that we observe.
Likewise, the mass difference between the cal culated mass and the apparent mass (7501.85 Da
VS. 7497.72 Da, respectively) of the D14C mutant is 4 Da, aso congstent with the assignment
of a2+ oxidation state and a disulfide bond. However, these data do not dlow usto distinguish
the possibility of a metd center with a4+ oxidation State in a protein with no disulfide bond. To
verify our assgnment of the oxidation state of the meta center, the C21A mutant (dlanine
replaces cysteine a pogtion 21) was examined. By replacing cysteine with danine, the
formation of the remote disulfide bond between amino acid positions 21 and 48 is no longer
possible. The apparent mass for C21A cdculated from the spectrum shown in Figure 3 is
7479.89 Daand the calculated massis 7481.90 Da. The difference in mass between the
gpparent and theoretica massesis 2 Da and corresponds directly to the charge on the metal
cluster. These data suggest that the 4 mass unit difference between the gpparent mass and the
caculated mass in both the wild-type ferredoxin and the D14C mutant can be attributed to an
oxidation state of 2+ for the metal cluster and the presence of a disulfide bond between
resdues 21 and 48. The mass spectra of wild-type ferredoxin and the D14C mutant also show
pesks 16 Da higher in mass than the protein with the [4Fe-4S] clugter that we assgn asthe
addition of oxygen. This satellite peak 16 mass units above the molecular pesak is seen in most
of the ferredoxin mass pectra presented here, although the abundance of thision in the mass
Spectravaries greatly. Sodium adducts and combination sodium and oxygen adducts are dso
observed at low abundance in the D14C spectrum at higher mass-to-charge vaues.



Figure 2.3 ESI-FTICR mass spectrum of ferredoxin mutant C21A (cysteine a position 21
replaced by danine). The dimination of the disulfide bond between postions 21
and 48 in this ferredoxin dlows the unequivoca assgnment of the oxidation
date of the iron-sulfur cluster as 2+. The monoisotopic pesk in the isotope
digtribution islabeled as 4 *°Fe.
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Lower oxidation states of the meta center are observed under biologica conditions, but
we have never observed these in the mass spectra. We have attempted to reduce the D14C
ferredoxin by using deazaflavin as areducing agent, but have so far been unable to obtain a
meass spectrum for the reduced form of the protein. Deazaflavin was chosen to reduce the
protein because of itslow reduction potentia and because only asmal amount of the reducing
agent is needed to reduce a much larger amount of protein due to its cataytic behavior.®
Sodium dithionite was also used to reduce the meta center in the protein, but this reducing
agent isincompetible with eectrospray ionization. Sodium dithionite is the reducing agent
normally chosen for ferredoxins, which themsalves have low reduction potentials®
Unfortunately, sodium creates a plethora of adduct peaks which dominate the mass spectrum,
and greatly diminishes the sgnd intendity to a point where interpretable data can not be
acquired. Remova of sodium from the sample after reduction of the meta center by buffer
exchange with ammonium acetate has been performed; however, the protein ions observed in
the mass spectra appear in the higher oxidation state (2+) once again. The use of deazaflavin
as areducing agent adlowed us to reduce the ferredoxin with only asmal amount of reducing
agent. This provided ameans of eectrospraying our sample without arinsgng step to remove
the buffer and was compatible with a stable spray during ionization. Although the D14C sample
was reduced as evident from UV spectroscopy data (not shown), only the oxidized (2+)
protein was detected using FTICR. Thus, it appears that the electrospray process itsdlf leads
to the oxidation of the meta center. Our results are in agreement with those of Van Berkel and
Zhou, who have described the redox behavior of the elctrospray ion source and have shown
that the nicke (1) octaethylporphyrin is oxidized to its nicke (111) form during the eectrospray
process.*

