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Abstract 

The inclusion of protein contaminants into crystals of turkey egg white lysozyme (TEWL) was investigated by 
electrospray mass spectrometry of the dissolved crystals. The results show that significant amounts of the structurally 
related contaminant hen egg white lysozyme (HEWL) are included in the crystals of TEWL. The structurally unrelated 
contaminant RNAse A, on the other hand, is not included. The X-ray diffraction data statistics of a hybrid TEWL/HEWL 
crystal and  an uncontaminated TEWL crystal were of similar quality. This indicates that, even though the crystals 
contain much higher levels of the contaminant than one would have expected after a recrystallization experiment, they 
are still suitable for X-ray diffraction experiments. However, attempts to detect the presence of the contaminant in the 
crystal by crystallographic structure refinement did not yield conclusive results. 
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Impurities being an inherent problem to protein crystallization, we 
have investigated the effects of an added impurity (a contaminant) 
on protein crystallization and on the quality of the resulting pro- 
tein crystals. Turkey egg white lysozyme contaminated by hen 
egg white lysozyme was used (Abergel et al., 1991). This co- 
crystallization leads to TEWL crystals with a shortened c-axis, 
without changing the original hexagonal symmetry of the  crys- 
tals (Abergel et al., 1991; Provost & Robert, 1995; Hirschler & 
Fontecilla-Camps, 1996). This shortening effect is specifically in- 
duced by HEW, a contaminant of closely related structure that 
only differs from TEWL by 7 of the total 129 residues. Subsequent 
kinetic measurements have shown that the modified crystal mor- 
phology is induced by interactions between HEWL and the crystal 
surface, reducing the face growth rates of one of the  two displayed 
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sets of crystal faces  (Hirschler & Fontecilla-Camps, 1997). TEWL 
solutions were also contaminated by RNAse A (Fontecilla-Camps 
et al., 1994), a protein similar to  TEWL in molecular weight and 
isoelectric point, but of unrelated three-dimensional structure. These 
crystals did not show any morphological changes  (Hirschler & 
Fontecilla-Camps, 1996), indicating that the effect of HEW is 
specific. 

Subsequently, we became interested in the exact composition of 
the TEWL crystals obtained from HEWL-contaminated solution. 
Judging from the known procedure of protein recrystallization used 
to remove protein impurities, we expected a very low degree of 
HEWL included into  the  TEWL crystals. Yet chromatographic 
analysis of TEWL crystals grown from HEWL-contaminated so- 
lution had already indicated some contaminant inclusion (Abergel 
et al., 1991). From final W-measured protein concentration of 
equilibrated crystallization droplets, we were able to estimate the 
extent of this inclusion (Hirschler & Fontecilla-Camps, 1996). 
According to these preliminary results, the TEWL crystals contain 
significant amounts of co-crystallized HEWL, which indicates that 
a recrystallization procedure to separate these two lysozymes would 
be ineffective. In order to verify these results by a more precise and 
direct technique, we turned to ESI-MS, a sensitive tool to detect 
even minor protein inhomogeneities (e.g., Siuzdak, 1994). Prelim- 
inary ESI-MS tests to distinguish between the two lysozymes were 
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successful, giving molecular weights of 14,201 k 1.4 Da for TEWL 
and 14,305 * 1.4 Da  for HEWL. Subsequently, we started a series 
of ESI-MS measurements on dissolved HEW-contaminated TEWL 
crystals in order to determine directly their HEWL/TEWL ratios. 
As a control, we also analyzed TEWL crystals from an RNAse 
A-contaminated solution. 

