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Heavy-atom incorporation is an essential and often rate-
limiting step in the determination of phases for X-ray
diffraction studies of protein structures. Until the present,
there has been no practical method (short of the X-ray
diffraction experiment itself) to judge the success and
extent of incorporation. Here we show that mass spec-
trometry is an effective tool for determining the extent of
heavy-atom incorporation in proteins. In particular, we
demonstrate the utility of matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-MS) and elec-
trospray ionization mass spectrometry (ESI-MS) for as-
saying mercury derivatization of cysteinyl thiol groups in
proteins. Each of these mass spectrometric methods has
advantages and drawbacks. ESI-MS provides a more
accurate quantitative measurement of the extent of mer-
cury incorporation, while MALDI-MS provides a useful
lower limit to the level of mercury incorporation. Con-
versely, MALDI-MS does not require removal of excess
derivatization reagents, salts and buffers, thus permitting
facile analysis of single protein crystals as well as rapid,
semiquantitative evaluation of the extent of protein mer-
curation. The approaches described in the present paper
have contributed to the successful X-ray analyses of
several noteworthy protein structures.

Protein X-ray crystallography provides an unparalleled means
for obtaining atomic-resolution structures of proteins and their
complexes. Such determinations are formidable multidisciplinary
undertakings, encompassing tasks such as protein cloning,
expression and purification procedures, crystallization trials, and
computational analyses. Included in these tasks is the phase-
determination stage, an obligate step reached once a protein
crystal yields a suitable quality X-ray diffraction pattern. Knowl-
edge of the X-ray diffraction phases, along with the diffraction
intensities, permits construction of an electron-density map and
ultimately a three-dimensional model of the protein. Phase
determination is a challenging process that has been formally
addressed by several well-known approaches.1-5 For proteins with

completely new folds, the phase problem is generally resolved
by the introduction of a heavy atom (e.g., mercury, selenium) into
the protein. Unambiguous phase determination requires that the
incorporation be made efficiently and with minimal perturbation
of the native protein fold. Unfortunately, successful incorporation
of heavy atoms into proteins is often a hit or miss procedure,
demanding time-consuming screening of multiple combinations
of reagents and conditions of derivatization.6-8 For much of the
history of protein X-ray crystallography there has been no practical
means by which to measure heavy-atom incorporation into
proteinssexcept, of course, through the X-ray diffraction analysis
itself. Certainly, knowing the extent to which derivatization has
occurred prior to X-ray analysis would greatly assist in the
screening process for identifying suitable heavy-atom derivatized
protein candidates. Under such circumstances, X-ray analysis
becomes unencumbered by poorly or nonderivatized candidates.
In this paper we show that mass spectrometry, a technique that
has become an indispensable tool for protein characterization,9-11

can be applied to the analysis of heavy-atom incorporation into
proteins. Using mercury as the heavy atom, we demonstrate that
mass spectrometry provides rapid, sensitive information concern-
ing the extent of heavy-atom derivatization. The approaches
described in the present paper have already contributed to the
successful X-ray analyses of several noteworthy protein
structures.12-14

EXPERIMENTAL SECTION
Materials. The proteins used in the present study were human

