
Stepwise Deamidation of Ribonuclease A at Five Sites Determined
by Top Down Mass Spectrometry†

Vlad Zabrouskov‡,§, Xuemei Han‡, Ervin Welker‡,∥, Huili Zhai‡,¶, Cheng Lin‡,⊥, Klaas J. van
Wijk#, Harold A. Scheraga‡, and Fred W. McLafferty‡,*

‡Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY 14853

∥Institute of Biochemistry, Biological Research Center of the Hungarian Academy of Science, Szeged,
Hungary

#Department of Plant Biology, Cornell University, Ithaca, NY 14853

Abstract
Although deamidation at asparagine and glutamine has been shown in numerous studies of a variety
of proteins, in almost all cases the analytical methodology used could detect only a single site of
deamidation. For the extensively studied case of reduced bovine ribonuclease A (13,689 Da), only
Asn67 deamidation has been demonstrated previously, although one study found three
monodeamidated fractions. Here top down tandem mass spectrometry shows that Asn67 deamidation
is nearly complete before Asn71 and Asn94 react; these are over half deamidated before Asn34 reacts,
and its deamidation is extensive before that at Gln74 is initiated. Except for the initial Asn67 site,
these large reactivity differences correlate poorly with neighboring amino acid identities and instead
indicate residual conformational effects despite the strongly denaturing media used; deamidation at
Asn67 could enhance that at Asn71, and these enhance that at Gln74. This success in the site-specific
quantitation of deamidation in a 14 kDa protein mixture, despite the minimal 1 Da (–NH2 → –OH)
change in the molecular weight, is further evidence of the broad applicability of the top down MS/
MS methodology for characterization of protein posttranslational modifications.

Deamidation of proteins, common both in vivo and in vitro, has been studied extensively
because of its important biological effects such as those on enzymatic activity (1-4), folding
(5,6), and proteolytic degradation (7,8). Deamidation has also been proposed to serve as a
molecular clock (9-11). However, characterization of the sites and extent of deamidation has
been a difficult analytical problem, with almost all determinations limited to the qualitative
identification of a single deamidation site. Recently, top down tandem mass spectrometry (MS/
MS) (12-16) has proved uniquely useful for kinetic studies of multicomponent protein systems
(17-19). After MS separation of the target protein's molecular ions, further MS dissociation
yields fragment ions whose mass shifts show which amino acids have been modified. However,
deamidation has the special challenge that its covalent modification –NH2 → –OH causes only
a 0.984 Da mass increase, closely matching the 1.002 Da (20) spacing of the molecular ion
isotope peaks (Figure 1A). Although this makes difficult the usual MS/MS isolation of product
ions for their separate characterization, here top down MS/MS clearly delineates five stepwise
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deamidation sites in reduced bovine pancreatic ribonuclease A (RNase A, Mr = 13,689). Asn67,
the site found here to be highly favored, is the only site previously found with certainty (2,3,
5-7).

Rates of deamidation of asparaginyl (Asn) and glutaminyl (Gln) residues depend on protein
primary sequence, three-dimensional structure, and solution parameters; increased pH,
temperature, and denaturation accelerate the process (11,21-23). Deamidation of Asn is
generally favored over that of Gln, in part through operation of a cyclic imide reaction
mechanism that also favors the Asn67 – Gly68 sequence found in RNase A (21,22), while other
neighboring residues also show an influence statistically (11,23). However, some Asn and Gln
residues are extremely resistant to in vivo deamidation (10).

