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ABSTRACT: A simple mass spectrometry-based method capable

of examining protein structure called SNAPP (selective non- z
covalent adduct protein probing) is used to evaluate the struc- ; f
tural consequences of point mutations in naturally occurring * 3 2
sequence variants from different species. SNAPP monitors S 2 3
changes in the attachment of noncovalent adducts to proteins . T s .

as a function of structural state. Mutations that lead to per- Charge State - #18C6

turbations to the electrostatic surface structure of a protein

affect noncovalent attachment and are easily observed with SNAPP. Mutations that do not alter the tertiary structure or
electrostatic surface structure yield similar results by SNAPP. For example, bovine, porcine, and human insulin all have very
similar backbone structures and no basic or acidic residue mutations, and the SNAPP distributions for all three proteins are very
similar. In contrast, four variants of cytochrome ¢ (cytc) have varying degrees of sequence homology, which are reflected in the
observed SNAPP distributions. Bovine and pigeon cytc have several basic or acidic residue substitutions relative to horse cytc, but
the SNAPP distributions for all three proteins are similar. This suggests that these mutations do not significantly influence the
protein surface structure. On the other hand, yeast cytc has the least sequence homology and exhibits a unique, though related,
SNAPP distribution. Even greater differences are observed for lysozyme. Hen and human lysozyme have identical tertiary
structures but significant variations in the locations of numerous basic and acidic residues. The SNAPP distributions are quite
distinct for the two forms of lysozyme, suggesting significant differences in the surface structures. In summary, SNAPP
experiments are relatively easy to perform, require minimal sample consumption, and provide a facile route for comparison of

protein surface structure between highly homologous proteins.
S equence variation in proteins occurs frequently in nature

and has significant importance in various biological
contexts. Certain proteins have similar amino acid sequences
but exhibit very different behaviors that are related to structure.
For example, the three proteins from the synuclein family (a-, -,
and y-synuclein) share a high level of sequence homology, but
only a-synuclein is linked with fibril formation and the
pathology of Parkinson’s disease.' Furthermore, single-point
mutations in the a-synuclein gene are known to greatly increase
the rate of protein aggregation.””* Sickle cell anemia is another
well-known disease caused by a point mutation.” The glutamic
acid residue in the sixth position of the f chain of normal
hemoglobin is replaced with valine in sickle cell hemoglobin.®
This mutation shifts the hydrophobicity of the protein surface
and dramatically reduces the solubility of deoxygenated
hemoglobin in the blood, which is ultimately responsible for
the disease. It is clear from these examples that small changes in
the primary sequence can dramatically alter protein structure
and function. It is also well-known that not all amino acid
substitutions lead to significant structural perturbations in
terms of three-dimensional backbone structure. For example,
the native fold of ubiquitin can accommodate a large number of
amino acid substitutions without significant perturbation.”®
Point mutations are also regularly introduced into proteins
intentionally by researchers for a variety of reasons,” frequently