hemoglobin (Sigma, St. Louis, MO), enolase I from Saccharomyces
cerevisiae (Sigma), and three recombinant proteins, i.e., peptidyl-
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prolyl cis-trans isomerase FK506-binding protein 12 (FKBP12),
neuronal ventral antigen protein-1 (Nova1), and the potassium
channel from Streptomyces lividans (KcsA). Constructs of the three
recombinant proteins were kindly provided by Drs. John Kuriyan
(FKBP12), Stephen K. Burley (Nova1), and Roderick MacKinnon
(KcsA). FKBP12 is the full-length protein without the N-terminal
start methionine (amino acid residues 2-108; 107 residues). The
Nova1 construct consists of the KH3 domain (amino acid residues
430-501 with four additional residues, GAHM, at the N-terminus;
76 residues). KcsA consists of the membrane-spanning portion
of the protein (amino acid residues 1-125). Hemoglobin contains
one cysteinyl residue in the R chain and two in the â chain, and
enolase has only one cysteinyl residue. The three recombinant
proteins each contain a single cysteinyl residuesCys 23 (wild
type) in FKBP12, Ala37Cys in Nova1, and Ala32Cys in KcsA, the
latter two by site-directed mutagenesis. (Throughout this paper
KcsA and Nova1 will refer to the respective cysteine-containing
protein mutants). The mercurating reagents were ethylmercury
phosphate (EMP; C2H5HgH2PO4, (CAS no. 2235-25-8) Noah
Technologies, San Antonio, TX), p-(chloromercuri)phenylsul-
fonate, monosodium salt (pCMPS; C6H4ClHgSO3Na (CAS no.
14110-97-5) Sigma), and methylmercury chloride (MMC; CH3-
HgCl, (CAS no. 115-09-3) Alfa Aesar, Ward Hill, MA). The MALDI
matrixes were R-cyano-4-hydroxy-cinnamic acid (4hcca; Aldrich)
and sinapinic acid (SA; Aldrich). The matrix 4hcca was recrystal-
lized from ethanol, whereas SA was used without further purifica-
tion. All organic solvents were HPLC grade or better. Water was
supplied from a MilliQ UV Plus water purification system (Milli-
pore, Bedford, MA). Formic acid (88%) was from Fisher Scientific
(Springfield, NJ), trifluoroacetic acid (TFA; sequencing grade) was
from Pierce (Rockford, IL), and acetic acid was from Aldrich.
Measurements of the pH of matrix solutions were performed at
room temperature with a combined pH microelectrode (model
MI-415; Microelectrodes, Inc., Bedford, NH) and pH meter (model
PHM 95; Radiometer, Copenhagen, Denmark).

Preparation of Mercury-Derivatized Proteins. Mercury
derivatization reactions carried out in solution were performed in
0.65-mL microcentrifuge tubes. Mercurating compounds are highly
toxic and should be handled carefully with gloves at all times. All
reactions were performed in a hood. FKBP12 and Nova1 were
derivatized by combining small aliquots (∼20 µL) of protein
solutions (30-50 µM) with excess mercurating reagent [usually
15-20-fold (molar) over cysteine] prepared in 50 mM HEPES
buffer (pH 8) and 100 mM NaCl for approximately 1 h at room
temperature. Longer reaction times did not alter the mass
spectrometric results, and thus we assumed that the protein was
fully derivatized. Hemoglobin, enolase I, FKBP12, and Nova1
remained soluble following derivatization, although mercuration
has been observed to cause precipitation of other proteins.
Adjusting the solution pH, changing the choice of buffer, or slowly
diffusing the mercurating reagent to the protein solution through
dialysis are common ways to minimize sample-handling difficul-
ties.6,7,15 Mercuration of the potassium channel protein (KcsA) was
performed by protein crystal soaking methods.7,14 Solid methyl-
mercury chloride was added to mother liquor crystallization
solutions containing KcsA crystals (5-10 mg/mL KcsA in 45%
poly(ethylene glycol) 400, 50 mM Tris-HCl (pH 7.5), 200 mM

CaCl2, 150 mM KCl, 2 mM dithiothreitol, 5 mM lauryldimethyl-
amine N-oxide). Soaking proceeded at room temperature for 2 to
4 h.

