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m Abstract Atomic resolution structure determinations of proteins by X-ray
crystallography are formidable multidisciplinary undertakings, requiring protein-
construct design, expression and purification, crystallization trials, phase determi-
nation, and model building. Modern mass spectrometric methods can greatly fa-
cilitate these obligate tasks. Thus, mass spectrometry can be used to verify that
the desired protein construct has been correctly expressed, to define compact do-
mains in the target protein, to assess the components contained within the protein
crystals, and to screen for successful incorporation of seleno-methionine and other
heavy metal reagents used for phasing. In addition, mass spectrometry can be used
to address issues of modeling, topology, and side-chain proximity. Here, we demon-
strate how rational use of mass spectrometry assists and expedites high reso-
lution X-ray structure determination through each stage of the process of protein
crystallography.
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PERSPECTIVES AND OVERVIEW

Accurate measurement of the molecular mass of proteins and peptides has opened
up attractive new avenues for studying proteins. In this chapter we review the
utility of modern mass spectrometric methods for investigating protein structure.
We discuss how mass spectrometry (MS) has become an enabling tool for the
researcher intent on defining protein structures at atomic resolution.

The growing utility of modern mass spectrometry in biological research derives
from the development of two extraordinary methods for ionizing biomolecules,
matrix-assisted laser desorption/ionization (MALDI) (3,22, 41) and electrospray
ionization (ESI) (31, 44). These techniques enable the determination of the mole-
cular mass of peptides and proteins with unprecedented accuracy and speed. Thus,
protein masses can be routinely measured with accuracies as high as 1 part in
10,000, and peptides can be measured with accuracies higher than 1 partin 100,000.
Complete analyses can often be made in a matter of minutes. The total amount
of sample required for an analysis is usually in the range 0.1-10 pmol. For the
applications discussed here, two types of mass spectrometric measurements are
needed. The first is single-stage mass measurement of proteins or fragments of
proteins produced by enzymatic/chemical treatment in solution. The second is
double stage mass measurement (i.e. tandem MS) in which a chosen peptide is
isolated within the mass spectrometer, fragmented in the gas phase, and the masses
of the resulting fragments are determined. Single-stage MS measurements pro-
vide accurate molecular masses of proteins and proteolytic fragments of proteins,
whereas tandem MS measurements provide additional information concerning the
amino acid sequence of the chosen peptides.

Atomic resolution structure determinations of proteins are formidable multi-
disciplinary undertakings encompassing tasks such as protein cloning, expression
and purification procedures, crystallization trials, phase determination, and model
building. We and others have shown that mass spectrometry can greatly facilitate
these obligate tasks (9, 12). Thus, mass spectrometry can be used to verify that the
desired construct has been correctly expressed, to define compact domains in the
target protein, to assess the components contained within the protein crystals, and to
screen for successful incorporation of seleno-methionine and heavy metal reagents
used for phasing. In addition, mass spectrometry can be used to address issues
of modeling, topology, and side-chain proximity. We demonstrate how rational
use of mass spectrometry can greatly facilitate high resolution X-ray structure
determination through each stage of the process (Figure 1).

PROTEIN CONSTRUCT VERIFICATION

Isolating milligram quantities of target protein is a prerequisite for protein structure
determination. Of equal importance is having available, rapid, accurate means
for validating the integrity of the purified product. Techniques for assaying the
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Figure 1 Stages of the X-ray crystal structure determination process where mass spectrometry
proves useful.
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correctness and purity of target protein constructs include chromatographic meth-
ods, gel electrophoresis, dynamic light scattering, ultracentrifugation, and mass
spectrometry (9). Mass spectrometry’s unsurpassed accuracy and speed for mea-
suring mass allows one to quickly test whether a given protein has been faith-
fully expressed—i.e., that the primary structure of the protein construct is correct.
The measurement allows for detection of PCR errors, mistranslation errors (17),
unwanted modifications (e.g., from attachmentgeiercaptoethanol to thiols

or oxidation of methionyl residues), and major protein impurities and bypro-
ducts (e.g., from degradation). Additional information concerning the nature of the
errors/modifications can be obtained by MS peptide mapping (29). To pinpoint the
precise site of error/modification, individual proteolytic peptides can be subjected
to MS/MS analysis (29).

