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Accurate determination of protein molecular mass to within Figure 1. Electrospray ionization FT-ICR mass spectra (9.4 T) of a
1 Da would be a boon to protein characterization. It would mutant (C22A) FK506-binding protein. (top) Natural-abundance iso-
then become possible to (a) count the number of disulfide topic distribution ¢-98.89% *°C; ~99.63% '“N. (bottom) Isotopic
bridges ¢S—S— is 2 Da lighter than 2-SH); (b) identify distribution for the same protein grown on a medium with 99.93%%
deamidation £NH, is 1 Da lighter than—OH); (c) identify and 99.99944N. Insets_: Isotopic distributions calculated (same vertical
such post-translational modifications as phosphorylation and Scale) from the chemical formula for natural-abundance (top)#d
glycosylation; (d) resolve and identify adducts; (e) identify ‘“N doubly-depleted (bottom) FKS06 binding protein. For an electro-
variant amino acid sequences; etc. Determination of the spray-ionized small proteln,the monoisotopic” peak (all carbons are
molecular mass of a neutral protein to within 1 Da from C: all hydrogens aréH; all nitrogens aré“N; all oxygens are®o,
measurement of the mass of its gas-phase ion might appear easy"d 2!l sufurs aré’S) is barely observable, and each other resolved
After all, electrospray ionization can now routinely generate ‘isobaric” peak consists of multiple isotopic combinations. The charge

abundant multiply-charged gas-phase unhydrated quasimolecuIaState’Z’ is determined as the reciprocal of the spacing between adjacent

l%nass—to-charge ratio species differing in mass by 1 Da. The accuracy
i + ind.2 i L h -
ions, (M + nH)™", for most proteins;? and Fourier transform of determination of the neutral protein molecular weight depends on

ion cyclotron resonance (FT-ICR) mass spectronfefrgan  ,ccrate matching of the relative isotopic abundances of the computed
determine the ion mass to parts-per-million accuracy at typical anq experimental mass spectra, not simply on the mass accuracy of
electrosprayed protein multiply-charged ion mass-to-charge the individual mass spectral peaks (see text).

ratios, 500< m/z < 20008 However, the monoisotopic mass
(see below) of a protein inferred from the mass(es) of its

corresponding ions may still be wrong by up to several Dalton! ?f thel ISotopic composmohn(l.e., the c:)nlstltuel?t cl?emlcal .
There are three stages in the determination of the molecular'°"™MY a(s) composing each mass spectral peak). For organic

weight of a neutral protein from its electrosprayed ion mass molecules of less thary1000 Da, determination of molecular

spectrunf. (Our electrospray FT-ICR mass spectra were Weight from the singly-charged molecular {Mor quasi-
obtained with a homebuilt instrument operating at 9.4 T, as molecular (e.g., (M- H)*) ion is relatively simple. Why then
described elsewhef8) First, electrospray ionization produces is it so much more difficult to determine the mass of a biological
protein ions with various numbers of attached protons and thus macromolecule? The problem is apparent from Figure 1 (top).
several charge states. The first stage in protein mass analysisThe natural abundance &1C is 1.066-1.106% relative td2C
is therefore to separate the individual charge states (e.g; (M as 10098 However, for a molecule containingcarbons, the
ZH)*, (M + (z+1)H)*" D", etc.). Second, since mass spec- isotopic distribution is a binomial expansion (0.9889.0111Y,
trometry reports mass-to-chargatio, it is necessary to deter-  and it is~n% as likely that a given molecule will contain one
mine the ion charge in order to determine its mass. The mass-13c a5 that all of the carbons will BEC. For a protein with
to-charge ratio spectrum of a protein of a given charge state p,nqreds of carbons, hydrogens, nitrogens, and oxygens, the
exhibits numerous “isotopic” peaks (see below) spaeéda combined binomial distributions for its constituent elements
apart (Figure 1). High-resolution FT-ICR mass spectrometry roduce a wide spread in natural-abundance isotopic relative
can resolve those peaks for proteins of molecular mass up toP 'SP P
abundances (Figure 1, top). Only one resolved peak has a

more than 100 000 Da, so that the charge statenay be ) . ) . “ - -
determined simply as the reciprocal of the separation betweenUnique isotopic composition, namely the “monoisotopic” spe-

two adjacent isotopic peaks differing in mass #yl Dall cies,?Csz7Haag N146"*0155™°S5 ™, in this case. Every other peak
However, protein mass measurement accuracy is presentlyr€presents an unresolved superposition of several isotopic
limited by the third stage of mass analysis: namely, knowledge variants, e.g., the next highest nominal mass peak includes
" 13C12Cs6t Hgag N1461%0155°2Ss and2Csp7HHgag NN 1451901553253
' é‘;‘g?{’nﬂ‘;ﬁ{’ gﬁ%ﬂ%ﬁgﬂ;? Shoutd gtea?edﬂﬁiz‘ﬁg-ty. (as well as other combinations). Thus, accurate unambiguous
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the most abundant isotopic peak of carbonic anhydrase from
29 024.73 to 29 025.73 DAa.