MALDI-MS - Sample Preparation. MALDI matrix solutions
were prepared as described previously16,17 and as indicated in the
figure captions. For experiments with FKBP12 and Nova1, 0.5-
1-µL aliquots of derivatized protein were withdrawn directly from
the derivatization reaction (see above) and added to 15-30 µL of
matrix solution in which the final protein concentration was
approximately 1 µM. Unreacted mercurating reagent was not
removed, and its presence was determined not to influence the
MALDI results (data not shown). The mixture was briefly vortexed
and spotted (0.5-1 µL) onto the MALDI probe. For the crystal-
soaking experiments, protein crystals were retrieved from the
mother liquor with a microloop under a microscope. The crystals
were washed in a drop of protein-free mother liquor solution
placed on a glass coverslip. A single washed protein crystal (∼1
pmol protein) was dropped into a small aliquot (∼0.75 µL) of 0.1%
aqueous TFA/acetonitrile (1:1 v/v) into which the crystal promptly
dissolved. The solution was immediately retrieved with a micropi-
pettor and mixed with an equal volume of matrix solution (4hcca
in 0.1% aqueous TFA/acetonitrile (2:1 v/v)) placed on the MALDI
probe. (The protein crystal can also be dissolved directly into
matrix solution). Solvent was allowed to evaporate at room
temperature, leaving a bed of matrix crystals ready for MALDI-
MS analysis. To remove excess involatile salts and biochemical
additives, the matrix crystals were washed on the probe with cold
0.1% aqueous TFA solution prior to MALDI analysis.

MALDI-MS - Instrumentation and Data Collection. Sev-
eral different MALDI-MS instruments were used in the experi-
ments. The principal device was a MALDI time-of-flight (TOF)
mass spectrometer (model STR, PE Biosystems, Foster City, CA)
operating in linear delayed extraction mode. This instrument uses
a nitrogen laser that delivers pulses of ultraviolet light (wavelength
) 337 nm) at 2 Hz to the matrix spots, each pulse yielding a full
mass spectrum. Spectra from one hundred individual laser shots
were averaged (using 10-ns data channel widths) with software
provided by the manufacturer. The spectra were smoothed and
further analyzed using the software program M-over-Z. (http://
www.proteometrics.com and http://prowl.rockefeller.edu). Two
other linear delayed-extraction MALDI-TOF instruments, con-
structed in the laboratory,18,19 were also used. Details of their
operation can be found elsewhere.16 These devices were equipped
with UV lasers (Neodymium-YAG, wavelength ) 355 nm). One
of the instruments was also equipped with an infrared laser
(wavelength ) 2.94 µm), providing a means to compare IR- and
UV-MALDI results from the same matrix crystals.20,21

ESI-MS - Sample Preparation. In contrast to the sample
preparation of MALDI-MS, ESI-MS required thorough removal
of the mercury-derivatization compounds as well as salts and
buffers. One nanomole of mercury-derivatized protein was injected
into a reverse-phase C4 cartridge (Michrom Bioresources, Inc.,
Auburn, CA) previously equilibrated in 0.1% aqueous acetic acid.
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Excess reagents were removed by washing the cartridge with 2
mL of deionized water. The purified derivatized protein was eluted
with 100 µL of methanol to yield a 10 µM stock solution. We
recommend not concentrating or drying, since these procedures
produced dimerization of the underivatized proteins. For ESI-MS
analysis, stock solutions were diluted either in deionized water
(pH 5.6), 5% (v/v) aqueous acetic acid solution (pH 2.4), or 0.1%
(v/v) aqueous TFA solution (pH 1.6) to a final concentration of
0.2 µM. Underivatized proteins were treated exactly as described
above.

ESI-MS - Instrumentation and Data Collection. ESI-MS
analysis was performed using an electrospray triple quadrupole
mass spectrometer, model TSQ 700 (Finnigan-MAT, San Jose,
CA), previously calibrated and tuned with a solution of horse
myoglobin in the mass-to-charge range 500-2000 according to
the manufacturer’s instructions. Protein solutions (0.2 µM) were
infused at a constant flow rate of 3 µL‚min-1 by an infusion pump,
model 22 (Harvard, South Natick, MA) through a 50-µm i.d. fused
silica capillary directly into the electrospray ion source (+3.6 kV;
nebulization gas, N2, at 40 psi) of the mass spectrometer.
Desolvation conditions for protein ions included maintaining the
heated capillary at g150 °C and declustering potentials of at least
+44 V. Data were collected in profile mode, and 100 spectra were
acquired and integrated to produce a single average spectrum.
Processed spectra were obtained using a deconvolution program
developed in our laboratory at Rockefeller University.