In “bottom up” MS proteomics, initial digestion of the protein gives peptides whose mass
spectra often provide a fast, reliable identification of the protein, but are of far less value for
characterizing posttranslational modifications. In top down MS/MS, electrospray ionization
(ESI) of a protein mixture introduces their gaseous molecular ions into a Fourier-transform
MS (12-19). For a specific protein, an accurate molecular weight differing from that of the
gene-model predicted value indicates sequence errors, alternative splicing, protein or RNA
editing, and/or posttranslational modifications. These discrepancies can be identified and
located by MS/MS separation and dissociation of the protein molecular ions, using methods
such as collisionally activated dissociation (CAD) (24,25), infrared multiphoton dissociation
(IRMPD) (26), or electron capture dissociation (ECD) (27,28). CAD and IRMPD cleave –CO
—NH– bonds to produce b, y fragment ions, and ECD cleaves –NH—CHR– bonds to produce
mainly c, z• ions. Here for reduced RNase A, these techniques establish five deamidation sites,
as well their kinetic order of deamidation, that indicate extensive conformational selectivity
despite the strong denaturing conditions employed.

EXPERIMENTAL PROCEDURES
Materials

Bovine pancreatic ribonuclease A, type XII (Sigma), was used without further purification for
the deamidation experiments involving isoelectric focusing. Alternatively, RNase A was pre-
purified by ion-exchange chromatography on a 2.5 × 45 cm S-Sepharose column (Pharmacia)
equilibrated with 25 mM HEPES (pH 8.0) containing 1 mM EDTA at 25°C using a linear
gradient of 0-150 mM NaCl over 1000 min at 2 mL/min prior to deamidation.

Deamidation
RNase A (10 mg/mL) in 0.1 M glycine/NaOH buffer (pH 9.6) containing 100 mM DTTred was
incubated at 78°C, conditions chosen to accelerate the reaction. Fresh DTTred was added
periodically to keep the protein fully reduced. After 1h of treatment, the protein mixture was
separated on a Hydropore SCX 4.6 × 100mm analytical cation exchange HPLC column (Rainin
Instrument Co.) and eluted with 25 mM HEPES (pH 7) containing 1 mM EDTA by increasing
the concentration of NaCl, with the major fractions collected as Samples B and C. Samples
collected after 3.5 and 4.2 h of treatment were brought up to 17 ml in 7 M urea containing 30
mM DTT and 2.2% of carrier ampholytes (pI 5-8) (Bio-Rad) and the most deamidated products
concentrated in a Rotofor preparative isoelectric focusing device (Bio-Rad) for 3 h at 4°C.
Fractions with pH 6.5 and 6.9 were analyzed as Samples D and E.

MS Analysis
Protein samples were reduced with 20 mM DTTred and desalted on a reverse-phase protein
trap (Michrom Bioresources Inc.), washed with 2 ml of 0.1:99:0.5 MeCN/H2O/CH3COOH (v/
v/v), and eluted with 150 μl 50:45:5 MeCN/H2O/CH3COOH. This eluent was loaded into a
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nanospray ESI emitter (2-4 μm i.d. tip), with 1.0-1.5 kV versus the MS inlet producing a flow
rate of 20-100 nL·min−1. The resulting ions were guided into the ion cell (10−9 Torr) of a
modified 6 T Finnigan FTMS device (30). Fragmentation was achieved by plasma ECD (31)
or IRMPD (26) for ions entering the FTMS cell, or by isolating specific ions in the cell using
stored waveform inverse Fourier transform (SWIFT) (32) followed by CAD (25). Fragment
assignments were made with the computer program THRASH (20). The mass difference (in
units of 1.00235 Da) between the most abundant isotopic peak and the monoisotopic peak is
denoted in italics after each Mr value.

RESULTS
The ESI mass spectrum of the 13+ molecular ions of reduced RNase A (Figure 1A) consists
of a series of isotopic peaks (most abundant, 13,689.3-8; calculated 13,689.3-8Da) 1.0024 Da
apart (20) whose relative intensities are predictable (circles) from the protein elemental
composition. Deamidation (Figures 1B-E) produces a 0.9840 Da increase in mass (–NH2 →
–OH) for each of the isotopic peaks, so that the mass spectrum of a mixture of deamidation
products will have peaks at virtually identical masses, but of overlapping peak intensities.
Purification by HPLC or isoelectric focusing ensured that each sample contained no more than
two levels of deamidation, and the relative amounts of each that would give the observed
isotopic peak intensities were calculated.