Mass spectrometry is also particularly useful for detecting desired modifica-
tions such as phosphorylation. To illustrate this utility, we consider STAT-1, a tran-
scription factor containing 750 amino acid residues. In the cytoplasm, activation of
STAT-1requires asingle phosphorylation at Tyr-701, whereupon the protein dimer-
izes and is translocated to the nucleus. To obtain a crystal structure of the STAT-1
dimer bound to DNA (11), it was necessary to ensure correct in vitro phosphoryla-
tion by the EGF receptor kinase. MALDI-MS peptide mapping demonstrated that
the recombinant protein was fully and exclusively phosphorylated on Tyr-701, as
desired (43). In another case, mass spectrometry was useful for defining phospho-
rylation inhomogeneity in a structural study of tBehizosaccharomyces pombe
casein kinase-1(CK-1). CK-1 undergoes autophosphorylation, leading to multiple
forms of the protein that differ in the degree of phosphorylation. Different forms
of this protein were resolved by cation exchange chromatography and character-
ized by electrospray ionization mass spectrometry (8). Using this information, the
unphosphorylated form of a truncated variant of CK-1 was isolated and its crystal
structure determined in complex with MgATP at Aoesolution (46).

DOMAIN ELUCIDATION

In order to obtain high-resolution structures, it appears important to work with
compact, well-defined proteins. This generally accepted notion presumes that
restricting the degrees of conformational motion in a protein increases the chance
that it will crystallize into well-ordered lattices. A precisely defined folding domain
also results in a protein with reduced tendencies for aggregation.

Numerous computer-aided approaches to help define folding domains are avail-
able. These include the use of homologous sequence alignment tools, secondary
structure prediction software, and various “threading” algorithms. Progress in
genomic sequencing has greatly facilitated homology searching, and there are
increasingly available more reliable secondary structure prediction programs. Al-
though these methods may be sufficient to permit an initial design of protein
constructs for crystallization, ambiguities concerning the precise boundaries of
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Figure 2 Domain elucidation by mass spectrometfpp Hypothetical three-domain protein.
Folding domains are represented as a diamond, circle, and hexagon. Interdomain linkages are
denoted as thin black lines. Limited proteolysis in solution cleaves within the polypeptide link-
ages (arrows) releasing the individual folding domaiBsttom Single protein domain that has
unstructured polypeptide segments extending beyond the compact folding domain. Limited pro-
teolysis trims off these flexible chains (arrows) leaving a more compact folding domain. In both
cases, mass spectrometry allows rapid, accurate definition of the domain boundaries.

folding domains often remain. This is particularly true in cases of sequences
that exhibit low homology alignments or poorly predicted secondary structural
elements. Great efforts are often undertaken to express, purify, and crystallize
proteins, only to be thwarted by poorly diffracting crystals. Limited proteoly-
sis combined with mass spectrometry (2, 13) can provide solid biochemical data,
usually in a matter of hours, which complements and often resolves ambiguities
raised by insufficiencies in the alignment and prediction procedures (Figure 2;
12). We provide examples of several challenging crystallization problems that
were resolved with the assistance of mass spectrometric domain elucidation.

The Cap-Binding Protein

The cap-binding protein (known as eukaryotic translation initiation factor
4E, elF4E) recognizes thé BARNA cap structure during the initiation step of