RESULTS AND DISCUSSION
In the present study we compare the matrix-assisted laser

desorption/ionization (MALDI) and electrospray ionization (ESI)
mass spectrometry of mercury-derivatized proteins. An in-depth
investigation of the MALDI-MS of proteins mercurated in solution
will be shown, followed by a parallel study using ESI-MS. Finally,
application of MALDI-MS to the analysis of protein crystals
mercurated using traditional crystal-soaking methods will be
presented.

MALDI-MS of Mercury-Derivatized Proteins. MALDI-MS
normally requires the use of an organic matrix compound that is
dissolved in an aqueous solution containing a water-miscible
organic solvent. The two most commonly used matrixes for protein
analysis are R-cyano-4-hydroxy-cinnamic acid (4hcca) and sinapinic
acid (SA). The 4hcca matrix yields good-quality MALDI spectra
for peptides and small proteins (below 30 kDa),16,22 whereas SA
is more suitable for protein analysis.19,23,24 Figure 1 shows the
MALDI mass spectra of ethylmercurated FKBP12 using 4hcca
and SA matrixes and several matrix solution combinations.
FKBP12 was derivatized in solution with ethylmercury phosphate
(EMP), a reagent that selectively reacts with accessible sulfhydryl
groups in the protein.25 After EMP-derivatization of FKBP12 (one
cysteine, Mr ) 11 820), two major peaks were observed in the
mass spectrum (Figure 1A)sone corresponding to underivatized
protein (labeled P), the other to its ethylmercury derivative
(labeled P + EM) with molecular mass 229 ( 2 Da higher than

P. This shift in mass agreed well with the calculated shift in
average mass of 229 Da produced by covalent attachment of one
ethylmercury group to the cysteinyl residue of the protein.
Surprisingly, the same EMP-derivatized protein sample yielded
different results when analyzed in matrix solutions having different
pH values (Figure 1A-C). The mass spectrum obtained from a
4hcca/pH 1.3 matrix solution indicates that only a small percent-
age of protein appeared to be ethylmercury-derivatized (∼6%); the
rest appeared to be underivatized (94%) (Figure 1A). Note that
the apparent fraction of derivatized protein was calculated as (P
+ EM)/{P + (P + EM)} where P and (P + EM) correspond to
peak heights, assuming that underivatized and derivatized protein
had the same MS response. The use of matrix solutions with
higher pH values led to dramatically different results. Thus, at
pH 2.0 and 2.5 the extent of apparent derivatization was 42 and
57%, respectively (Figure 1 parts B and C). The MALDI-MS data
show that the apparent fraction of protein derivatized by EMP is
highly dependent on the pH of the matrix solution.

