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The unambiguous detection of noncovalent complexes (NCCs) by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) is still a far cry from being routine. For protein NCCs such
as their quaternary structure it has been reported that signals of the intact complex are only obtained
for the first or at most the first few laser exposures of a given sample area. This observation was called
the first-shot phenomenon. In the present study, this first-shot phenomenon has been investigated for
the hexameric protein complex allophycocyanine (APC) by two independent methods, MALDI-MS
with a (nearly) pH-neutral matrix 6-aza-2-thiothymine (6-ATT) and by imaging the fluorescence of the
complex in APC-6-ATT preparations by confocal laser scan microscopy (CLSM). The intact APC
heterohexamer loses its visible fluorescence upon dissociation into its subunits. Both methods
consistently show that intact APC complexes are precipitated at the matrix crystal surface, but
dissociate upon incorporation into the matrix crystals. (J Am Soc Mass Spectrom 2006, 17, 1599–1604)
© 2006 American Society for Mass Spectrometry

Many biological processes are governed by the
specific interactions of biopolymers with each
other. The investigation of the formation of

noncovalent complexes is, thus, of general interest in
modern science. Despite the wide spread applications of
MALDI-MS for proteomics, noncovalent complexes
(NCCs) of proteins and other molecules of biological
significance are mainly analyzed by electrospray ioniza-
tion� (ESI-MS)� [1–�4].� From� early� on,� it� appeared� that� the
MALDI process does not lend itself easily to the unam-
biguous detection of many, if not most, noncovalent
complexes. Nevertheless, the detection of NCCs by
MALDI-MS has been reported in several publications
[5–11].� A� physiological� pH� of� the� matrix� is� generally
considered conducive to the detection of specific complex
signals, but signals of complexes have also been obtained
with acidic matrices such as ferulic or nicotinic acid.

Several attempts have been made to develop an unam-
biguous protocol for the detection of intact NCCs of large
proteins by MALDI-MS. The problem is complicated by
the fact that in MALDI spectra, one frequently observes
signals of nonspecific complexes, formed most probably
in� the� plume� upon� laser� desorption� [12].� As� one� of� the
unambiguous criteria, it was postulated that the signal of
the NCC must be more intense than that of any of its
components. Replacement of one of the components of the
complex by a less specific one has also been used to verify
the�specificity�of�the�recorded�signal�[6,�8].�Rosinke�et�al.
observed� a� so-called� first-shot� phenomenon� [13],� which

has� been� verified� in� several� other� publications� [14�–16].
The first-shot phenomenon describes the observation that
signals of specific noncovalent protein complexes are
often detected as base peak in MALDI-mass spectra for
the first or the first few exposures of a given sample spot
only, whereas the signals of the single subunits dominate
the� spectra� of� subsequent� irradiations� [14].� There� are
several different possibilities to explain this observation.
One holds that the NCCs are incorporated homoge-
neously into the crystal lattice but the penetrating UV
radiation of the first laser shot destroys the NCCs in
deeper layers. This possibility was excluded by Rosinke et
al.� [13],�who�exposed�the�samples� to�a�high�dose�of�CW
UV radiation without affecting the intact NCCs seen in the
first-shot spectra. Another explanation assumes that the
NCCs dissociate upon inclusion into the matrix crystals
leaving only intact complexes precipitated at the crystal
surface. This explanation was suggested by Cohen et al.
[14].�These�authors�assume�that�intact�NCCs�on�the�crystal
surface still have sufficient interaction with the matrix to
be successfully desorbed and ionized. Zehl et al. chal-
lenged this concept with the suggestion that the laser
pulse energy is the most crucial parameter for the success-
ful� detection� of� large� protein� NCCs� [17,� 18].� They� sug-
gested that NCCs are incorporated into the bulk crystals,
but NCCs on surfaces are not completely surrounded by
matrix. Thus, less energy is necessary to desorb (and
ionize) complexes from the surface as compared to those
fully� incorporated� [18].� An� increased� laser� pulse� energy
leads to a harsher desorption process, which is much more
unfavorable for the detection of intact NCCs. It should be
noted that the first-shot phenomenon is not observed for
all analyte–matrix combinations and not for complexes
such as protein–DNA interaction or DNA–DNA interac-
tion,�e.g.,�double�helices,�[11,�19�–22].
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In a separate publication, it was shown that confocal
laser scanning microscopy (CLSM) can be used to localize
proteins in matrix crystals, if covalently labeled with a
suitable, pH-independent fluorophore, e.g., Texas Red
[23].�As� the� fluorophore� is� covalently� labeled� to�a�single
analyte molecule, this labeling technique, unfortunately,
does not discriminate between specific and nonspecific
analyte interactions. To overcome these difficulties, allo-
phycocyanine (APC), a noncovalent 107 kDa protein het-
erohexamer, was chosen as analyte molecule in the
present study for MALDI-MS and independent CLSM-
imaging because it exhibits specific fluorescence proper-
ties�in�dependence�of�its�quaternary�structure�[24�–27]�and
shows the first-shot phenomenon when analyzed in a
6-aza-2-thiothymine matrix.