with the implicit hope that the structure and behavior of the
protein will not be affected.
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It is possible to examine the effects of point mutations with
traditional protein structure determination methods such as
X-ray crystallography'® and NMR."" In some cases, this may be
warranted, but frequently, the time and sample consumption
required for these methods will preclude their use. In contrast,
MS is well suited for the examination of proteins both quickly
and with excellent sensitivity. Although the three-dimensional
structures obtained by X-ray and NMR cannot be derived from
MS-based experiments, there are aspects of protein structure
that are most easily examined by MS. The development of soft
ionization methods, which has allowed protein analysis by MS,
also led to the emergence of methods that provide information
about protein structure. It was recognized early on that the
mere process of electrospraying a protein reveals some infor-
mation about structure. For example, the charge state
distribution observed for a protein that has been electrostrayed
can be used to coarsely determine the folding state.'>”"* Sub-
sequently, more sophisticated experiments utilizing hydrogen—
deuterium exchange, irreversible covalent labeling, or cross-
linking have been used to reveal more detailed information
about protein conformation.'*™"” These methods are preferred
for probing solvent accessibility and protein—protein inter-
actions.
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Another MS-based technique known as SNAPP (selective
noncovalent adduct protein probing) has been developed to
examine protein solution phase structure with noncovalent
probes."*™*° In this method, 18-crown-6 ether (18C6) is used
as a recognition molecule that can noncovalently attach to basic
sites (Lys/Arg side chains and N-terminus) in proteins.
Regardless of whether a particular site is available for binding
by 18C6 is determined by the presence and abundance of com-
petitive intramolecular interactions, including salt bridges and
hydrogen bonds. Salt bridges with acidic groups are most
effective at interfering with 18C6 binding;19 therefore, SNAPP
is sensitive to the arrangement of basic, acidic, and polar groups
at the protein surface (which is ultimately a function of the
overall three-dimensional protein structure). 18C6 adducts do
not simply count the number of basic sites. Importantly, because
of the relative solution and gas phase binding properties, 18C6
does not interact significantly with proteins until after droplet
formation in the transition region of ESL*"** Adduct formation
occurs within milliseconds in this region and should precede
any structural rearrangements that might subsequently occur in
the gas phase. The raw mass spectra provide a distribution of
protein—18C6 complexes (SNAPP distribution) for each
charge state. The shape and relative intensity of the distribu-
tions are very sensitive to protein surface structure as a whole;
however, residue specific information is not typically obtained.
If the protein is modified by ligand binding, denaturation, or
point mutations that modulate the chemical environment
around 18C6 binding sites, shifts in the SNAPP distributions
will be observed. Therefore, SNAPP is primarily a comparison
method that can determine if changes to a protein or its
environment lead to structural shifts, as well. It is important to
note that because SNAPP provides information about the
electrostatic arrangement of functional groups at the protein
surface, changes that do not result in rearrangement of the
tertiary fold can still yield different SNAPP distributions if the
surface structure has been perturbed. There could be important
consequences for this type of situation; e.g., the catalytic
properties of two proteins with similar backbone structure
might well be quite comparable, but protein—protein
recognition could be significantly different because of changes
at the surface where recognition occurs.

Herein, several orthologous proteins from multiple species
that share a common function and varying degrees of sequence
homology are examined by the SNAPP—MS method. In each
case where structures are known, these proteins have been
determined to have nearly identical native folds by X-ray
crystallography; however, the effects of sequence variation on
surface structures have not been previously experimentally
probed. For three variants of insulin, the effects of sequence
mutations are very minor and SNAPP distributions are all very
similar, suggesting no disturbance to the electrostatic surface
structure. Cytochrome ¢ (cytc) variants from four species were
examined; three have known tertiary structures. Interestingly,
yeast cytc yields a distinct SNAPP distribution relative to horse,
bovine, and pigeon cytc. Yeast cytc contains the largest number
of mutations in acidic/basic residues and also exhibits reduced
stability, leading to denaturation under conditions milder than
those required for the other variants. Two forms of lysozyme
with significant sequence mutations, but identical backbone
structures, were found to yield SNAPP distributions that are
quite different. The relative importance of various types of
mutations on the observed SNAPP distributions and protein
surface structures is discussed.
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B MATERIALS AND METHODS

Protein Samples and Purification. Recombinant cyto-
chrome ¢ iso-1 from yeast was purchased from abcam
(Cambridge, MA). All other proteins used in this work were
purchased from Sigma-Aldrich (St. Louis, MO). Cytochrome ¢
from yeast and lysozyme from human were further purified by
dialysis against water and lyophilized. Methanol (Sigma-
Aldrich) and acetic acid (Mallinckrodt Baker Inc., Phillipsburg,
NJ) were of analytical grade and used without further puri-
fication. All protein samples were prepared using a Millipore
(Billerica, MA) Direct-Q_purified water without any buffer or
acid, unless otherwise noted. The concentrations for all
proteins were kept in the 7—10 uM range. 18C6 (Alfa Aesar,
Pelham, NH) at 10 times the protein concentration was added
to the sample solution prior to electrospraying. For example,
for a final cytc concentration of 10 xM, the concentration of
18C6 would be 100 yM. All samples were of neutral pH as
determined by litmus paper.