In addition to pH, we have observed that the choice of MALDI
matrix, itself, influences the results. Figure 1 parts D-F show
the mass spectra of EMP-derivatized FKBP12 using sinapinic acid
(SA) matrix solutions prepared at three different pH values. At
pH 1.3, 2.0, and 3.3, the apparent extent of derivatization was
determined to be 20, 74, and 83%, respectively (Figure 1 parts D,
E, and F). These findings show a direct relationship between
matrix solution pH and the apparent extent of derivatization, a
trend that was also observed with the matrix 4hcca (Figure 1 parts
A-C). Inspection of Figure 1 also shows that analysis with SA
yielded a higher apparent level of mercury incorporation than was
observed that with 4hcca.
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Figure 1. MALDI-MS of ethylmercury-derivatized FKBP12 using two
MALDI matrixes (A-C) R-cyano-4-hydroxy-cinnamic acid (4hcca) and
(D-F) sinapinic acid (SA). The pH of the matrix solutions is indicated
in each spectrum. The matrix solutions consisted of (A and D) formic
acid/water/2-propanol (1:3:2 v/v/v), (B and E) 0.1% trifluoroacetic acid/
acetonitrile (2:1 v/v), and (C and F) water/acetonitrile (2:1 v/v). For
clarity, only the portion of the spectra encompassing the singly
charged region is shown. Peaks labeled ‘P’ designate the singly
charged underivatized protein and ‘P+EM’ the singly charged eth-
ylmercury derivative. Peaks labeled with an asterisk (*) represent
matrix-related adduct peaks.23,24
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The identity of the organic substituent bound to the mercury
was a third factor that influenced the MALDI data. Figure 2 shows
MALDI mass spectra of FKBP12 derivatized with p-(chloromer-
curi)phenylsulfonate (pCMPS). Derivatization by pCMPS replaces
the sulfhydryl hydrogen of cysteine with a p-(mercuriphenyl)-
sulfonate group (pMPS), increasing the average molecular mass
of the protein by 357 Da. The matrix solutions used to obtain the
spectra in Figure 2 (pCMPS derivatization) paralleled those used
to generate Figure 1 (EMP derivatization). Again, pairs of peaks
were observed (here separated by 357 ( 2 Da) which cor-
responded to underivatized (P) and derivatized (P + pMPS)
FKBP12. A matrix solution pH-dependence was also observed with
pCMPS-treated protein, albeit to a lower extent than that observed
with EMP-derivatized protein. Thus, the apparent extent of pCMPS
derivatization using 4hcca matrix solutions at pH 1.3, 2.0, and 2.5
was 79%, 89%, and 89%, respectively (Figure 2 parts A, B, and C).
This narrow range (79-89%) contrasted with the much wider
range (6-57%) observed using the same 4hcca matrix solutions
for EMP-derivatized FKBP12 (Figure 1 parts A-C). Results
obtained using sinapinic acid matrix exhibited similar behavior
to that obtained with 4hcca. Analysis of pCMPS-derivatized
FKBP12 using SA matrix solutions at pH 1.3, 2.0, and 3.3 yielded
apparent pMPS incorporation levels of 84, 94, and 95%, respectively
(Figure 2 parts D-F). Interestingly, spectra from sinapinic acid
matrix solutions (Figure 2 parts D-F) showed an extra peak 357
( 2 Da higher in mass than the pCMPS-derivatized protein. This
second peak suggests an unexpected attachment of a second
pMPS group to the protein. Note that addition of a second pMPS
group was not observed to occur from any of the 4hcca matrix
solutions (Figure 2 parts A-C). The multiple-attachment behavior
was also specific for pCMPS since it was not observed to occur
with EMP-derivatized FKBP12 ran in any of the matrix solution
combinations used (see Figure 1).

The trends illustrated in Figures 1 and 2 suggest that the
mercury substituent bound to the protein is labile when analyzed
by MALDI-MS. To better understand these findings, we explored
various experimental conditions that could influence these results.
We summarize our findings as follows (data not shown).

Since the mercury lability appeared to be related to the matrix
solution acidity, we explored the effects of elevating the matrix
solution pH. This required the use of a neutral matrix (e.g., 2′,4′,6′-
trihydroxyacetophenone) prepared in ammonium acetate solutions
(pH range 4-7). However, the protein response by MALDI using
pH 4-7 matrix solutions was very weak and the results were
inconclusive.

In all of the experiments described so far, we used the standard
dried-droplet method of matrix-sample preparation.16,17,26 Deriva-
tized protein was first combined with matrix solution, the mixture
was immediately spotted onto the MALDI probe, and the solvent
was allowed to evaporate at ambient temperature, leaving matrix
crystals for MS analysis. The entire sample preparation process
took no more than 10 minutes. We found no significant changes
in the results shown in Figures 1 and 2 if the mercury-derivatized
proteins were left in the acidic matrix solutions for an extended
period (e.g., hours to days) prior to spotting on the probe or if
different organic solvents (e.g., acetonitrile or 2-propanol) were
used to prepare the matrix solution.

We carried out MALDI analysis on a second proteinsEMP-
and pCMPS-derivatized Nova1 (one cysteine, Mr ) 8137)susing
4hcca and SA matrixes and found trends similar to those presented
by FKBP12. In addition, our findings were essentially independent
of the MALDI instrumentation used to acquire the mass spectra,
regardless of laser wavelength (UV λ ) 337 or λ ) 355 nm, or IR
λ ) 2.94 µm) or time-of-flight analyzer type (linear or reflector).