The formation of new disulfide bonds in the gpoprotein between the cysteine residues
that serve as ligands for the metal centers of the holoprotein has been observed in ferredoxin as
well asin rubredoxin. The mass spectra of the gpo forms of wild-type ferredoxin from Pf and
the D14C mutant of ferredoxin are shown in Figure 4.
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ESI-FTICR mass spectra of the apoprotein of wild-type ferredoxin (top) and
D14C ferredoxin (bottom). Wild-type ferredoxin contains five cysteine resdues
and exhibits two disulfide bonds upon remova of the iron-sulfur cluster. D14C
contains Six cysteine residues and exhibits three disulfide bonds after the iron-
sulfur cluster is removed. Adducts of oxygen and sodium are seen in both
gpectra. Peaks representing sulfur addition are observed in the mass spectrum

of the D14C mutant.
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The number of cysteine residues in the wild-type protein isfive, two of which (C21 and C48)
do not participate in meta binding, and which are known to form a disulfide bond.** The three
remaining cyseine resdues are involved in binding the metd cluster with the participation of an
aspartate residue.?? In the apoprotein, a maximum of four of the cysteine residues can form
disulfide bonds. The cdculated mass for the wild-type ferredoxin with dl cysteine residues
reduced is 7162.24 Da, while the mass that is measured is 7158.18 Da. The difference of 4
Da suggests that two disulfide bonds are present. Most likely, oneis between C21 and C48,
aswell as one between two of the

three cysteine groups that bind the metd center in the holoprotein. To verify that disulfide bond
formation is possible at the cluster Ste after the cluster is removed, a mutant with Sx cysteine
resdues, D14C, was examined. In this protein, the aspartic acid that participates in cluster
binding is replaced by cysteine. The cdculated mass for the reduced form of the mutant is
7150.23 Da and the measured mass was found to be 7144.22 Da. The 6 Dadifferenceis
conggtent with formation of three disulfide bonds. The holoprotein only exhibits one disulfide
bond (Figure 2). Both of the mass spectrain Figure 4 dso include a series of adducts
separated in mass by 32 Da. These adduct peaks suggest the addition of inorganic sulfide to
the protein. These measurements suggest that sulfur has inserted itsdf into the disulfide bonds
toform Cys-S-S-S-Cys or larger chains rather than bresking internd disulfide bonds to form
Cys-S-SH. Inthelatter case, the mass corresponding to the addition of two hydrogen atoms
(by reduction of a disulfide bond) would have caused a mass separation of 34 Da between the
peaks, rather than the 32 Da spacing that is observed.

There are also agroup of ferredoxins that contain [4Fe-4S] clusters which are capable
of exiging in oxidation states higher than 2+ in their biologica environments. These ferredoxin
proteins, which can cycle between 2+ and 3+ in their reduced and oxidized forms, are caled
high-potentia iron-sulfur proteins*° The mass spectrum of HiPIP from Chromatium
vinosum (Cv) isshown in Figure 5. The +5 and +6 charge states of the HiPIP containing
intact [4Fe-4S] clusters are shown. Each charge state contains a peak corresponding to
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ESI-FTICR mass spectrum of gpoprotein and holoprotein of the high potentia
iron-sulfur protein from Cv. Mass differences between apparent and cal culated
values are congstent with an oxidation state of 3+ for the [4Fe-4S] clugter. The
protein dimer (+8 and +9 charge dates) is aso observed in the mass spectrum
at higher massto-charge values. Theinset shows the isotope distribution from
the +5 charge state and the monoisotopic peak is labeled 4 *°Fe. Adduct
peaks are observed for both oxygen and sodium attachment.
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apoprotein. These peaks are located in the spectrum at m/z 1484 and m/z 1781 and were used
asan internd cdibrant in obtaining an apparent mass for the holoprotein. The cdlibration on the
gpoprotein peak was made assuming that the cysteine residues involved in cluster coordination
form disulfide bonds upon cluster removal like dl of the proteins that have been discussed. The
calculated mass for gpoprotein with 2 disulfide bondsis 8896.20 Da. The gpparent mass for
the holoprotein is 9248.88 Da and the calculated massis 9251.86 Da. Since the protein
contains only four cysteine resdues, and each isinvolved in cluster ligation, no disulfide bonds
are present in the holoprotein. The difference between the apparent and calculated masses
ggnifies a 3+ oxidation sate for the iron-sulfur cluster, which isin agresment with values
measured for the oxidized form of the dluster in its biologica environment.?? Also shown inthe
mass spectrum in Figure 5 are peaks corresponding to a noncovaent dimer of HiPIP containing
intact [4Fe-45] clusters. Dimerization of HiPIP from Cv has been reported previoudy in
condensed phase studies.* The nondenaturing conditions used in these sudies dlow the
detection of this noncovaent complex in the gas phase. Pegks at higher mass-to-charge than

the holoprotein represent oxygen and sodium adducts.