Mass Spectrometry. Mass spectra were recorded with a
Finnigan LCQ 3D ion trap mass spectrometer equipped with a
modified liquid desorption electrospray ionization (DESI) source.
SNAPP experiments are very sensitive to the exact source
conditions that are employed, and therefore, the instrument was
calibrated against a standard immediately prior to each
experimental run to verify similar source conditions. For these
experiments, cytc from horse in a 50/50 water/methanol mixture
was used as the standard, which was verified to yield a repro-
ducible spectrum. Although standard ESI can be used for SNAPP,
we have found that the liquid DESI arrangement provides for
easier reproducibility. The complete details of these findings
will be the subject of a future publication. The DESI source was
implemented by removal of the original electrospray nozzle
from the source mount. The nozzle was then oriented as shown
in Scheme 1 with a ring stand and clamp. The gas to the nozzle

Scheme 1. Diagram of the Liquid DESI Source
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was provided directly from a gas cylinder rather than being
passed through the LCQ. The liquid sample was pumped from
a fixed tube placed ~90° to the mass spectrometer inlet, with a
distance of 0.5—1 cm as shown in Scheme 1. The sample was
ionized through interaction with the charged solvent droplets
generated by the electrospray nozzle. The sample flow rate was
3.0 #L/min, and the spray flow rate was 6.00 yL/min. The sheath
gas pressure was increased to >80 psi. The solvent solution for
DESI source was a 50/50 water/methanol mixture with 1%
acetic acid. Typical settings were as follows: capillary voltage
of 100 V, capillary temperature of 215 °C, tube lens offset of
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—65 V, and spray voltage of 5 kV. Once optimized, the
instrument parameters remained unchanged for all experiments.

Protein Structures. The following Protein Data Bank
(PDB) entries for the crystal structures discussed here were
used: porcine insulin, 2EFA; bovine insulin, 9INS; human
insulin, 3I3Z; horse cytc, IHRC; bovine cytc, 2B4Z; yeast cytc,
1YCC; human lysozyme, 1LZ1; hen lysozyme, 2LYZ. The
surface electrostatic maps were generated from the Maestro
computing program (Schrodinger, Inc, San Diego, CA) by
choosing the “molecular surface” option, and the color is based
on the residue charge (positive, blue; negative, red).

B RESULTS AND DISCUSSION

Insulin. Aligned backbone structures in ribbon form
obtained from the crystal structures of human, porcine, and
bovine insulin are shown in Figure 122372 The three structures
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Figure 1. (a) Backbone structural alignment for the three variants of
insulin. (b) Sequence alignment for human, porcine, and bovine
insulin from top to bottom, respectively. Sequence variation (white),
basic residues (blue), and acidic residues (red) are highlighted. (c)
ESI-MS spectrum of bovine, porcine, and human insulin and 18C6 in
water. Peaks are labeled as follows: charge state-number of 18C6
adducts. The results are similar for all three proteins.

are virtually identical. Sequence alignment for the same set of
proteins is shown in Figure 1b. Only one residue is different
between human and porcine insulin, while bovine insulin has
two additional mutations (all highlighted in off-white). None of
the mutations involve basic or acidic residues, which are
highlighted in blue or red, respectively. Figure lc shows the
mass spectrum obtained from a solution containing bovine,
porcine, and human insulin and 18C6. The three proteins were
examined simultaneously, which eliminates any potential effects
from variations in source or solution conditions. Reassuringly,
the results are almost identical to those obtained for each
protein examined separately, when care is taken to ensure
similar source conditions. Comparable distributions in terms of
both shape and relative intensity are obtained for all three
proteins. The highly aligned backbone structures and extremely
similar sequences of these variants suggest that they should
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have virtually identical surface structures as well, which is
reflected in the observed SNAPP distributions.