ESI-MS of Mercury-Derivatized Protein. The results de-
scribed above showed that the mercury-sulfur bond in mercury-
derivatized proteins is labile under MALDI-MS conditions. To
further understand these observations, we turned to ESI-MS,
which offers good control of the electrospray solution conditions.
For example, the solution pH can be freely adjusted, in contrast
to MALDI matrix solutions, which are usually maintained at acidic
pH values for protein analysis. In addition, the electrospray process
produces “cooler” ions (i.e., ions having lower internal energy)
than those produced by MALDI, thus enabling the measurement
of relatively labile ionic species.

Figure 3 shows convoluted ESI-MS spectra of mercury-
derivatized protein. FKBP12 that had been derivatized with EMP
and electrosprayed in 0.1% aqueous TFA solution (pH 1.6) showed
two peaks corresponding to underivatized (P) and derivatized
protein (P + EM) (Figure 3A). Assuming no significant difference
in mass-spectrometric response for underivatized and derivatized
FKBP12, we calculated the extent of derivatization to be 95% on
the basis of the relative heights of the two peaks. Identical patterns
were observed when EMP-treated FKBP12 was electrosprayed
from an aqueous solution of 5% (v/v) acetic acid (pH 2.4, Figure
3B) or from deionized water (pH 5.6, Figure 3C). In all three cases,
the extent of derivatization was g95%. Similar results were
obtained for FKBP12 treated with pCMPS (Figure 3 parts D-F)
where the extent of derivatization was also found to be at least
95%. The electrospray results are distinct from those obtained by

(26) Karas, M.; Hillenkamp, F. Anal. Chem. 1988, 60, 2299-301.

Figure 2. MALDI-MS of p-(chloromercuri)phenylsulfonate-deriva-
tized FKBP12 using two matrixes, (A-C) 4hcca and (D-F) SA. The
pH of the matrix solutions is indicated in each spectrum. Matrix
solutions used in A-F were prepared as described in Figure 1. Peaks
labeled ‘P’ designate the singly charged underivatized protein and
‘P+pMPS’ the singly charged p-(mercuriphenyl)sulfonate derivative.
Peaks labeled with an asterisk (*) represent matrix-related adduct
peaks. Attachment of a second p-(mercuriphenyl)sulfonate group is
also indicated ()) for the sinapinic acid matrix spectra.
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MALDI-MS in that ESI-MS yielded accurate levels of mercury
incorporation for the fully derivatized FKBP12. The standard
quantitation curve shown in Figure 4 confirms this accuracy over
a wide range of derivatization levels.

The high levels of mercury incorporation (g95%) were also
observed under different solution and instrumental electrospray
conditions. For example, electrospraying from strongly acidic
solutions (e.g., 17% aqueous formic acid) resulted in no change
in the level of mercury incorporation even after prolonged

exposure (up to 5 days) of the protein to the strongly acidic
conditions. In addition, increasing the internal energy of electro-
sprayed ions by varying the transport capillary temperatures from
150 to 300 °C and declustering potentials from +40 to +140 V
did not influence the apparent level of mercury incorporation (data
not shown; J. C. Padovan, 1998, unpublished results).

Analysis of Proteins with Higher Molecular Mass and
Proteins Containing Multiple Cysteines. We have applied the
MALDI and ESI methods to proteins with molecular masses as
high as 47 kDa. For example, pCMPS-treated enolase (one
cysteine, Mr ) 46 671) yielded results analogous to those shown
above for FKBP12. MALDI-MS analysis of derivatized enolase
using 4hcca/pH 2.5 matrix solution yielded a mass shift of 361 (
10 Da (expected, 357 Da) and a lower limit of derivatization of
72%. ESI-MS analysis of the same preparation of enolase yielded
a mass shift of 361 ( 5 Da and showed results consistent with
100% derivatization (data not shown).