Multiple [4Fe-4S] Clusters. Other types of ferredoxins are known to contain multiple
iron-sulfur clusters, such asthe d subunit of pyruvate oxidoreductase (POR-d) from Pf, which
contains two [4Fe-49] clusters.?® The mass spectrum for this protein (N-termina methionine
cleaved) is shown in Figure 6. The most abundant peak corresponds to a molecular weight of
12603.85 Da, which equas the mass of the protein with two intact clusters plus an additiona
31.93 Da This extramass could be caused by the addition of a sulfur atom to the molecule as
is seen in the wild-type and D14C gpoprotein mass spectra, or could be the result of the
addition of two oxygen atoms to the protein. The [4Fe-4S] ferredoxins that we have observed
exhibit an oxygen adduct asasmall pesk. If the peak shown in Figure 6 is due to oxygen, this
would suggest the metdl center asthe Site of attachment, since proteins with one cluster add one
oxygen and this protein with two clusters adds two oxygen atoms. Both clusters are bound by
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ESI-FTICR mass spectrum of an expansion of the +9 charge sate of POR-d
from Pf, which contains two [4Fe-4S] clusters. The principa pegk of the mass
spectrum corresponds to the mass of the holoprotein with an addition of 31.93
Da, mogt likely from the addition of one sulfur or two oxygen aoms. The
distribution of peaks at lower mass-to-charge ratios corresponds to the
gpoprotein with four disulfide bonds and from intercaation of zero to seven

sulfur aoms into the disulfide linkages.
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4 cysteine residues each and together have an oxidation state of 4+, or 2+ for each of the
clusters. Peaks at higher mass-to-charge ratios than the base peak represent sodium adducts.
Interestingly, there is a digtribution of ions a lower mass-to-charge than the peak representing
holoprotein. The peak at m/z 1320 represents the apoprotein, and each additional peak
represents the addition of sulfur to the molecule. The apparent mass for the apoproteinis
11864.60 Da and the calculated mass for the protein is 11872.69 Da. The difference between
the values is 8 Da, which suggests the formation of four disulfide bonds between the eight free
cysteine resdues which no longer coordinate the two iron-sulfur clusters. Peskswith oneto
seven additiona atoms of inorganic sulfide are observed in the mass spectrum.. The sulfur
atoms appear to insert themsalves into the disulfide bonds rather than forming a dithiol, based
on the mass difference. This behavior is anaogous to the additiona sulfur atoms that are seen

in the apo forms of Pf ferredoxin, Figure 4.

[2Fe-2S] Clusters. Other metd-sulfur stoichiometriesin Fe-S proteins have been
investigated, such as the a -subunit of hydrogenase from Tm, which is known to contain a
[2Fe-29] cluster.®®* The dectrospray mass spectrum for the protein is shown in Figure 7. The
average apparent molecular weight for the protein with an intact [2Fe-2S] cluster is 18189.12
Da The caculated mass for the g subunit is 18191.10 Da. The 2 mass unit difference suggests
an oxidation state of 2+ for the clugter, which isthe highest Sate that has been reported for the
under biologica conditions. Higher mass-to-charge ions show almost no losses of inorganic
aulfide from the cluster, while lower mass-to-charge ions show a smal peak and alarger pesk
representing losses of one and two sulfur atoms per clugter. The higher charge states of the
protein most likely corresponds to less folded conformations, for which degradation of the
meta center can occur. The lowest peak in each charge state represents the degraded protein
with two iron atoms bound by the protein, but missing the inorganic sulfide atoms of the clugter.

The apparent mass for the protein containing [2F€], but no inorganic sulfide is 18123.06 Da, 4
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ESI-FTICR mass spectrum of the [2Fe-2S]-containing g-subunit of iron
hydrogenase from Tm. The [2Fe-2S] center exhibits an oxidation state of 2+.
lons of high charge sate (low mass-to-charge ratio) exhibit losses of sulfur from
the iron-sulfur cluster and may be a result of the unfolding of the protein, while
ions of low charge state appear to be more stable toward decomposition of the
meta center. The peak labeled * corresponds to noise in the mass spectrum.
Removd of both of the sulfur atoms from the active Ste resultsin a collective

oxidation State of 4+ for the two remaining iron atoms.
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mass units less than the calculated mass of 18127.16 Da. The difference suggests an oxidation
date of 2+ for each metd in the cluster after removal of inorganic sulfide.