In a next step, we wanted to study the effect of HEWL inclusion 
on TEWL crystal quality. Previously obtained precession photo- 
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graphs had indicated that HEW-contaminated TEWL crystals are 
still capable of diffracting X-rays (Abergel et al., 1991). In a more 
detailed approach, we have compared the statistics of the X-ray 
diffraction data from an uncontaminated and a HEWL-contaminated 
TEWL crystal. Subsequently, we have refined the crystallographic 
structure against the collected diffraction data from a TEWL/ 
HEWL crystal. Using the obtained electron density maps, we have 
investigated the contaminant’s presence in the crystals. 
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Fig. 1. A: ESI mass spectra of the initial TEWL crystallizing solution contaminated by 30% HEWL. B: Corresponding spectra of the 
dissolved crystal shows a HEWL/TEWL ratio almost as high as that in the initial solution. C: An even higher supernatant HEWL/ 
TEWL ratio is found in the supernatant (see text). Insets show the reconstructed mass spectra obtained by using a deconvolution 
algorithm (Perkin-Elmer Sciex). 



Contaminated protein crystal analysis by ESI-MS 187 

To our knowledge, this represents the first determination of 
relative contaminant contents in protein crystals by ESI-MS. 

Results 

ESI-MS analyses of contaminated crystals 

As determined from the reconstructed spectra  (Fig. l),  the rinsed 
and dissolved contaminated crystals analyzed by ESI-MS yielded 
HEWL/TEWL ratios that were nearly as high as those found in the 
initial crystallizing solutions, at the four different contamination 
levels used (Table 1). The subsequent analyses of the supematants 
yielded HEWL/TEWL ratios that were significantly higher than 
those of the initial crystallizing solutions. In the example given 
in  Figure  1,  the  supernatant  solution  contained  66% HEWL 
(Fig. IC), whereas the initial crystallizing solution had contained 
30% HEWL  (Fig.  1A).  The rinsing solutions, on the other hand, 
did not contain any HEWL and were therefore not considered in 
further analyses. 

In the case of RNAse A, we recorded the spectra of the protein 
alone (Fig.  2A) and in the presence of TEWL (Fig. 2B; there are 
modifications of the RNAse A change state distribution (CSD)  due 
to TEWL). The analysis of a crystal of TEWL contaminated by 
30% RNAse A did not reveal any trace of contaminant in the 
crystals  (Fig. 2C). Yet, RNAse A was detected in high concentra- 
tions in the corresponding supernatants (Fig. 2D), confirming that 
the TEWL crystals do not include the RNAse A contaminant. 

Using the same ESI-MS protocol, we verified reproducibility 
and accuracy of the values obtained for the HEWL/TEWL ratios. 
Taking four  TEWL solutions contaminated at different levels from 
15% to 37% HEWL (total protein concentration of 30 mg/mL), we 
repeated each ESI-MS measurement 10 times and calculated for 
each of the four solutions the corresponding RMSD. As can be 
seen from Table 2, the RMSDs are small compared to the exper- 
imental results and do not vary systematically with the HEW/ 
TEWL ratio. 

X-ray diffraction results and model  refinement 

The TEWL crystal obtained in the presence of 32% HEWL dif- 
fracted to 2.1 A resolution with ( I ) / u ( I )  = 9.7 (Table 3). The 

Table 1. Relative percentages of HEWL and of RNAse A in 
TEWL crystals (w/w total protein) and in supematants at 
different contamination levels in the  initial  Crystallizing 
solution (respective SD for averaged values in parentheses) 
determined by ESI-MS 

Contaminant content in 

Initial solution 
(a) 

HEWL 16 
HEWL 22.5 
HEWL 32 
HEWL 37.5 
RNAse A 30 

13.5 (2.1) 46 (1.7) 
18 (0) 55 (0) 
24 (6.2) 66 (2.6) 
31.5 (5.8) 68 (2.9) 
No trace - 

diffraction statistics compare well to those of an uncontaminated 
TEWL crystal; only its R,, being somewhat higher. Also, its cell 
parameters (a = b = 71.9 A, c = 85.5 A, (Y = f i  = 90". y = 120") 
agree closely with those of the uncontaminated TEWL crystals 
(a  = b = 73.2 A, c = 86.8 A). Both crystals belong to the 
hexagonal space  group P6,22 (see also Hirschler 8z Fontecilla- 
Camps, 1996). The  final refined model contains 129 residues and 
51 water molecules and has good stereochemistry. Four Arg side 
chains situated on the molecular surface are ill-defined. The free 
R-factor of the model is  0.26%. 