Note that the alternative measurement of the deamidation peaks by high resolution is far more
difficult than indicated by the nominal mass difference of 0.0183 Da. Each of the “isotopic”
peaks of Figure 1 from each degree of deamidation is also a composite of peaks of other isotopic
compositions that are also isobaric (same nominal mass). Among these peaks within the
13,689.3-8 “peak” of Figure 1A will be those containing 13C8

15N0
34S0, 13C7

15N1
34S0,

and 13C6
15N0

34S1 (with the other atoms as their most abundant isotopes) of relative abundances
100, 83, and 80%, with the last two lower in mass by 0.0064 and 0.0110 Da, respectively. High
resolution could have been used on small fragment peaks that have few isobaric peaks, or on
RNAse A synthesized from 13C/15N/34S depleted precursors (19,33).

Deconvolution of overlapping isotopic distributions
RNase A was deamidated in denaturing alkaline conditions for 1, 3.5 and 4.2 hours. Further
separation of the one-hour sample by cation exchange gave a chromatogram with three peaks
of relative areas 5:43:52. These should represent products with different number of deamidated
residues (e.g., 0, 1, and 2), as each deamidation adds a negative charge to the protein. The ESI
mass spectra of the last two fractions had the most abundant peak at 13690.2-8 Da and
13691.6-8 Da, respectively (Figure 1B, C; 1A, 13,689.3-8). The relative isotopic abundances
of Figure 1B are in good agreement with the calculated abundance distribution (circles) for
reduced RNase A shifted by +1.0 Da (squares), so that most of fraction 2 is singly deamidated,
consistent with the chromatographic separation. Fraction 3 gave an isotopic abundance
distribution (Figure 1C) intermediate between those calculated distributions corresponding for
single (circles) and double (squares) deamidation, while the distribution calculated for a 1:4
ratio agreed closely with experiment (Figure 1C, diamonds), indicating an average of 1.8
deamidations. The 3.5 and 4.2 hour deamidation products were subjected to isoelectric focusing
to select the ∼25% and ∼15%, respectively, fractions whose mass spectra indicated that they
represented more highly deamidated species. These gave overlapping isotopic distributions
corresponding to 3.7 (Figure 1D) and 4.4 (Figure 1E) deamidations, respectively. Thus the
sampling times do not directly indicate the kinetic behavior, which is assumed to be
exponential, and the samples will be designated by their deamidation degree: 0.0, 1.0, 1.8, 3.7,
and 4.4 (Figure 1).
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These overlapping molecular ions that could represent more than one degree of deamidation
were then dissociated by CAD and IRMPD to produce b and y fragment ions and by ECD to
produce c, z·, and y fragment ions. Their overlapping fragment peak isotopic clusters were
deconvoluted as in Figure 1, with the deamidation values shown in Figures 2 and 3. The
precision of these values depends on peak intensities (not shown) and increases with decreasing
mass. Plots of these values (calculated to 2 decimal places, Figure 4) show the increasing
deamidation versus each of the Asn and Gln sites of RNase A for the four product samples.
Besides the expected deamidation products Asp and Glu, isomers such as isoaspartic acid can
also be formed (3-6). No effort was made here to differentiate such products, although this was
recently achieved for peptides with ECD MS (34).