[3Fe-4S] Clusters. The mass spectrum for Pf ferredoxin containing a[3Fe-4) clugter is
shown in Figure 8. The [3Fe-4S] cludter for thisferredoxin is much more labile during
electrospray than the [4Fe-4S] ferredoxin forms asis gpparent from the various degradation
products thet are detected. The top spectrum is Figure 8 shows the wild-type protein. The +4
charge state shows the presence of the intact cluster in the protein at m/z 1866. The apparent
mass of this protein is 7454.92 Da and the calculated mass for the proteinis 7457.93 Da. The
disulfide bond, as before, was not assumed in caculating the molecular weight. The highest
oxidation state for the cluster in the protein under biologica conditionsis 1+.2 The
electrospray ionization data suggests that the metd center exhibits a charge of 1+, and that the
remote disulfide bond accounts for the rest of the difference in mass between gpparent and
caculated masses. Also observed in this mass spectrum are less abundant peaks
corresponding to the addition of oxygen and adducts of sodium. The mgor peeks at lower
mass-to-charge val ues represent |osses of gpproximately 32 mass units, which corresponds to
the loss of inorganic sulfide from the cluster in the protein. These losses moving to lower mass-
to-charge arelosses of 1S, 2S, 3S and 4S, respectively, which leaves only iron remaining in the
core. Theloss of inorganic sulfide has been confirmed using isotope labding of the sulfur in the
[3Fe-49] cluster. For this, the metal center was recongtituted using S to form a[3Fe-4*9]
clugter. The mass spectrum of the isotopicaly labeled protein is shown in Figure 8 (bottom).
The apparent mass for the intact speciesis 7462.80 Da, 3 mass units less than the calcul ated
vaue of 7465.90 Da. The difference, asin the case of the unlabeled proteinisinterpreted as
resulting from one disulfide bond and the 1+ oxidation Sate of the metal cluster. The protein
with the clugter intact is observed a myz 1868. Peaks corresponding to the addition of oxygen
and the losses of S from the cluster are also observed. The mass difference between each set

of peaksis 33.98 Daand the peak at the lowest mass-to-charge represents the protein with
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ESI-FTICR mass spectrum of [3Fe-4S] ferredoxin from Pf (top) in which the
intact cluster can be seen at m/z 1866. Peaks at higher mass-to-charge ratios
represent oxygen, sodium, and sulfur adducts, whereas more intense peaks at
lower mass-to-charge ratios represent losses of inorganic sulfide from the
cluster. The mass spectrum of %S labeled [3Fe-4*S] protein from Pf isaso
shown (bottom). The degradation of the protein is smilar to the wild-type
[3Fe-49] protein. The loss of inorganic sulfide from the iron-sulfur cluster is
confirmed by this example, as the mass difference between the sulfur-loss

peeksis 34 Da, whereas in the unlabeled form the differenceis 32 Da
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only [3F¢] left inthe core. The metd clusters formed during the decomposition of the [3Fe-
4S)* clugter are [3Fe-3S)*", [3Fe-2S)°", [3Fe-15]™*, and [3Fe]*. Peaks corresponding to
adducts of oxygen and sodium are found between the peaks of these products.

Ferredoxin containing a[3Fe-49) cluster was aso dectrogprayed in negative ion mode.
The mass spectrafor both positive and negative mode are compared in Figure 9.  More charge
dtates are observed in the case of the negative mode mass spectrum. The gpparent mass
obtained from the negative mode datais 7454.99 Da, identicd to that from the positive mode
data The difference of 3 mass units between gpparent and cal culated molecular weight for
both modes of ionization corresponds to one disulfide bond in the protein and an oxidation state
of 1+ for the [3Fe-4F] cluster. The insets show the expansion of the +5 and -5 charge statesin
the mass spectrum. The +5 charge gate in the positive mode el ectrogpray mass spectrum of
the [3Fe-4S] ferredoxin and is very different from the -5 charge ate of the same protein
electrogprayed in negative mode ionization. The negative mode mass spectrum shows alarge
peak corresponding to the intact [3Fe-4S] cluster with aimost no degradation products. A very
small peak corresponding to the loss of 1S from the cluster is observed. These spectra
illustrate thet the mode of ionization does not influence the oxidation stete of the clugter. Labile
clustersthat are dectrogprayed in negative mode may alow the observation of the intact
clugter; however, information regarding intermediate clusters can be obtained through ionization
in the pogitive mode. Both ferredoxin and rubredoxin have been investigated in positive and
negative ionization modes by other researchers, and negative ions in both cases have proven to