Examination of the electron density map at the seven posi- 
tions where the two lysozymes differ did not give conclusive 
results for the contaminant's presence. For  example, there is no 
electron density around Gly 101, which is replaced by Asp 101 
in HEW. However, some indications suggest the contaminant's 
presence. An example  is the 2F0 - F, omit map around residue 
Tyr 3. Using a 1 . 0 ~  cut-off, the phenyl ring as well as the 
hydroxyl oxygen atom are well accounted for by the experimen- 
tal electron density. When the cut-off is increased to  1.2u, the 
hydroxyl oxygen lays outside the electron density (Fig. 5A). 
This  is compatible with the contaminant's inclusion having par- 
tially replaced TEWL Tyr 3 + HEWL Phe 3. As a control, we 
examined Tyr 23, which is conserved in HEWL. When the u 
cut-off of the 2F0 - F,. omit map is increased in the  same 
manner, the electron density still accounts for the hydroxyl ox- 
ygen of Tyr 23. These observations hint at the HEWL presence 
in the crystals (Fig. 5B). 

Discussion 

ESI-MS experiments 

The ESI-MS experiments are reproducible and well adapted to 
determine the relative HEWL  content of the crystals and the su- 
pernatants. This can be seen from the low  RMSDs of the 10-fold 
repeated measurements of TEWL solutions contaminated at dif- 
ferent  levels with HEWL (Table 2). Although the ionization- 
desorption process of proteins in aqueous solution in the electrospray 
source is still a subject of debate (e.g., Kebarle & Tang, 1993), it 
is clear that the relative intensities of the respective charge states 
of two very similar proteins (similar structures and CSDs) acquired 
on the same spectra are representative of the proteins' relative 
concentrations. This is illustrated by the TEWLJHEWL spectra 
compared to the TEWL/RNAse A spectra (Figs. 1, 2). In the first 
case, no modification of the  CSD was observed when compared to 

Table 2. Verij'kation of reproducibility of ESI-MS measurements 
on TEWL solutions contaminated by HEWL" 

Average HEWL content 
Series (a) RMSD 

1 14.8 1.40 
2 21.0 1 .OO 
3 30.0 1.33 
4 37.0 1.49 

*RMSDs of HEWL/TEWL ratios determined by ESI-MS for four dif- 
ferent HEWL/TEWL solutions (ranging from 15% to 37% HEWL, 10 
consecutive ESI-MS measurements for each of the four series). 
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Fig. 2. ESI mass spectra of RNAse A alone (A) and of the TEWL crystallizing solution contaminated with 30% RNAse A (B). RNAse 
A is not found in the crystal samples (C), whereas it is observed in the supernatants (D). The phosphate-bound form of RNAse A is 
marked by * in the spectra. 

the CSD of the spectra of TEWL and of HEWL alone. The CSD of 
RNAse A, on the other hand, undergoes a change when acquired in 
the presence of TEWL (whereas the CSD of TEWL  is not affect- 
ed). This result can be explained by a modified ionization-desorption 
process in the mixed solution due to the different properties of the 
two proteins. The experimental RMSDs observed for the HEWL/ 
TEWL ratios (up to 6.2 for 24% HEWL in the crystals, Table 1) 
may be explained by the experimental conditions of crystal growth 
and sample preparation. These deviations are not due to the meth- 
odology itself, as shown by the RMSDs reported in Table 2. 

Using calibration curves derived from internal protein standards 
(e.g., methylated lysozymes) may allow not only determination of 
the relative amount of HEWL (the HEWL/TEWL ratio) in the 
crystals, but also quantification of the amount in absolute terms. 
This, however, was not the aim of our study. 