72 COHEN = CHAIT

translation. For many years, crystallization trials of the cap-binding protein were
attempted by several structural groups, but without success. Typically the tri-
als would yield thin, long needle-shaped protein crystals (Figure 3a) that were
too fragile to handle and diffracted X-rays poorly. The breakthrough in this
project was provided by accurately defining the compact domain of the cap-
binding protein (32). Full-length cap-binding protein (residues 1-217) com-
plexed with 7-methyl-GDP was subjected to limited proteolysis; the products
were analyzed by MALDI-MS. The sites of maximal proteolytic susceptibility
were mapped primarily to the N-terminal of the protein (Figure 3b). In addition,
sequence alignment of the cap-binding protein from various organisms showed
a phylogenetically conserved C-terminus and a divergent N-terminus. Thus, the
mass spectrometric results suggested that the conserved C-terminal region cor-
responded to a proteolytically resistant domain between residues 28-217 or 33-
217. These rationally designed constructs were expressed and found to be func-
tionally active. In contrast to the full-length protein, the 28-217 cap construct
yielded large cocrystals with 7-methyl-GDP that diffracted to &.Besolution,
providing the first glimpse of this key component of the translation machinery
(Figure 3c; 32).

dTAFS 42/62

The TATA box-binding protein associated factors (TAFs) appear to be required
for some forms of activated transcription. Two TAF proteins (frdrosophilg),
dTAF42 and dTAF62, show regions of sequence similarity to the histone proteins
H3 and H4, respectively. Like H3 and H4, dTAF42 and dTAF62 strongly asso-
ciate in solution to form heterodimers and tetramers (45). Sequences for the initial
constructs for the crystallographic study (residues 1-100 for dTAF42 and 1-91 for
dTAF62) were based on the sequence homologies with the histone proteins. Crys-
tals were obtained from these constructs, but they diffracted to no better than 4

It was suspected that the poor diffraction was a result of disorder in the terminal
portions of the two proteins. Adding to this suspicion were MS data that revealed
extensive protein degradation occurring in a sample of the proteins in solution
that was stored at°€ for 2 months. These MS findings also hinted at poten-
tial proteolytically-resistant core domains for both proteins. Limited proteolysis
experiments were conducted on fresh sample of the TAF proteins. MALDI-MS
mapping of the resulting digests revealed proteolytic susceptibility at the N- and
C-terminals of dTAF42 and at the C-terminal of dTAF62 (12, 45). Based on these
results, new constructs (11-95 for dTAF42 and 1-82 for dTAF62) were expressed
and crystallized. The crystals were large, diffracting to better thari1and
yielded the first high-resolution view of the histone fold (7, 45).

Nova RNA-Binding Proteins

Nova-1 and Nova-2 are multidomain neuronal proteins that have been impli-
cated in autoimmune disorders (23). Nova proteins bind RNA through three
K-homology (KH) RNA-binding maotifs. Initial attempts to design constructs of
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the Nova proteins for crystallization were based on sequence alignments of the
known KH-motifs. Despite the availability of a large number of such homologous
sequences, the precise size of each of the three KH-motifs in the Nova proteins
was unclear. To better define the boundaries of these motifs, domain elucida-
tion by MALDI-MS was performed on full-length Nova-1 (511 residues). The
ease and speed with which MALDI-MS can provide precise mapping information
proves particularly useful for large multidomain proteins such as Nova-1. Rapidly
obtained mapping results derived from an initial trial digest guided selection of
proteases for subsequent digests. Ultimately, four time-course proteolysis experi-
ments using Asp-N, Glu-C, trypsin, and chymotrypsin were required to fully map
the domain organization of the protein (27). The mapping experiments on Nova-1
revealed three proteolytically resistant KH-motifs, with the majority of the pro-
teolytically susceptible sites mapping to the inter-domain regions. The digests
provided boundary information for all three KH domains. Cleavage within the
KH-motifs mapped to variable loop regions. A construct of the third KH domain
(KH3) from Nova-1 and -2 proteins yielded suitable crystals for obtaining the first
high X-ray resolution structures of the KH-motif (27) and subsequently for the
Nova-2 KH3/RNA complex (28).

Other Examples of Domain Elucidation
by Mass Spectrometry

HIV-1 Nef-SH3 Complex ESIand MALDI-MS were used to map limited prote-
olysis digests of a complex between full-length HIV-1 Nef and the SH3 domain of
Hck. The data helped define a crystallizable domain core of the Nef protein. The
information obtained from ESI-MS was essentially equivalent to that obtained
by MALDI-MS. The crystallographic study resulted in the first high resolution
structure of the Nef-SH3 complex (25).