In this study, MALDI-MS and CLSM are used to
investigate the localization of intact APC as an example
for a large protein noncovalent complex. The analyte
distribution found gives evidence for the explanation of
the first-shot phenomenon of large protein NCCs attrib-
utable to analyte precipitation at the crystal surfaces as
introduced by Cohen et al.

Materials and Methods

Materials

The matrices 6-azo-2-thiothymine (6-ATT) and 2,5-dihy-
droxybenzoic acid (2,5-DHB) were obtained from Sigma-
Aldrich, Steinheim, Germany. 2,5-DHB was purified fol-
lowing� the�protocol� described�before� [23].�Both�matrices
were prepared as aqueous solutions at a concentration of
10 g/l in doubly distilled water (H2Obidest). 2,5-DHB was
used in a mixture of 9 parts 2,5-DHB and 1 part 2-hy-
droxy-5-methoxybenzoic acid (Sigma-Aldrich) at 10 g/l
solved in pure ethanol (Merck, Darmstadt, Germany)
(DHBs). Texas Red (TR) labeled avidin (TR-avidin) was
supplied by Molecular Probes (Invitrogen, Breda, The
Netherlands). A mass spectrometric analysis ascertained
that TR was covalently bound to single avidin subunits
and that no free dye molecules were present in the
samples. The sample was dissolved in H2Obidest at a
concentration of 10�4 M. Allophycocyanin (APC) was
obtained from ProZyme (San Leonardo, CA) in a buffered
solution with a concentration of 1.6*10�4 M. The buffer
system of the original sample solution was exchanged
against ammonium acetate buffer with a concentration of
25 mM and pH 7.5, which is more convenient for further
MALDI-analysis. The resulting APC-solution was stored
at 4 °C till further use. BODIPY495/503 from Molecular
Probes was used to stain the standard immersion oil to
enhance the contrast of the CLSM-images.

Preparations

Single crystals of 6-ATT were grown by evaporation of
solvent from a saturated solution of 6-ATT in H2Obidest.
Seven hundred fifty �l of this solution was mixed with an
appropriate amount of the analyte solution to achieve the

desired molar analyte-to-matrix ratio (A/M-ratio). The
final solution was stored open in a dark, quiet location for
several days until crystals had grown. The crystals were
separated from the mother liquor by filtration, washed
with 4 °C cold H2Obidest, dried, and immediately imaged
by CLSM. For this purpose, the single crystals were placed
on a microscope slide. A cavity around the crystals was
formed by double-sided adhesive tape. This cavity was
filled with BODIPY495/503 dyed standard immersion oil
and closed with a cover slip. Dried-droplet preparations
were prepared by mixing adequate volumes of matrix and
analyte solutions to achieve the desired A/M-ratio either
on a metal target for MALDI-MS, or on a cover slide in
case CLSM-imaging was performed in addition to the
MALDI analysis.