Crystal contaminant inciusion 

The HEWL/TEWL ratio of the crystals is very high and it comes 
close to the one in the initial crystallizing solution (Table 1). This 
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is shown by ESI-MS analyses of crystals grown from solutions 
contaminated from 16% to 37.5% HEX. The averaged HEWL/ 
TEWL ratio in the  crystals is always slightly lower than that in the 
corresponding initial solution. This also confirms our previously 
obtained preliminary data  on HEWL inclusion into TEWL crystals 
from UV measurements (Hirschler & Fontecilla-Camps, 1996). 
Using a linear approximation for the HEWL inclusion determined 
by ESI-MS  as a function of initial HEWL percentage in solution, 
we obtain a slope of 0.80 (Fig. 3). This tells us that the HEWL/ 
TEWL  ratio  in the crystals corresponds to approximately 80% of 
that present in the initial solutions. The crystals include the prin- 
cipal component TEWL and the contaminant HEWL, with very 
little segregation during their growth. As a first approximation, the 
HEWL/TEWL ratio in the crystals therefore simply corresponds 
to the HEWL/TEWL ratio in the crystallizing solution. The con- 
taminant inclusion is much higher than what could be expected 
after a recrystallization procedure (e.g., McPherson, 1989; McRee, 
1993). Such a procedure to separate the two lysozymes therefore 
would have been ineffective. Yet, because we found no signs of 
RNAse A included in the TEWL crystals, a recrystallization would 
have successfully separated TEWL from this contaminant, which 
is structurally unrelated. These results also confirm our hypothesis 
that only the structurally related contaminant H E W  can be in- 
cluded in the crystal lattice of TEWL. Despite their high degree of 
inclusion, the TEWL/HEWL crystals  are as well-developed as the 
TEWL  crystals obtained from RNAse A-contaminated solutions 
(Fig. 4). We have correlated the similarity of the contaminant’s 
structure first to its influence on the crystal habit (Abergel et  al., 
1991; Hirschler & Fontecilla-Camps, 1996) and then to its inclu- 
sion in the crystals. The coexistence of the two aspects in our case, 
however, is not a general phenomenon, and they are not at all 
necessarily linked. 

As mentioned above, the HEWL concentration in the final su- 
pernatant exceeds that of the initial solution. This is explained by 
the fact that the  HEWL inclusion in the crystals does not corre- 
spond exactly to the HEWL/TEWL ratio in solution, but that it is 
slightly lower. During crystal growth, the concentration of HEWL 
relative to TEWL is thus continuously increasing in the super- 
natant. The lower the TEWL concentration is in solution, the higher 
this enrichment is in relative terms. This continues until the equi- 
librium TEWL concentration is reached. We have modeled this 
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behavior by a series of simple calculations. From known crystal- 
lization droplet parameters and TEWL solubility (1.6 mg/mL, Hirsch- 
ler & Fontecilla-Camps, 1996), we can calculate the final HEWL 
supernatant concentration. For a TEWL solution with 16% initial 
HEWL, for  example, we come up with a final HEWL percentage 
of 41% (see Materials and methods). The corresponding experi- 
mental value is 45.5%. The high supernatant HEWL/TEWL ratios 
(Fig. 3) are thus fully explained by these calculations. 

X-ray data collection and  structure  rejinement 
of HEWL-contaminated TEWL crystal 

In spite of the high degree of HEWL inclusion into the TEWL 
crystals, the hybrid crystals gave X-ray diffraction statistics com- 
parable to those of uncontaminated ones. This suggests that HEWL 
packs well into the TEWL crystal lattice, a result that may be 
explained by the similar three-dimensional structure of the con- 
taminant. Examination of the usual difference electron density maps 
calculated with the final model phases did not furnish clear-cut 
evidence for the contaminant’s presence. Reducing the model bias 
by calculating omit maps for the mutated residue positions gave 
some indications for this (see Fig. 5A,B), but did not yield con- 
clusive results either. It is possible that the lack of electron density 
for several of the HEWL-specific residues results from the rela- 
tively low concentration of contaminant in the crystal, which, ac- 
cording to our  ESI-MS  experiments, was approximately 27%. 
Higher-resolution data may also be instrumental in getting a better 
representation of the hybrid electron density at  the HEWL-specific 
residues. Experiments at a synchrotron radiation source are in 
progress. 