In the absence of the monoisotopic peak, the isotopic
composition of a protein may be inferred by either of two
indirect means. First, for a known (or assumed avéfge
protein amino acid composition, adduction (if any), and de-
rivatization (if any), the natural-abundance isotopic distribution
can be calculatél and aligned with the observed distribution
until the relative abundances matét is not even necessary
to resolve the individual isobars. However, there must be
enough ions (at least several thousand) to produce a statistically
reliable experimental distribution. A second method is to break
apart ions of a given isotopic composition, and then analyze Figyre 2. Monoisotopic relative abundance for a protein of average
the relative abundances of fragment ions of lower mass andamino acid composition as a function of protein mass, for various
lower charge stat& however, the resulting lower signal-to- possible levels of isotopic depletion HC andN.
noise ratio can more than compensate for the simpler isotopic
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distributions of the fragment ions.

Fortunately, because of the widespread production of proteins

(in milligram quantity) isotopicallyenrichedin 13C and®®N for

multidimensional heteronuclear FT-NMR experiments, it is easy

to produce any of the same proteins isotopicalgpletedin
13C and®™N by substitution of appropriaf€C- and'>N-depleted

nutrients. Here, as a first example, we show that the mass shift

and width of the natural-abundance isotopic distribution for
FK506-binding protein (FKBP;-11 800 Da) may be reduced
substantially by isolating the protein frof. coli grown on
99.95% glucosé?Cs and 99.99% ammonium sulfatéiN,.18:19
FKBP is a small (107 amino acids) protein that exhibits
peptidyl-prolyl cis-trans isomerase activity. The 3D structure
of FKBP, both freé® and complexed to ascomycin or
rapamycirt’—24is known to high precision, and the equilibrium
unfolding behavior in urea has been thoroughly charactefzed,
making it an attractive model for protein folding research. The

structural properties of FKBP unfolded in concentrated urea and

guanidine hydrochloride solutions are kno#ras are kinetics
of refolding from concentrated denaturant soluti6hsVe are

interested in characterizing the structural properties of the

unfolded state to determine its role in the folding and stability

of FKBP, by H/D amide exchange to characterize the presence

and structure of kinetic folding intermediates.

Moreover, for a similarly doubly-depleted protein of 60 kDa
molecular mass, the monoisotopic peak would still be 5%
abundant, and thus easily identifiable. Figure 2 displays the
monoisotopic abundance (relative to the largest other nominal-
mass isobar) as a function of mass, for a protein of avérage
amino acid sequence. For example, the upper mass limit for
1% monoisotopic relative abundance increases fretf kDa
(naturally abundanC and“N) to ~53 kDa (99.95%4C), 81

kDa (99.95%'2C and 99.99%3“N), and ~100 kDa (99.99%

12C and 99.99%“N). Depletion of rare isotopes increases mass
spectral signal-to-noise ratio (because the same number of ions
now exhibit fewer isotopic variants). Thus, mass spectral
sensitivity and detection limit improve accordingly. Distortions
(especially skewing of the shape of the detected isotopic
distribution) resulting from space charge are reduced because a
mass spectrum of a given peak-height-to-noise ratio requires
fewer total number of ions. Tandem mass spectrometry or MS/
MS experiments are improved because the narrow mass-to-
charge ratio distribution makes it easier to isolate the desired
parent ions and facilitates identification of fragments [e.g., 1
Da difference between loss of,8 vs NHz or glutamic acid
(129 Da)vs glutamine (128 Da)]. Depletion narrows all isotopic
distributions, including any adducts (e.g., &nH + mNa)™m-+)

and thus dramatically increases the upper molecular weight limit
before mass assignment is affected due to isotopic overlap of

Figure 1 (bottom) shows the dramatic improvement in mass gych impurities. The same advantage applies to detection of
spectral quality afforded by double isotopic depletion of FKBP. deamidation (1 Da difference betweeiNH, vs —OH), e.g., a
The monoisotopic species, present at only 0.65% at natural recent attempt to identify deamidation for a 43 kDa protein was
abundance, becomes the “base” (largest) peak in the masspade difficult by 2 Da mass accuragy.A narrower protein

spectrum of thé3C >N doubly-depleted (99.95%C, 99.99%

isotopic distribution makes it easier to observe and characterize

“N) protein! The molecular weight of the neutral protein is non-covalent binding (protein:protein, protein:nucleic acid,
thus determined immediately and unambiguously as 11 780.01enzyme:inhibitor, etc.). Identification of surface-accessible
(vs 11780.07 computed from the amino acid sequence). residues by H/D exchange is simpler because of simpler
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deconvolution to yield the deuterium number distribution.
Isotopically-depeleted proteins provide a good mass calibrant,
whose own isotopic distribution is narrower than other natural-
abundance proteins of similar molecular weight.

The double-depletion method is general and can be applied
to dozens of proteins (and RNA’s and DNA'’s) for whi¢tC
and>N enrichmentis already available for FT-NMR applica-
tions and to hundreds more for which DNA has been cloned.
Although demonstrated here with Fourier transform mass
spectrometry, our method offers proportionate benefits to other
types of mass analyzers as well. In the same way'f@aand
15N enrichmensimplifies and extends the applicability of NMR,
13C and!®N depletionsimplifies and extends the applicability
of mass spectrometry for biological macromolecules.
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