DISCUSSION
Monodeamidated fraction

For the 1 hr deamidation products, the isotopic abundance distribution of the Sample B
molecular ions (Figure 1B) shows a mass shift (1.0) corresponding closely to the unitary
deamidation expected from the cation exchange chromatogram. MS/MS cleaved 69 of the 123
interresidue bonds (Figure 2, top), with nearly all fragments containing zero or one
deamidation, within experimental error. For the fragment ions containing the N-terminus (b,
c), all with 60 amino acids or less show deamidation values close to 0.0, while all with 67 or
more show values of ∼1.0. Except for the c61 and b64 values, this restricts the site to Asn67,
an assignment consistent with most previous ion studies of RNase A (3-5, 7). In support, the
C-terminal y and z· ions with 57 residues (Asn67 – Gly68 cleavage) or less have deamidation
values of ∼0.0, while those with 75 or greater have values of ∼1.0. The c61 value of 0.3 (possible
deamidation at Gln60) and b64 value of 0.2 (Gln60 and/or Asn62) have not increased
appreciably in the dideamidated Sample C spectrum (Figures 2, bottom, and 4), so that the
corresponding values of Figure 2 (top) should represent an unidentified interference or noise.
Under our conditions, Asn67 is not only the first residue in RNase A to deamidate, but this is
nearly complete in 1 hr (0:1:2 deamidations = 5:43:52), with <10% monodeamidation at other
sites. The three monodeamidated fractions separated previously (2, 29) apparently were
isomeric Asn67 deamidates.

Dideamidated fraction
Sample C of 1.8 deamidations yields (Figure 2, bottom) seven N-terminal fragment ions
b113or larger that show 1.8 – 2.2 deamidations, showing that this cation exchange fraction is
dominated by dideamidated products. As shown also by Figure 4, this additional deamidation
is on the C-terminal side of Asn67, and the values of ∼0.0 for C-terminal fragment ions as large
as 29 residues show that deamidation has not occurred above Asn94. The complementary
c76 and y48 fragments have a cumulative deamidation of 1.4 + 0.4 = 1.8, so that the next
deamidation is occurring competitively on both sides of bond 76. Asn94 is the only possibility
on the C-terminal side. The 1.1, 1.3, 1.4, and 1.4 values for the c70, 71, 73, 76 fragments indicate
substantial deamidation at Asn71; the possible assignment of Gln69 is not supported by the
3.7 deamidation sample data, vide infra. Thus, the far slower secondary deamidations at Asn71
and Asn94 have started at approximately equivalent rates within 1 hr, possibly with their rates
increased by deamidation at Asn67.

Sample with 3.7 deamidations
For the ∼25% fraction of the 3.5 hr sample separated to give the highest extent of deamidation,
MS/MS spectra (Figures 3, top; 4) showed that the N-terminal fragment ions smaller than 34
residues and the C-terminal ions smaller than 31 residues exhibit mainly 0.0 values,
demonstrating that deamidation is localized between Asn34 and Asn94. Completed
deamidation at the three sites Asn67, 71, 94 identified in the 1 hr sample accounts for 3.0 of
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the 3.7 total deamidations, based on b63 = 0.7 (c59 = b60 = 0.6) and b94 = 3.6 (c94 = 3.8). Of
the remaining 0.7 deamidations, ∼0.5 correspond to the 23 c and b fragment ions of 34 to 63
residues, demonstrating that now ∼50% of Asn34 is deamidated. An early study (21) found
that hydroxylamine cleaved the Asn67 – Gly68 bond of RNase A with minor cleavage at Asn34
– Leu35. The remaining small difference of ∼0.2 deamidations cannot be assigned within
experimental error to a specific site.

Sample with 4.4 deamidations
MS/MS spectra of the ions from the ∼15% most deamidated fraction of the 4.2 hr product
(Figures 3, bottom; 4) indicate that Asn34 has become almost fully (0.9) deamidated; now
Asn34, 67, 71, 94 account for 3.9 of the 4.4 total deamidations. Most of the remainder must
occur at new sites after Asn71 (b71 = 2.8) and before Asn94 (z•29 = y30 = 0.0), indicating Gln74
as the new site with ∼0.5 deamidations (although, within experimental error, minor
deamidation at Asn103 is also possible).

The one site identified in previous studies, Asn67, deamidates the most rapidly, followed by
Asn71 and Asn94 at similar rates, followed by deamidation at Asn34 and finally at Gln74, with
six asparagines and six glutamines unreacted. The possibility that a significant product from
reaction at one of these sites was lost in separating a protein with the same number of
deamidations seems remote, as this would require a significant difference in their pI values.
Calculations (35) predict that proteins with the same number of deamidations, but at different
sites, will have the same pI values to two decimal places, while 0 to 4 deamidations give values
of 8.64, 8.43, 8.15, 7.70 and 7.03, respectively.