Likewise, proteins with multiple cysteines can also be analyzed.
Human hemoglobin is composed of an R chain (one cysteine, Mr

) 15 126) and a â chain (two cysteines, Mr ) 15 867). MALDI-
MS analysis of pCMPS-derivatized hemoglobin in SA/pH 3.3
matrix solution showed a singly derivatized peak for the R chain
with a lower limit of derivatization of 89%. For the â chain, the
same MALDI spectrum showed two mass-shifted peaks corre-
sponding to a singly and a doubly derivatized â chain with lower
limits of derivatization of 30 and 45%, respectively. In contrast,
ESI-MS analysis of the same hemoglobin solution showed one
peak for the R chain corresponding to 100% derivatization of its
single cysteinyl residue, and only one peak for the â chain, in
accordance with the full derivatization of its two cysteinyl residues.

MALDI-MS of Protein Crystals. Protein mercuration can be
carried out either in solution or in the protein crystal itself. This
latter method is usually attempted first for X-ray crystallographic
phase determination purposes. If soaking methods fail to produce
a suitably derivatized crystal, solution mercuration is undertaken
followed by new crystallization trials.

We have already described the MALDI- and ESI-MS of protein
derivatized in solution. Our results have shown that ESI-MS yields
accurate information regarding the extent of mercury derivatiza-
tion of proteins whereas MALDI-MS yields a lower estimate of
mercury incorporation. However, we have found MALDI-MS
invaluable to the analysis of single protein crystals. Because
MALDI-MS is highly tolerant of additives used in protein crystal-
lization, it is the method of choice for direct analysis of protein
crystals since ESI-MS would require thorough sample cleanup
prior to analysis.

Figure 5 shows the MALDI mass spectrum of a single protein
crystal of the potassium channel from Streptomyces lividans (KcsA)
following crystal soaking with the mercurating reagent methyl-
mercury chloride. This reagent was observed to yield high levels
of methylmercury incorporation in KcsA by MALDI-MS in earlier
screening experiments (data not shown; S. L. Cohen, 1998,
unpublished results). Two principal peaks were observed in the
mass spectrum of the protein crystal: underivatized KcsA (Ala32Cys
mutant, Mr ) 13 388) and methylmercurated KcsA (shifted 214
Da higher in mass). From the peak heights we determined the
apparent level of derivatization to be 60%, representing a lower
limit of the extent of methylmercury incorporation into the KcsA

Figure 3. Convoluted ESI-MS spectra of FKBP12 derivatized with
ethylmercury phosphate (A-C) and p-(chloromercuri)phenylsulfonate
(D-F). The pH of the electrospray solutions is indicated in each
spectrum. The solutions consisted of 0.1% aqueous trifluoroacetic
acid (A and D), 5% aqueous acetic acid (B and E), and water (C and
F). Two peaks were observed in each convoluted spectrumsone peak
corresponding to underivatized FKBP12 (identified as P) and the other
peak to either EMP-derivatized FKBP12 (P + EM) (panels A-C) or
pCMPS-derivatized FKBP12 (P + pMPS) (panels D-F). (The raw
ESI-MS spectra of derivatized FKBP12 yielded an envelope of multiply
charged peaks from 8+ to 17+ for each component present (data
not shown). The mass-to-charge spectra were converted into spectra
of molecular mass using a deconvolution program developed in our
laboratory at the Rockefeller University).

Figure 4. Standard curve for quantitation of pCMPS-derivatized
FKBP12. The plot was obtained from ESI-MS of solutions with known
ratios of FKBP12 and pCMPS-derivatized FKBP12. Known ratios of
derivatized and underivatized protein were mixed to provide the
“expected level of derivatization”. Linear regression yielded a line with
slope of 1.03 ( 0.04 and a correlation coefficient (r) of 0.994. Bars
represent standard deviation, n ) 3.
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protein crystal. However, knowledge of this level of mercuration
was sufficient to proceed to the X-ray analysis and phase deter-
mination of the KcsA protein.14

SUMMARY AND CONCLUSIONS
Mass spectrometry has matured into a useful tool for structural

biology. MALDI- and ESI-MS allow ready assessment of the
correctness of expression and purity of recombinant proteins27-29

as well as provide a facile means to determine precise compact
folding domains.30 In this paper, we have shown that mass
spectrometry also provides useful information concerning the
incorporation of heavy atoms into proteins for X-ray phase
determination. In particular, our study shows that both MALDI-
and ESI-MS can be used to analyze the level of mercury
incorporation in mercury-derivatized proteins, although the two
methods exhibit significant differences (see below).