be more stable 16

Conclusion
Electrospray FTICR mass spectrometry can be used to determine the stoichiometry
and oxidation gtates of metal clustersin iron-sulfur proteins ranging from a smple mononuclear

iron to more complex clusters such as[2Fe-29], [3Fe-4S] and [4Fe-4S]. The oxidation states
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Comparison of the ESI-FTICR mass spectra of [3Fe-4S] ferredoxin from Pf
electrosprayed in the positive ion (top) and negative Pf ion (bottom) modes.
Positive ions show a narrower distribution of charge states but alarger degree
of fragmentation (* indicates a noise pesk in the mass spectrum). Negative ions
show awider didribution of ions, principaly containing the intact cluster.
Expansion of the +5 and -5 charge-state regions of the mass spectra are also
shown. One obsarves subgtantid fragmentation of the iron-sulfur clustersin the
positive ion mode but very little degradation of the metd center in the negative

ion mode.
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that have been observed to date correspond to the highest states that have observed by other
methods under biologica conditions, but not necessarily the highest possible oxidation sate for
such clugters. The results for the [4Fe-4S] proteins show an oxidation state of 2+ for Pf
ferredoxin, and 3+ for the HiPIP ferredoxin, in agreement with observations under biologica
conditions. An oxidation state of 4+ is possible, for [4Fe-4S] but has never been observed
under biologica conditions. These results suggest that the higher-order structure of the proteins
has not changed significantly during the ionization process, as the maximum oxidation sate that
isachieved is known to be sengtive to the loca environment of the meta center. These data
suggest that mass spectrometry to provides abiologicdly relevant measurement of the
maximum oxidation states of metal centersin proteins. It isfortuitous that we observe only one
oxidation state of the protein in al of the mass spectra, as the presence of multiple oxidation
states would lead to additional complexity in the isotope distributions that are observed. The
oxidation state that is observed appears to be independent of the redox form that exigsin the
solution being sprayed, as conditions that produce the reduced form of the iron-sulfur protein in
solution Hill yidd the biologicaly relevant oxidized form in the gas phase.

Degradation products of the meta centers of some iron-sulfur proteins are dso
observed, particularly in the case of the [3Fe-4S] proteins. Although these products have not
been observed in solution, it is feasible that they are intermediates in the construction of clusters
within the proteins and may even be closdly associated with the folding of these peptides™®
Further investigations of the intermediatesin iron-sulfur cluster assembly and disassembly are

underway.
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FIRST OBSERVATIONBY M ASS SPECTROMETRY OF A 3+ OXIDATION STATE FOR A [4FE-
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POTENTIAL | RON-SULFUR PROTEIN FROM CHROMATIUM VINOSUM*
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Abstract

Electrospray ionization (ESI) Fourier transform ion cyclotron resonance mass
spectrometry (FTICR) is used to measure the molecular weight of the high potentia iron-sulfur
protein (HiPIP) from Chromatium vinosum (C. vinosum) and its corresponding apoprotein.
By accurate mass measurement of the metaloprotein, the oxidation state of the [4Fe-4S] metdl
center isassigned as 3+. Thisisthe highest oxidation state yet observed by mass spectrometry
for a[4Fe-49) clugter, which usually appear in the 2+ oxidation state. In order to makethis
assgnment correctly, the mass spectrum of the gpoprotein was acquired, and a 1 Daton
difference was found between the molecular mass of the gpoprotein and its published amino
acid sequence. The mass spectra of the trypsin and cyanogen bromide digests of the akylated
gpoprotein were obtained, and the data suggests that the C-termind glycineresidueis
amidated.