Glutamate Receptor Limited proteolysis analyzed by MALDI-MS combined

with N-terminal sequencing, deletion mutagenesis, and sequence alignment helped
elucidate the minimal functional ligand-binding domain of the Glu2R glutamate
receptor and provided crystallizable constructs that yielded aIr&solution
structure (1, 10).

Rieske Iron-Sulfur Protein A soluble fragment of the Rieske iron-sulfur pro-

tein was isolated by liquid chromatographic methods from limited thermolysin
proteolysis of a chloroplast cytochromgf lmomplex. ESI-MS and N-terminal
sequencing were used to characterize the protein fragments. Crystals of the 139
residue Rieske fragment that were obtained diffracted X-rays to a resolution better
than 2.5A (50).

Adenylyl Cyclase Adenylyl cyclase is a large multidomain protein that plays an
important role in signal transduction. Initial constructs of the catalytically active
cytoplasmic domain of mammalian type Il adenylyl cyclase yielded large crystals
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that diffracted poorly (48). Limited proteolysis and MALDI-MS mapping revealed

a proteolytic-resistant core domain that retained catalytic activity. Based on this
MS data, a new slightly trimmed construct was engineered that produced crystals
that diffracted to 2.2 (48) and provided the first high resolution view of the
adenylyl cyclase catalytic domain (49).

RNA Polymerase "°Subunit Fragment TheEscherichia colRNA polymerase

o9 subunit is a largex600 residues) multidomain protein. Trypsin digestion,
MALDI-MS, and N-terminal sequencing were used to probe the domain architec-
ture (40). One of the trypsin fragments was found to retain core RNA polymerase
binding activity and formed crystals that ultimately yielded a A&tructure

(30).

PROTEIN CRYSTAL ANALYSIS

The process of obtaining protein crystals of sufficient quality for X-ray diffraction
analysis often requires the screening of hundreds or even thousands of different
protein mother liquor solutions. Such crystallization trials can benefit from mass
spectrometric analysis of both the mother liquor and the resulting protein crystals.

In the latter case, mass spectrometry ensures the presence of the desired protein or
proteins in a given crystal. It further allows for the assessment of protein integrity,
permitting the sensitive detection of degradation, oxidation, etc. Finally, MS
allows the detection of heavy metal incorporation into individual protein crys-
tals. Examples are provided below.

Determining the Presence of the Expected
Protein Components

The TFIIB-TBP-DNA ternary complex is composed of the transcription factor 11B
(TF1IB), the TATA box-binding protein (TBP), and DNA containing the TATA-
element. Previous work had elucidated theRstructure of TBP in complex with

its cognate DNA (36). During crystallization trials of the ternary complex, it was
predicted that many of the crystals would contain the binary rather than the ternary
complex. To optimize time spent at the synchrotron light source, unencumbered
by the uncertainty as to which crystals contained the ternary complex of interest,
we analyzed several different protein crystals by MALDI-MS. Figure 4 shows
the results obtained from two different crystallization trials. The panels labeled
“crystal A’ show mass spectra obtained from the mother liquor (top) and crystal
(bottom) of the human ternary complex. Although both proteins are presentin the
mother liquor, crystal A was found to contain human TBP but not human TFIIB.
In contrast, crystal B, produced from a combinatiod\odibidopsis thaliana BP

and human TFIIB proteins, was seen to contain both proteins. The crystal B form
yielded a 2.7A structure of the ternary complex (37).
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Figure 4 Direct MALDI mass spectrometric analysis of protein crystals of the TFIIB-TBP-DNA
ternary complex (37) allowed determination of their protein composition. Crystal A contained
TBP but no TFIIB, whereas crystal B contained both TBP and TFIIB.