Cytochrome c. Figure 2a shows the sequence alignment for
horse, bovine, pigeon, and yeast cytc. Several mutations are
observed among the four proteins. Horse and bovine cytc have
the most similar sequences with only one basic/acidic amino
acid variation, K60G. Pigeon cytc is also very similar with a total
of five basic/acidic amino acid variations. In contrast, yeast cytc
has numerous basic/acidic amino acid variations. It also
contains five additional N-terminal residues (including one
lysine) and is missing one C-terminal residue. Overall, the
yeast variant has one fewer basic and one fewer acidic residue
than the horse variant. In Figure 2b, the backbone crystal
structures for horse, bovine, and yeast cytc are shown from
identical perspectives. Space-filled atoms represent the side
chains of basic and acidic residue mutations relative to horse
cytc. The three proteins adopt very similar backbone struc-
tures, despite a fair number of point mutations. Electrostatic
surfaces derived from the crystal structures are shown
in Figure 2c from the same perspective shown in Figure 2b
(red and blue areas are negatively and positively charged,
respectively). Figure 2d shows the extracted SNAPP
distributions for the four variants of cytc for the +9 and +10
charge states. The intensities are normalized to the nonadduct
protein peak for comparison, and the error bars represent the
standard deviation of the mean. Although bovine cytc has one
fewer lysine residue than the horse variant, they have nearly
identical SNAPP distributions, suggesting that the additional
lysine 60 in horse cytc does not contribute to the SNAPP
distribution. Comparison of the two electrostatic surfaces
shown in Figure 2c does not reveal significant differences in the
region where Lys60 is located, in agreement with the SNAPP
results. Inspection of the NMR structure®® for horse cytc also
reveals a potential salt bridge interaction between Lys60 and
Glu62, which would interfere with 18C6 attachment. These
results confirm previous findings'® indicating that SNAPP
distributions do not simply count the number of basic resi-
dues present in a protein but rather provide information
about the surface accessibility of basic residues in relation
to the surrounding chemical environment. The crystal struc-
ture of pigeon cytc has not been reported yet, but on the
basis of SNAPP distributions, it is likely similar to the known
horse and bovine structures. Although SNAPP only directly
probes surface structures, it is unlikely that two proteins
with a high degree of sequence homology and similar sur-
face structures would be able to simultaneously adopt
two highly dissimilar backbone structures. Therefore,
for homologous proteins, similar SNAPP distributions will
likely imply similar backbone structures, although dissimilar
SNAPP distributions may not imply dissimilar backbone
structures.

This is illustrated in the SNAPP distributions for yeast cytc,
which are somewhat different from the remaining proteins
despite the fact that the backbone structures are the same. In
Figure 2d, it is clear that more 18C6 attaches to yeast cytc than
to the remaining variants. It is tempting to suggest that the
additional N-terminal lysine residue in yeast might account for
the increased level of 18C6 attachment, but the comparison
above between the horse and bovine variants reveals that one
specific lysine residue does not necessarily affect the SNAPP
distribution. In this case, the lysine residue in the additional
N-terminal segment is also accompanied by an additional
glutamic acid, which may mediate any increased level of 18C6
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Figure 2. (a) Sequence alignment for horse, bovine, pigeon, and yeast cytc from top to bottom, respectively. (b) Backbone structures of horse,
bovine, and yeast cytc. Displayed atoms represent basic and acidic sequence variations relative to horse cytc. (c) Surface electrostatic distributions
derived from crystal structures. The colors represent charge polarity (positive charge, blue; negative charge, red). (d) SNAPP distributions for four
variants of cytc for the +9 and +10 charge states. Bovine, horse, and pigeon cytc exhibit similar results, while yeast cytc has a distinct distribution.

attachment. Other potentially important mutations involving a
change in polarity (basic and acidic residues), such as K74,
K8T, V11K, K25P, P44E, K531, N54K, K60D, E62N, E69T,
K88E, T89K, E92N, and N103E, are also probable contributors
to the observed shift. It is most likely that the sum of these
mutations leads to perturbation of the overall surface structure
and a small shift in the observed SNAPP distributions.
Comparison of the electrostatic surfaces in Figure 2c also
confirms that yeast, while similar, has distinct features relative
to those of the other variants, again in agreement with the data
obtained by SNAPP.

Lysozyme. The crystal structures of the hen and human
variants of lysozyme are well aligned as shown by the ribbon
representations in Figure 3a. However, the predicted charge
distribution on the surface of these proteins is quite different, as
shown in Figure 3b. The origin of the dissimilarity can be seen
in the sequence alignment for the two proteins (Figure 3c).
The mutated acidic residues are highlighted with red stars, and
the mutated basic residues are denoted with blue asterisks. In
contrast to cytc, in which many mutations correspond to minor
shifts in location of the same residue, in lysozyme many
mutations occur in regions that contain no charged residues in
the other variant. It is not surprising to find that the SNAPP
distributions for hen and human lysozyme are not very
similar, as shown in Figure 3d for the +11 and +12 charge
states. Neither the relative intensities nor the shapes of the
distributions are similar for the two variants. Significantly more
18C6 attaches to human lysozyme, suggesting greater overall
availability of the basic residues. The SNAPP results confirm
that human and hen lysozyme have distinct surface structures,
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which is consistent with the picture predicted by
X-ray crystallography in Figure 3b.