Enhanced CAD/IRMPD at Asp
For protein ions from ESI undergoing CAD and IRMPD, a 4.5x higher, on average, probability
of cleavage was found for the C-terminal side of Asp versus that of Asn (36). This possible
higher N-terminal fragment yield at Asp vs Asn could erroneously inflate a partial deamidation
value for that site from IRMPD or CAD, but not a true 0.0 or 1.0 value, or an ECD value. This
appears to have no appreciable effect on the conclusions above: the b67 fragment ion is always
formed from fully deamidated Asn67, and the b71 and b94 values of Figure 3 (top) and b34 of
Figure 3 (bottom) are lower than the corresponding c71, c94, and c34 values.

Influence of neighboring residues
In earlier studies (2,3,7,22), the identity of the amino acids adjacent to Asn and Gln has shown
some correlation with preferential deamidation. The fastest deamidation at Asn67 has been
found to occur through a cyclic imide of its -Asn-Gly- sequence (22,23), but none of the other
16 Asn/Gln residues in RNase A are followed by a Gly residue. Although a preference has
been found for the deamidation of Asn and Gln residues with a neighboring Ser or Thr (23),
here there is evidence for deamidation in only half of such sequences in RNase A. Deamidation
via such a neighboring nucleophile mechanism could possibly provide an explanation for the
-Asn-Cys- sequences of the second and the third deamidation sites, but these possible rate
increases could arise from the initial Asn67 reaction (vide supra).

The reduced, denaturing conditions employed here not only accelerated the naturally slow
deamidation of RNase A, but should also have minimized conformational effects; RNase A
reduced under similar conditions is considered to be a model for a statistical coil without
residual structure (37,38). However, the non-random distribution of the Asn34, Asn67, Asn71,
Gln74, and Asn94 deamidation sites out of the seventeen possible suggests instead a non-
random conformational distribution, as shown recently for the reduced form of RNase A under
mild folding conditions (39,40).
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In summary, the top down MS/MS approach has been applied successfully to characterize
deamidated isoforms of bovine ribonuclease A. Out of seventeen possible deamidation sites,
of which only one was implicated in numerous previous studies (2,3,5-7,22), five have been
identified. Their rates differ substantially and are reasonably competitive at only two sites,
Asn71 and Asn94, as established using a combination of CAD, IRMPD and ECD fragmentation
techniques. The success here, despite a deamidation change of only +1.0 Da, further
demonstrates the applicability of this methodology to characterize and quantitate a wide variety
of chemical modifications to proteins (17-19).
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FIGURE 1.
ESI spectra of RNase, 13+ molecular ions: (A) untreated, and (B-E) after deamidation that
caused a mass increase of 1.0, 1.8, 3.7, and 4.4 Da. ○, □: best fit of the theoretical abundance
distribution corresponding to the protein deamidated at n and n+1 sites, respectively. ◇: best
fit of the indicated fractional number of deamidations.
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FIGURE 2.
Deamidation values at specific residues for samples of (Top) 1.0 and (Bottom) 1.8 deamidations
using cleavage assignments (as designated at Figure bottom) from ECD, CAD and IRMPD
spectra of RNAse molecular ions. Values on each fragmentation symbol determined as in
Figure 1.
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FIGURE 3.
Deamidation values at specific residues for samples of (Top) 3.7 and (Bottom) 4.4
deamidations, as in Figure 2.
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FIGURE 4.
Deamidation map of the RNAse sequence from the values of Figures 2 and 3. Symbols for
(b or c) and (y or z·) fragment ions, respectively: 1.0 deamidations: ○, □. 1.8: ◇, △. 3.7: □, ○.
4.4: △, ◇. The deamidation value shown for a y or z· (C-terminal) ion represents the difference
between its observed value and that of its parent ions.
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