Examining Alteration of Proteins
During Crystallization

Sometimes proteins only crystallize over long periods of time (weeks to months).
During such extended crystallization experiments, the proteins may degrade or
become modified (e.g., by oxidation). Alterations of this type may prove highly
detrimental as in the case of the crystallization of the heterodimer of the TBP-
associated factors, dTAF42/dTAF62 (45), where heterogeneity arising from pro-
teolysis degraded the quality of the crystals (see Domain Elucidation section).
Although degradation is considered undesirable, it has occasionally been found
to be a precondition for crystallization. For examp#teptococcus pyogengs
recombinase required6 months to produce useful crystals (38). MALDI-MS
analysis of these crystals demonstrated that the starting protein (205 amino acid
residues in length) had extensively degraded, yielding crystallizable protein con-
sisting of polypeptide fragments, ranging from 126 to 136 amino acids in length
(Figure 5). Apparently, this adventitious proteolytic cleavage was key to successful
production of diffraction grade crystals.

Assessing Heavy Metal Incorporation

Phase determination is often accomplished by soaking crystals in solutions con-
taining heavy metal reagents (below). Because successful incorporation of these
reagents is subject to much trial and error, a rapid method for assessing the
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Figure 5 MALDI mass spectrum of dissolved crystal gfrecombinase demonstrated that the
starting protein (205 amino acid residues in length) had extensively degraded during the 6-month
crystallization period. The data indicate removal of the C-terminal portion of the protein to yield

a crystallized product with a frayed end that spanned residues 126-136. Figure reproduced from
(38).
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efficiency of incorporation is valuable for choosing the optimum reagents. Di-
rect MS analysis of heavy metal-doped crystals serves this purpose well, and we
describe an example of this application in the case study of the potassium channel
provided at the end of the chapter.

PHASING

Extraction of electron density and structural information from X-ray diffraction
data of protein crystals requires knowledge of the magnitudes and phase angles of
the diffracted X-rays. The diffraction data itself contains only the magnitudes; the
associated phases must be obtained by other means. Available “phasing” methods
are isomorphous replacement and molecular replacement techniques. In isomor-
phic replacement, a heavy atom is introduced into the protein with minimal per-
turbation of the native protein fold. Phasing information is obtained from X-ray
diffraction of a crystal of heavy-atom derivatized protein.

Heavy atoms used for phasing range in size from selenium to uranium. Iso-
morphic replacement with an anomalous scatterer such as selenium (as selenome-
thionine, SeMet) is increasingly being used in multiple wavelength anomalous
dispersion (MAD) phasing (21). Typically, use of SeMet requires that the protein
be recombinantly expressed in Bscherichia colistrain that is auxotrophic for
methionine and grown on a medium containing selenomethionine (15). Mass spec-
trometry has been successfully used to ensure high stoichiometric incorporation of
SeMet. The mass difference between Met and SeMet4ig Da, a difference
readily distinguished by mass spectrometry. SeMet incorporation into recombi-
nant protein has been measured by MALDI methods (6, 20) and by ESI methods
(19, 24, 39). Bioincorporation of telluromethionine (TeMet), another anomalous
scatterer, has also been studied by ESI-MS (5).

More classical isomorphic replacement approaches (e.g., multiple isomorphous
replacement, MIR) commonly involve soaking protein crystals with selected heavy
atom derivatization reagents. Solvent accessible groups, located in the protein
[preferably free sulfhydryls (from cysteine) or histidines or methionines] can aid
in heavy atom binding. Sometimes these preferred amino acids have to be intro-
duced into the protein through simple mutation of the original protein sequence.
Here, mass spectrometry can confirm that these mutations have been correctly
made by measuring the mass of the intact protein and if needed by analyzing a
peptide digest of the protein. Successful incorporation of heavy atoms, however,
remains a hit-or-miss procedure, requiring the screening of multiple combinations
of reagents and derivatization conditions. Knowing the extent to which derivati-
zation has occurred would certainly hasten the screening process. Except for the
X-ray analysis itself, there are only two available ways to assess whether crys-
tal soakings are successful at incorporating heavy atoms. The first involves the
use of native polyacrylamide electrophoretic gels (4). The second approach uses
mass spectrometry (14). Although both methods can be very useful in screening
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suitable heavy atom reagents, MS methods can provide additional information
such as stoichiometry of incorporation, and for crystal soaking experiments, the
ability to analyze single protein crystals to determine the extent of heavy atom
incorporation (see next section).