Introduction

Iron-sulfur clusters condtitute the active sites of a number of soluble and membrane-
bound proteins[1]. Mass spectrometry has been used to characterize severa iron-sulfur
proteins, and provides and accurate method to determine the stoichiometry of the inorganic
portion of these and other metalloproteins [2-5]. Mass spectrometry aso provides a meansto
measure the oxidation state of metal centersin proteins[2,6-12]. We have recently examined
severd iron-sulfur proteins with stoichiometries of Fe, S, (n=1-8, m=2-8) by electrospray
ionization Fourier transform ion cyclotron resonance mass spectrometry [2,6]. Interestingly, the
highest biologically relevant oxidation state is the one observed in most of the mass spectra of
metalloproteins that have been published. For most [4Fe-4S] proteins, the highest oxidation
dtate reported under biologica conditionsis 2+, and is the one that has been observed by mass
gpectrometry, even though oxidation states ranging from 0 to 4+ are possible[2]. Under
reducing, anaerobic conditions, we have recently been able to observe the lowest biologically
relevant oxidation state for a number of metalloproteins [13]. Such observations support the
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contention that the gas-phase properties of protein ions closdy resemble their known solution
properties. To test this assartion, we have chosen to examine the high potentid iron-sulfur
protein (HiPIP) from Chromatium vinosum [14-24]. This [4Fe-4S] protein can achieve an
oxidation Sate as high as 3+ under biologica conditions[14]. The higher oxidetion sate of this
protein results from an interaction of the iron-sulfur cluster with the surrounding amino acids, i.e.
the oxidation Sate is sengtive to the three dimensiond structure of the protein, particularly in the
region surrounding the metal center. This the observation of a 3+ oxidation Sate for [4Fe-4S
in the mass spectrum of this protein would provide significant evidence that the Structure of the
protein ion closay resemblesthat of the solvated molecule.

In order to assign the oxidation Sate of a metal center in a metalloprotein, the mass of
the holoprotein must be measured with an accuracy of a least 1 Da, which is easily achieved
with isotopically resolved data such as can be obtained by FTICR mass spectrometry [2,25,7].
The difference in mass between the holoprotein and the gpoprotein can be assgned to the
inorganic portion of the metaloprotein, from which the stoichiometry of the metal center can be
derived. The oxidation Sate of the meta center is determined from the difference between the
charge present on an ion and the number of excess proteinsthat are present, i.e. the charge of a
metalloprotein ion is determined by the number of excess proteins and the oxidation State of the
meta center. The number of excess protons present on a protein ion can be determined by
comparing the accurate mass measurement of the ion with the mass caculated for the known
elemental composition of theion. However, pogt-trandational modifications of the protein
seguence can interfere with this calculation. For example, amidation of carboxyl groups or
deamidation of an amide changes the molecular weight of aprotein by 1 Da. Aswill be
illustrated by the data presented bel ow, the potentia for errorsintroduced by such
modifications require that both the gpoprotein and holoprotein are accurately measured in order
to properly assign the oxidation state of a metal center.

In this paper, we report the andlysis of high potentid iron-sulfur protein (HiPIP) from
Chromatium vinosum by ESI-FTICR mass spectrometry, and the identification of a post-
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trandationd modification of its C-termind glycine resdue. The origind amino acid sequence for
this HiPIP was reported in 1973 [23]. The protein was found to contain a single 85 amino acid
peptide chain with four cysteine resdues that coordinate the metal. The molecular weight of the
holoprotein was found to be 9.2 kDa, and the N-termina and C-termina ends of the protein
were found to be readily accessible to exopeptidases for degradation. The secondary structure
of the protein was found by crystalography to contain and antiparald b-sheet near the C-
termina end of the protein [26]. The N-termina portion of the protein contains two short
helica segments. The protein contains five lysine resdues, two arginine residues, and one
methionine residue, resulting in eight peptides by tryptic digestion and two peptides by
cyanogen bromide cleavage. Thetertiary solution structure of the protein has recently been
solved for the oxidized form of the HiPIP from C. vinosum by NMR [16]. Electrospray
ionization mass spectrometry has been used to observe HiPIP holoprotein in both negetive and
positive ionization modes [27]. HiPIP from C. vinosum binds four iron atoms that are
coordinated to the protein through cysteine residues 43, 46, 63 and 77. Theiron atoms are
bridged by inorganic sulfide atomsto form the [4Fe-4S] cluster. The [4Fe-4S] clusters from
iron-sulfur proteins can cycle between oxidetion states of 1+ to 3+, but no Single iron-sulfur
center is known to cycle between dl three sates. The common forms of the clusters cycle
between 1+ and 2+, while 2+ and 3+ are the active redox states for the high potential iron-
sulfur cluster proteins [14]. HiPIPisof interest to us because it provides an opportunity to
observe a higher oxidation for the [4Fe-45] clugter, and to provide further evidence that mass
gpectrometry measures abiologicaly rdevant vaue for the oxidation state of the metal. Since
the oxidation dates of metals exhibit themselves as integer changesin mass, it isimportant that
the mass of the gpoprotein, and any post-trandational modifications be fully characterized.