Conclusion 

Using ESI-MS, the degree of contaminant inclusion into TEWL 
crystals upon co-crystallization has been shown to be very signif- 
icant for the HEWL contaminant, and negligible for the RNAse A 
Contaminant. The crystallization of TEWL in the presence of HEWL 
results in HEWL/TEWL hybrid crystals. The HEWL/TEWL ratio 
observed in the crystals is approximately 80% of the one in the 
initial crystallizing solution, indicating that the inclusion of HEWL 
into TEWL crystals is mainly a function of the composition of the 
crystallizing solution. Trying to recrystallize the two lysozymes to 

Table 3. Data collection statistics and crystal parameters of a crystal obtained 
from TEWL solution contaminated by 32% HEWL (w/w of total protein) 
compared to the data of a TEWL crystal from uncontaminated  solution 

TEWL contaminated TEWL 
by HEWL uncontaminated 

Resolution (A) 2.1 2.3 
Number of observations 73,102 3 1,795 
Number of reflections 7,442 5,872 
R,,, (a) 9.8 7.2 
Completeness (9%) 92.7 99.8 
For last shell (95) 2.24-2.1 1 A: 60.9 2.44-2.34 A: 41.2 
Redundancy 9.8 5.41 
I / Z ( I )  9.7 15.9 
Cell dimension (A) a = b = 71.9, c = 85.5 a = b = 73.2, c = 86.8 
Space group P6122 P6122 
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separate them from each other therefore would have been ineffi- 
cient. Despite their high level of HEWL inclusion, the hybrid 
TEWL/HEWL crystals are well-developed and one of them pro- 
duced good X-ray diffraction data. Obviously. the high contami- 
nant concentration in  the crystals does not affect the X-ray diffracting 
power. In our study. we have not been able to show clear-cut 
hybrid electron density at the HEW-specific residues. We believe 
this is due to the combined effect of relatively low contaminant 
concentration in the crystals and not high enough resolution of the 
data. These problems may be overcome by using higher levels of 
contamination and a synchrotron radiation source (work in progress). 

Materials and methods 

Ctyrals with ditferenr contaminant levels 

TEWL was used as purchased (Sigma. crystallized. dialyzed, and 
lyophilized), and HEWL  was filtered three times over  3-kDa filter 
membranes (Microsep 3K for 8 h at 6,OOO*g) prior to use to 
remove low-molecular weight impurities. Weighed TEWL samples 
were dissolved in water to a concentration of 30 mg/mL. HEWL 

Fig. 4. TEWL crystals grown from solution  contaminated hy 32% HEWL 
(Icft) and  from RNAse A-contaminated  solution ( 3 0 9 .  right).  Despite  its 
high HEWL inclusion.  the TEWL/HEWL crystal is as well developed  as 
the TEWL  crystal.  which  did not  include RNAsc A. 

concentrations were determined by UV absorbance measurements 
using a previously established calibration curve. The  TEWL solu- 
tions were then contaminated by HEWL (total TEWL + HEWL 
concentration of 30 mg/mL).  The exact HEWL/TEWL ratios were 
determined by ESI-MS (see below). TEWL  crystals were grown in 
the presence of 16. 22.5, 32, and 37.5% (w/w of total protein) 
HEWL by the vapor-diffusion method at 20°C in sitting drops of 
2 p L  of 30 mg/mL total protein and of 2 p L  precipitant solution 
in Linbro plates as published previously (Hirschler & Fontecilla- 
Camps, 1996). The precipitant solution consisted of 2.40 M NaCI. 
0. I M HEPES buffer (N-[2-hydroxyethyl]piperazine-N"[2-ethane- 
sulfonic acid], Fluka BioChimica), pH 5.8, and 15 mM NaNz added 
as an antibacterial agent. A reservoir volume of 1 mL of the pre- 
cipitant solution was used. Several drops for each crystallization 
condition were set up. After one week, the supernatants of the 
crystallization droplets were carefully removed for ESI-MS mea- 
surements without touching the crystals  (Table l ,  "Supernatants"). 
The  crystals remaining on their sitting-drop  supports were rinsed 
five times with 5 p L  of the precipitant solution IO avoid cracking 
of the crystals and transfemd to Eppendorf tubes ("Initial solu- 
tion"). The  crystals were then translcrred, along with a small ali- 
quot of the precipitant solution, into Eppendorf tubes and dissolved 
by strong agitation ("Crystals"). The same protocols were applied 
to crystals obtained from TEWL solutions contaminated by 3070 
(w/w total protein) RNAse A [at 30 mg/mL total protein concen- 
tration; RNAse A purified as described in Fontecilla-Camps et al. 
( 1994)]. 