To better understand the potential applications of MS methods to analyze heavy
atom derivatives, we undertook a comprehensive study of the mass spectrometry
of mercury-derivatized protein (14). Mercurating reagents are commonly used
to derivatize proteins because of the highly specific interaction between mercury
compounds and the sulfhydryl group. A concern in using MS methods (i.e., ESI
and MALDI) to measure the incorporation of mercury or any other heavy atom
[except selenomethionine (see above)] is whether the heavy-atom group in the
derivatized protein remains bound during the MS measurement process. Because
some heavy atom groups are only weakly bound to the protein, we suspected that
they may be labile during the MS process. We showed that ESI-MS provides more
accurate information concerning the levels of mercuration than does MALDI-MS
(ESI is an energetically gentler method for forming intact, labile gas phase ions
compared to MALDI). Indeed, our study showed that ESI-MS provides a quanti-
tative measurement of the extent of mercury incorporation into the protein of two
mercurating reagents (ethylmercury and p-(chloromercuri)phenylsulfonate) (14).
The utility of ESI in a screening of a wide variety of derivatizing reagents was
also demonstrated in a structural study of the human immunoglobulin Fc recep-
tor (42). In this study, ESI mass spectra showed successive addition of up to five
gold cyanide [Au(CN)~] groups attaching to the protein, with the number of addi-
tions correlating with increasing concentrations of the derivatizing reagent. Similar
binding data were shown for other reagents, such as mercuric chloride, platinum
tetrachloride, and lead acetate. Two other reagents (ethylmercuric thiosalicylate
and gold chloride) failed to react with the protein. This data guided the authors
in their selection of suitable heavy atom reagents for subsequent crystal soaking
experiments (from which complete X-ray data sets were obtained). The number
of bound heavy metal atoms measured by the ESI-MS correlated well with the
heavy-atom refinement data (42).

The ESI-MS method, however, has a practical drawback—the need for thor-
ough sample cleanup of salts, buffers, and other additives prior to the MS anal-
ysis. Protein samples that can withstand the clean-up process (by, e.g., dialysis,
solid-phase extraction techniques, or HPLC) are excellent candidates for ESI-MS
analysis. Otherwise, MALDI-MS can be used to analyze the derivatized protein
because MALDI is more tolerant of the salts and additives commonly found in
recombinant protein preparations (3). However, our study of mercurated pro-
tein showed that mercury compounds bound to protein are partially labile to the
MALDI process, leading to underestimation of the levels of metal incorporation
(14). The lability is dependent on the choice of MALDI matrix, the matrix solu-
tion acidity, and the nature of the mercury substituent. Although not as accurate as
ESIin determining the extent of derivatization, suitable MALDI conditions can be
found to provide a useful lower limit to the level of metal incorporation. This lower
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limit proves sufficient to assist in choosing appropriate derivatization reagents and
in selecting protein crystals that have been successfully spiked with metal. The
high throughput capabilities and quick turnaround of information provided by the
MALDI method positions it as a more practical choice over ESI-MS for screening
purposes. This is particularly relevant to a crystallographer whose pending brief
visit to a synchrotron facility does not afford the opportunity of a lengthy sample
cleanup for ESI analysis.

MODEL BUILDING AND REFINEMENT

After the electron density has been determined from an X-ray diffraction study of
a protein, a model of the protein structure is built. One question that frequently
arises during model building is whether a stretch of sequence that is not observed
in the electron density map is either disordered or altogether missing in the protein
crystal (perhaps as a result of degradation over time; see examples above). This
guestion is readily resolved by direct analysis of the crystal of interest. Thus,
for example, during the structure determination of the the HER& dkannel
N-terminal domain, we demonstrated using MALDI-MS that residues 1-25 were
presentin the crystal, although they were absent from the electron density map (35).
In a similar manner, it was shown that the entire 172-residue N-terminal FMN-
binding domain oEscherichia coINADPH-sulfite reductase-subunit, although
completely absent in the electron density map, was present in the crystallized
60 kDa protein as was determined by MALDI-MS (18). It was concluded that
the FMN-binding domain was highly flexible because the remaining portions of
the protein (containing the FAD and NADPH binding domains) yielded a&1.9
structure.