Experimental
All mass spectrawere acquired with a Bruker BioApex 7 TedaFTICR mass
spectrometer equipped with an eectrospray ionization source by Andytica The glass capillary
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in the Analytica source was replaced by a heated metd capillary. All samples wereionized by
nanoelectrospray. Capillary tips for nanospray were produced in our lab from 100 nm inner
diameter fused slica capillary (Polymicro Technologies, Phoenix, AZ). The capillary was
pulled to afinetip by pulling with a constant force while hesting with a micro-torch
(Microflame, Inc., Minnetonka, MN). The average flow rate for sample introduction to the
mass spectrometry was 8 mL/hour. The heated metd capillary was maintained a a temperature
between 100-140 °C for the experiments. Ions were stored in the source region in a hexapole
ion guide for 0.5-0.75 s and were pulsed through a series of eectrostatic lensesinto the
detection cell where trapping potentials of 0.90 V and 0.95 V were used on the front and back
trgpping plates of the cdl to isolate ions for excitation and detection. The time domain sgnd
(transient) was collected by averaging approximately 50 scans. The summed trangent was
gpodized prior to application of the Fourier transform, followed by cdibration to yidd amass
pectrum.

The high potentia iron-sulfur protein wasisolated from Chromatium vinosum, and
was purified using the procedure outlined by Knaff and co-workers[20]. Apoprotein for the
HiPIP was generated by hesating the holoprotein at 90 °C for 15 minutes. Disulfide bondsin the
denatured HiPIP were reduced before akylation by incubating the apoprotein (15 M) with
dithiothreitol (4.5 mM) at 45 °C for 15 minutes [23]. The reduced protein sample was
akylated using iodoacetamide at a concentration of 10 mM. The sample was mixed with a
vortex shaker for 30 seconds and then allowed to rest at room temperature for 5 minutes.
Excess reducing agent was removed by concentrating the sample in a microcentrifuge tube with
a5 kDa cutoff integral diaysis membrane (Millipore Corporation, Bedford, MA) and washed
with 200 nL of 15 mM ammonium acetate solution. The akylated protein was resuspended in
water, yielding afind concentration of 15 M.

Trypsin digestion was performed on both the denatured HiPIP and the akylated
gpoprotein. The protein solutions were desdted by buffer exchange with 15 mM ammonium
acetate usng a microcentrifuge tube with a5 kDa cutoff integrd dialyss membrane. A solution
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of modified trypsin (Promega, Madison, WI) at a concentration of 2 ng/100 ni in 100 mM
ammonium bicarbonate solution was mixed with an equa volume of the 15 M protein
solutions and incubated for 24 hours at 45 °C.

For chemica digestion of HiPIP, cyanogen bromide was dissolved in a solution of 70%
formic acid to yield a concentration of 5 mg/mL [28]. 15 ni of the resulting cyanogen bromide
solution was added to the lyophilized protein to yied afind concentration of 1 mg/mL of
protein. The digest solution was vortexed for 30 seconds and then wrapped in duminum foil to
protect the sample from visible radiation. The sample was dlowed to react for 22 hours. The
solution was then lyophilized and the resulting peptides were resuspended in a solution of 49%
methanol, 49% water and 2% acetic acid.

The FTICR data produces isotopically-resolved mass spectra from which the
monoisotopic molecular weight of the protein is determined. Monoisotopic molecular weight is
defined as the sum of the lowest molecular weight isotopes in the molecular formula, and for
most proteins, this correspondsto **C, 'H, N, 1°0 and 3*S. A comparison of theoreticaly
derived isotope distribution with experimenta data, dlows identification of the monoisotopic
peek in the experimenta data from which the molecular weight may be calculated [29]. For
metaloproteins, the definition of monoisotopic peek is dightly different than for other proteins.
The monoisotopic pesk for ametaloprotein is defined here as the sum of dl of the lowest
molecular weight isotopes in the molecular formula of the protein plus the mass of the most
abundant isotope of the metal or metals that make up the metaloprotein. This correspondsto
Feingtead of >*Fe, since the natural abundance of **Feis 5.82%, and produces a peak that is
usudly too smdl to be identified.

Molecular weights for most proteins are caculated assuming dl of the ionizeble Stesin
the protein are neutra, but metaloproteins provide an additiona chalenge for mass
spectrometry since the meta or metd cluster can also carry charge [7,2,6]. We use * gpparent
mass’ to refer to the