Comparative Analysis. The relative changes in SNAPP
distributions for insulin, cytc, and lysozyme are summarized in
Table 1 in comparison with various changes in sequence. The
ASNAPP column shows the percent change in the SNAPP
distribution for each protein (P) as a function of charge state
relative to the first variant (P,) according to eq 1. The
calculated differences reflect values between the error bars.
Although it is difficult to summarize the complexity of a
SNAPP distribution in a single number, the results in Table 1
do offer some interesting insight. For example, with insulin,
none of the ASNAPP scores are particularly high, but bovine
insulin exhibits greater scores than porcine insulin, which does
correlate with the overall sequence variation. In the case of cytc,
the yeast variant clearly stands out as the most distinct protein.
Interestingly, the observed shift does not correlate well with
changes to the sequence because yeast has more 18C6
molecules attached but fewer basic residues. Many of the
basic residues in yeast are shifted in location (see Figure 2),
which may be the more important factor. For lysozyme, the two
proteins can clearly be distinguished by ASNAPP values and
have significant sequence variation. Overall, the results from
this limited data set indicate that a ASNAPP score >10
indicates a high probability of surface structure variation.
Furthermore, the structural shifts between hen and human
lysozyme and between yeast cytc and the remaining cytc
proteins are comparable in magnitude. The distinct surface
features of proteins with similar backbone structures led us to
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Figure 3. (a) Backbone structural alignment of hen and human lysozyme. (b) Surface electrostatic distributions derived from crystal structures. The
colors represent charge polarity (positive charge, blue; negative charge, red). (c) Sequence alignment of hen and human lysozyme (top and bottom,
respectively). (d) SNAPP distributions for hen and human lysozyme, for the +11 and +12 charge states.

Table 1. Comparison of Relative Changes in SNAPP versus Sequence

ASNAPP“ Asequence”
+8 charge state  +9 charge state  +10 charge state R K D,E RKD,E all
cyte horse 0 0 0 2 19 12 33 104
AR AK A(D,E) IA(RK,D,E)I |Aalll
bovine 1.7 13 0.9 0 -1 0 1 3.0% 3 2.9%
pigeon 6.7 0.4 2.6 0 -1 -1 2 6.1% 11 10.6%
yeast 20.2 20.0 10.5 +1 -3 -1 S 15.2% 45 43.3%
ASNAPP“ Asequence”
+4 charge state  +5 charge state  +6 charge state R K D,E RKD,E all
insulin human 0 0 0 1 1 4 6 S1
AR AK  A(DE) IA(RK,D,E)| | Aall
bovine 29 3.6 1.6 0 0 0 0 0% 3 5.9%
porcine 2.1 1.5 0.3 0 0 0 0 0% 1 2.0%
ASNAPP* Asequence”
+10 charge state +11 charge state +12 charge state R K DE RKD,E all
lysozyme hen 0 0 0 11 6 9 26 129
AR AK  A(D;E) IA(RK,D,E) 1Aalll
human 26.1 33.1 9.7 +3 -1 +2 6 23.1% 52 40.3%

“The relative changes in SNAPP distributions as defined in eq 1.