Cross-linking can be used to provide restraints for model building. For example,
during the structure determination of the KcsA potassium channel (16), questions
arose as to the connectivity and spatial positioning of the transmembrane helices
of the protein. Two possible models were consistent with the diffraction data
(Figure 6). To distinguish between these models, strategic sites on the protein
were mutated to cysteine and subjected to cross linking. A combination of mass
spectrometry and gel electrophoresis readouts of the cross-linking experiments
resolved the ambiguity (Figure 6).

Recently, intramolecular protein cross-linking in combination with mass spec-
trometry provided restraint information that is potentially useful for protein model
building (47). Here, lysine residues that are sufficiently close to one another in
the protein are cross-linked, and the sites of cross-linking were determined by
using proteolysis and mass spectrometry. The resulting data provided limits on
the inter-residue distances.

Limited proteolysis, in conjunction with mass spectrometry, can also be used
to provide information concerning the topology of integral membrane proteins
(33, 34). This information can be used in lieu of high resolution data. The recent
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study of the human homopentameric glycine receptor is one example (26). Limited
proteolysis of a recombinantly expressed form of the receptor was undertaken and
analyzed by HPLC and ESI-MS. The results from this study placed upper limits on
the lengths of transmembrane segments and proposed a re-evaluation of previous
topology models for the receptor (26).

THE POTASSIUM CHANNEL: A Case Study

Mass spectrometry played an active role throughout the first structural determina-
tion of the potassium channel (16). The KcsA potassium channel, Stoepto-
myces lividansconsists of four identical integral membrane protein subunits. As
with all membrane proteins, the crystallization experiments were quite formidable.
Initial protein constructs were obtained by purifying a full-length C-terminal
His-Tag protein (170 residues; 18.8 kDa), followed by trypsin treatment to re-
move the His-Tag. Although the trypsin treatment yielded sufficient quantities of
protein, this material did not produce diffraction grade crystals.

Domain elucidation by mass spectrometry was undertaken to better define the
KcsA domain to improve the chances of crystallization and obtain higher quality
crystals. Proteolysis experiments were carried out on the full-length C-terminal
His-Tag construct of KcsA, and the peptides were mapped by MALDI-MS. An
important consideration in analyzing membrane proteins by MALDI-MS is ensur-
ing that the detergent used to solubilize the protein is also well tolerated by the
MALDI technique. Detergents (e.g., Mega-9, LDAO) were found to be suitable
for protein purification and crystallization and did not interfere with MALDI-MS
analysis (7a). Within an hour of starting three different time-course digests (i.e.,
trypsin, chymotrypsin, and subtilisin), the precise boundaries of a proteolytically
resistant “core” of the KcsA channel were revealed. (The choice of proteases used
here ensured broad specificity of cleavage.) The MALDI mapping of the di-
gests was straightforward: Each protease quickly removed about 45 residues from
the C-terminal of the His-Tag KcsA, leaving a 122-residue (by trypsin) or 125-
residue (by chymotrypsin or subtilisin) core domain. There was little indication
that the 45-residue portion that was proteolytically trimmed from the C-terminal
of full-length KcsA had any inherent structure. Beyond one day of digestion,
the C-terminally-truncated protein began to show an additional cleavage site 19
residues (by trypsin) or 25 residues (by subtilisin) from the N-terminal. Chy-
motrypsin did not cleave anywhere in the N-terminal.