ESI-MS. The linear standard curve shown in Figure 4
demonstrates that ESI-MS provides an accurate determination of
the level of mercury incorporation in proteins. The measured level
of incorporation as assessed by electrospray mass spectrometry
was independent of the ESI solution pH as well as the desolvation
conditions. Thus, ESI-MS is the method of choice for accurate
determination of mercury incorporation in proteins. For similar
reasons, ESI-MS is likely to be the method of choice for measuring
the incorporation of other heavy metals frequently used for phase
determination. However, ESI-MS has a considerable drawbacks

the necessity for thorough sample cleanup (of salts, buffers, and

other additives) prior to analysis. Because of this need, sample
turnaround and throughput is considerably lower compared with
that observed by MALDI-MS. Thus, the ideal heavy-atom MS
analysis would involve a combination of MALDI (for rapid
screening; see below) and ESI (for high accuracy of derivatiza-
tion).

MALDI-MS. In contrast to the ESI-MS results of fully mer-
curated proteins, which yielded measured incorporation levels
g95%, MALDI-MS of the same fully mercurated proteins exhibited
a broad range of apparent level of mercuration (between 6 and
95%). The MALDI results showed a dependence on the choice of
matrix, matrix solution acidity, and the identity of the mercury
substituent. For similar reasons, caution should be taken in
analyzing protein derivatized by reagents containing heavy atoms
other than mercury. (Note: an exception is the analysis of proteins
containing the nonlabile selenomethionyl group, often used for
phasing.4 Both MALDI- and ESI-MS provide accurate levels of
selenomethionine incorporation31 (S. L. Cohen, 1998, unpublished
results)). Although not as accurate as ESI in determining the
extent of derivatization for heavy atoms such as mercury, MALDI
does provide a useful lower limit to the level of metal incorporation
through the use of an appropriate matrix and matrix solution
combination. We have consistently found that the high throughput
capabilities and quick turnaround of information make MALDI-
MS a more practical choice over ESI-MS in the analysis of heavy-
atom derivatized proteins. A good example is the structural
determination of the potassium channel from Streptomyces li-
vidans.14 MALDI-MS provided useful information in a timely
mannersfirst guiding in the selection of suitable heavy-atom
reagents and derivatization conditions and ultimately in identifying
protein crystals that were likely to yield useful X-ray diffraction
phase data.

Glossary. EM, ethylmercury; EMP, ethylmercury phosphate;
ESI, electrospray ionization; FKBP12, FK506-binding protein 12;
4hcca, R-cyano-4-hydroxy-cinnamic acid; IR, infrared; KcsA, the
potassium channel from Streptomyces lividans; MALDI, matrix-
assisted laser desorption/ionization; MMC, methylmercury chlo-
ride; MS, mass spectrometry; pMPS, p-(mercuri)phenylsulfonate;
pCMPS, p-(chloromercuri)phenylsulfonate, monosodium salt; TFA,
trifluoroacetic acid; SA, sinapinic acid; UV, ultraviolet.
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Figure 5. MALDI-MS of a single crystal of the Streptomyces lividans
potassium channel protein, KcsA. The crystal was soaked in mother-
liquor solution spiked with methylmercury chloride prior to MS analysis
(see Experimental Section). The spectrum was obtained from a
saturated solution of 4hcca in 0.1% trifluoroacetic acid/acetonitrile (2:1
v/v) at pH 2.0. (Although sinapinic acid matrix would have been a
better choice of matrix (see text), we used 4hcca because it gave a
superior protein response.) Peaks corresponding to underivatized (P)
and methylmercury-derivatized (P + MM) KcsA are labeled. The
smaller peaks on the left side of the peak labeled ‘P’ correspond to
N-terminal heterogeneity of the expressed recombinant KcsA protein.
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