Relative changes in sequence; summed values represent the absolute change.

investigate if other properties, such as denaturation, were
dissimilar, as well.

p _ Pref

ﬁ Z Bref

Protein Denaturation. The stability of native protein
structures in atypical solvent systems can vary substantially and
is a property that can be easily examined with ESI-MS.”” As
shown above in Figure 2, the tertiary structure of cytc contains
three major a-helices and no f-sheets. There is also a
structurally relevant heme group covalently linked to the
protein, and there are no disulfide bonds to inhibit unfolding.”®
When sufficient methanol is present, cytc adopts a compact

ASNAPP = Z

(1)

1800

state with nativelike secondary structures but ill-defined tertiary
structure.”” This state is easily detected by SNAPP'® but is not
obvious via examination of charge state distributions. Lowering
the pH in the presence of methanol unfolds the protein further,
and a distinct shift in the charge state distribution can be
observed by ESI-MS.* Figure 4a shows the DESI mass spectra
of horse, bovine, pigeon, and yeast cytc in a 50/50 water/
methanol mixture at neutral pH. The first three variants exhibit
charge state distributions similar to those observed in water
(inset spectra in Figure 4a), with the +9 charge state being the
most intense peak. However, for yeast, the introduction of
methanol alone is sufficient to unfold the protein, which can be
observed by the dramatic shift in the charge state distribution.
The results indicate that the tertiary structure of yeast cytc is
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Figure 4. (a) DESI mass spectra of horse, bovine, pigeon, and yeast cytc in a 50/50 water/methanol mixture. Inset spectra were recorded in water.
The yeast variant is significantly unfolded. (b) SNAPP distributions reveal partial denaturation in the presence of methanol when compared to that

in water.

less stable than that of horse, bovine, or pigeon despite the fact
that the backbone structures are virtually identical. Structural
stability is determined by a variety of factors, including packjn§
of the hydrophobic core, hydrogen bonding, salt bridges, etc.’

Comparison of the cytc sequences in Figure 2a reveals that
yeast has several mutations in the hydrophobic core in addition
to the mutations that lead to a distinct surface structure. The
SNAPP data in Figure 2c¢ indicate more 18C6 molecules
attached to yeast compared with the other variants, which is
consistent with fewer favorable intramolecular ionic or
hydrogen bonding interactions and reduced stability. It is likely
that some combination of both both surface and core mutations
leads to the reduced structural stability of yeast cytc.

In Figure 4b, the SNAPP distributions for horse, bovine, and
pigeon cytc in a 50/50 water/MeOH mixture are shown in
comparison to those obtained in water. The SNAPP
distributions clearly indicate a structural shift has occurred for
each of these proteins as well, even though complete denaturation
is not observed as in the case of yeast cytc. The SNAPP
distributions further suggest that the structure of pigeon cytc has
changed more than that of horse or bovine cytc (this is
particularly evident by comparison of the higher crown adduct
peaks). The native structures of all three variants were very similar
by SNAPP (Figure 2); however, pigeon cytc contains a P44E
mutation in a turn region that may allow pigeon cytc to adopt a
different partially denatured state. Following the addition of acid
to yield complete denaturation, the SNAPP distributions for the
denatured states of all four proteins are comparable. Further-
more, the addition of acid does not significantly change the yeast
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SNAPP distribution relative to that obtained with just the addition
of methanol.

B CONCLUSIONS

The SNAPP—MS method is shown to be a useful probe of
surface structure for proteins with highly homologous
sequences and nearly identical three-dimensional backbone
structures. For insulin, very minor sequence variation leads to
very similar SNAPP distributions for three variants. In the case
of cytc, yeast exhibits the greatest change in surface structure
and also denatures more easily in the presence of an organic
solvent. These changes do not correlate well solely with
differences in the number of potential 18C6 binding sites,
suggesting that sequence shifts that alter the surface environ-
ment of basic residues are also important. This hypothesis is
further supported by results with lysozyme where significant
sequence shifting yields quite disparate SNAPP distributions.
These findings are consistent with previous results in which
SNAPP distributions have been shown to be sensitive to the
availability of charged basic side chains. Changes to the
arrangement of charged groups on the protein surface lead to
changes in the observed SNAPP distributions. These results
clearly demonstrate that proteins that adopt nearly identical
tertiary structure may have substantially different electrostatic
surfaces that could easily modulate protein—protein or small
molecule recognition responses. The SNAPP—MS method is
easy to conduct and requires minimal sample consumption,
which should make it ideal for structure validation for proteins
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that have been subjected to site-directed mutagenesis.
Furthermore, SNAPP can assess variations in structurally ill-
defined or highly dynamic states, such as proteins that have
been partially or fully denatured. The effects of mutations can
therefore be tracked from completely folded to completely
unfolded structures by the same method.
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