The limited proteolysis MS results guided in designing a new construct for
crystallization. The full-length, 170-residue C-terminal His-Tag protein was ex-
pressed, and chymotrypsin was used to cleave off the C-terminal to yield the new
construct (residues 1-125). We showed that chymotrypsin was a better choice than
trypsin because it did not cleave KcsA at the N-terminal. Interestingly, during the
initial production of the new KcsA construct with chymotrypsin, the utility of mass
spectrometry again came into play. MS revealed that in addition to the expected
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Figure 8 Ribbon representation of the KcsA potassium channel (16).

chymotryptic cleavage product (KcsA 1-125), an unanticipated second population
of the protein appeared (KcsA 20-125). This second cleavage product was not
easily distinguished from the expected product by SDS-PAGE, and its presence
likely would have adversely affected the crystallization trials. MS precisely iden-
tified the second product as having originated from a trypsin-like cleavage in the
N-terminal, and its formation was thus attributed to the presence of trace levels
of trypsin, a common contaminant found in chymotrypsin preparations. To avoid
the trypsin activity, TLCK-treated chymotrypsin was used to ensure a homoge-
nous population of proteolytically resistant KcsA. This chymotrypsin construct
provided high quality diffracting crystals of the potassium channel (16).
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Phasing of the KcsA structure was also greatly facilitated by mass spectrom-
etry. Wild-type KcsA does not contain cysteinyl residues. Thus, it was decided
to introduce a cysteine via mutation to permit site-specific attachment of a heavy
atom. Because it was not clear where to place the cysteine within the protein, a
large number of KcsA cysteine mutants were prepared. In addition, it was uncer-
tain which heavy metal derivatizing reagent would prove optimal. MALDI-MS
was used to screen several of the mutants after reaction in solution with a vari-
ety of different mercurating reagents. In this way, we were able to identify the
most effective mercurating reagents and mutants that labeled with high efficiency.
Based partially on this data, a series of KcsA cysteine mutants were subjected
to crystallization trials (the crystals were grown in the absence of the mercurat-
ing reagents). Once large crystals were obtained, they were soaked in the optimal
mercurating reagents, and the individual crystals were analyzed by MALDI-MS to
determine the extent of mercury incorporation (see Phasing Section for details; 14).
MS identified crystals that were efficiently labeled and thus likely to be useful for
phasing. Figure 7 shows a superposition of the sites of mercury atom attachment
determined from the large collection of single cysteine mutants that successfully
incorporated mercury.

Finally, mass spectrometry was used to assist in the model building process (see
above) that yielded the beautiful and informative structure shown in Figure 8 (16).
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Figure 3 (A) Full-length cap-binding protein (residues 1-217) in complex with 7-methyl-
GDP crystallizes as fine needles that diffract poorB). The complex was subjected to
limited proteolysis, and the resulting products were analyzed by MALDI-MS. The arrows
indicate the sites of proteolytic susceptibility. These data were used to design a new compact
construct (residues 28—-217¢)(The new compact construct yields large crystals that diffract

to 2.2A resolution. Data are from reference 32.
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Model A Model B

Figure 6 Chemical cross-linking provided restraints for model building in the solution of

the structure of the KcsA potassium channel (16). The figure depicts a view looking down
the pore of the channel. The discs represent the transmembrane helices (2 per monomer
unit), and the four colors denote the four monomer units of the homotetrameric channel.
Indicated are the predicted outcomes of cross-linking experiments (denoted by the arcs
between the discs) assuming two possible arrangements of the transmembrane helices (i.e.,
Model A and Model B). A combination of mass spectrometry and SDS-PAGE was used to
differentiate between these two possible cross-linked forms of the channel. The data clearly
demonstrated cross-linking between the two transmembrane helices within each monomer
unit consistent with Model B, rather than intermonomer cross-links that would be predicted
for the transmembrane helices arrangement depicted in Model A.



Figure 7 Sites of mercury atom attachment (colored blobs) superimposed on the backbone
structure of the KcsA potassium channel. Side-view and top-view are shown. The different
colors represent the sites of attachment to different single cysteine mutants. Figure courtesy
of R MacKinnon.