ESI-MS experiments 

Mass spectrometry measurements were performed using a Sciex 
API Ill + triple quadrupole mass spectrometer (Perkin-Elmer Sciex. 
Canada) equipped with a nebulizer-assisted electrospray source. 
The instrument was calibrated using polypropylene glycol. Mass 
spectra were acquired by flow injection analysis using a solution of 
25% (v/v) methanol and 1% (v/v) acetic acid in water as the 
infusing solvent. A 1,200-1.900 mass-to-charge ( m k )  ratio was 
used. with steps of 0.5 ( m k )  for a dwell time of 3 ms. When 
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Fig. 5. Superposition of the final TEWL model on the 2F0 - F, omit electron density maps contoured at 1 . 2 ~  around Q r  3 (A) and 
Tyr 23 (B). Increasing the cut-off from 1.0 to 1 . 2 ~ .  the hydroxyl-0 of  Tyr 3 lays outside the electron density. This is compatible with 
the TEWL Tyr 3 -+ HEWL  Phe 3 replacement lowering the electron density around hydroxyl-0. In the  case of  Tyr 23 (conserved in 
HEWL), the electron density still accounts  for the hydroxyl-0  after increasing the u cut-off to 1.2. These observations hint at  the 
contaminant's presence in the crystal. 

necessary, samples  were diluted to 20 pmol/pL before injection. 
The problem of high salt concentration in  the samples was solved 
by acquiring the  spectra using a collision-activated dissociation at 
the interface of the electrospray. The removal of part of the ions 
was thus achieved by varying the orifice voltage from 80 V to 
110 v. 

UifSraction data collection 

Both hybrid TEWL/HEWL and the uncontaminated TEWL crys- 
tals were mounted in  0.7-mm diameter glass capillaries. X-ray 
diffraction data were collected on a Xentronics/Siemens area de- 
tector coupled to a Rigaku RU 200 generator, running at 50 kV and 
100 mA, with a graphite monochromator at 25 "C. The reflections 
were processed, scaled, and reduced with the program package 
XENGEN (Howard  et al., 1987). For the  structure refinement of 
the hybrid crystal, a previously published TEWL crystal structure 
(PDB code 2122, Bott & Sarma,  1976)  was taken as the initial 

model. This model was refined against the diffraction data initially 
using the standard simulated-annealing procedure of the program 
X-PLOR (Briinger, 1992). This was followed by several cycles of 
energy minimization and of individual B-factor refinement. The 
model was graphically modified using the program 0 (Jones et al., 
1991) according to electron density maps calculated with 2F0 - F, 
and F, - F, coefficients. Water molecules were built only in 
plausible hydrogen bonding positions. Omit  maps  were calculated 
for each of the  seven HEW-specific residues in order to remove 
bias from the electron density calculated with model phases. 

Calculating HEWL supernatant  concentration 

For  example, in the case of a 2-pL drop of 30  mg/mL protein 
solution  at 16% HEWL, we can estimate the initial TEWL and 
HEWL amounts to be 0.0504 mg and 0.0096 mg, respectively. 
Based on the reported TEWL solubility (Hirschler & Fontecilla- 
Camps, 1996), we know that 0.0032 mg of TEWL will stay in 
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solution, whereas 0.0472 mg will crystallize. From the ESI-MS 
analysis, we have determined that the crystal contains 13.5% HEW, 
corresponding to 0.0074 mg. Thus, 0.0022 mg of the protein re- 
main in solution. Because the soluble TEWL contribution is equal 
to 0.0032 mg, the relative HEWL content is 41% (neglecting the 
contribution of the HEWL solubility). The corresponding experi- 
mental value is 45.5%. 
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