Instrumentation

For the mass spectrometry a modified VISION 2000
(Finnigan MAT, Bremen, Germany) was used in the
reflectron mode with 12 kV acceleration voltage in the ion
source and 20 kV post acceleration for ion detection. The
mass spectrometer was equipped with a nitrogen laser
(LSI/Spectra Physics/Newport, Mountain View, CA)
with a wavelength of 337 nm. Laser pulse energy was
adjusted slightly above ion detection threshold to achieve
a better signal-to-noise ratio in a single mass spectrum. For
further improvement of this ratio, up to 20 single mass
spectra of the given setting but from different spots were
accumulated. A Leica TCS (Wetzlar, Germany) was used
for the confocal laser scanning microscopy (CLSM) to
image the sample fluorescence. The instrument was
equipped with an Ar-Kr-laser, and a 63x-oil-immersion
objective with a numerical aperture of 1.32. For TR-avidin
measurements, the excitation wavelength was set to 568
nm while fluorescence above a wavelength of 590 nm was
detected. 647 nm was used as excitation wavelength for
APC, while the emission was detected above a wave-
length of 665 nm. A CLSM shadowgraph was obtained by
exciting the BODIPY495/503 fluorescence at a wavelength
of 488 nm and imaging its fluorescence in the wavelength
range between 515 nm and 545 nm. The excitation irradi-
ance was adjusted to avoid photobleaching during data
acquisition. The size of the pinhole was set to a diameter
of 75% of the Airy disk in the image plane and a 4- to
8-fold frame averaging was used to optimize data acqui-
sition. A RF-5001PC spectrofluorometer (Shimadzu, Eu-
rope, Duisburg, Germany) was used to measure the
fluorescence of APC in different solutions.

Results and Discussion

The detection of the intact NCC of APC by MALDI-MS
with� a� 6-ATT� matrix� is� demonstrated� in� Figure� 1a.� It
shows the mass spectrum of a dried-droplet preparation
with only first shots onto a given spot summed. In this
mass spectrum, the hexamer is the base peak of the
spectrum, while the distribution of singly charged sub-
units and multiply charged complexes shows the MALDI-
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specific decrease in intensity of unspecific analyte aggre-
gations. In this spectrum, even the signal of the
dodecamer, which represents the unspecific dimer of the
(native) hexamer, is detected at an intensity well above
that of the rest of the (unspecific) oligomers. For the mass
spectrum�of�Figure�1b�the�second�and�up�to�30�following
shots onto a given spot were accumulated. The peaks of
the single subunits are the most intense peaks in this mass
spectrum and the intensity of the (mostly nonspecific)
hexamer fits the expected exponential decline of signal
intensity with increasing mass. The outstanding intensity
of�the�hexamer�in�the�mass�spectrum�of�Figure�1a,�taken
only from first shots onto a given spot, is interpreted as
evidence of a specific noncovalent complex and represent-
ing� the� first-shot�phenomenon� [13–15].�Only� subunits�of
APC could be observed using DHBs as matrix (data not
shown).

In a former study, it had been shown that certain
matrix substances, e.g., 2,6-dihydroxybenzoic acid, ex-

clude�all�analyte�molecules�from�their�crystals�lattice�[23,
28].� In� a� first� step� the� incorporation� behavior� of� 6-ATT
was, therefore, investigated using the same protocol as
given� by� Horneffer� et� al.� [23].� Single� crystals� of� 6-ATT
were grown by evaporation of the solvent. Texas Red (TR)
labeled avidin was added to the solution to result in a
molar�A/M-ratio�of�2.2*10�5.�Figure�2�shows�representa-
tive confocal xy- and xz-sections of a 6-ATT-single crystal
doped with TR-avidin. The images on the left side show
the fluorescence of the immersion oil stained with
BODIPY495/503 to outline the crystal shapes. For the
interpretation�of�Figure�2c,�it�must�be�kept�in�mind�that�the
crystal casts a shadow in the z-direction attributable to
optical effects such as refraction and birefringence. There-
fore, the bottom edge is difficult to identify and is indi-
cated in the figure by a dashed line. The right-hand sided
images show the fluorescence of TR-avidin. The line in
Figure�2b�indicates�the�location�of�the�xz-scan,�seen�in
Figure�2d�and�vice�versa.�Comparing�the�images,�two
important details can be observed. On the one hand,
TR-fluorescence can be detected clearly out of the
inner bulk of the crystal. This indicates that 6-ATT
incorporates proteins into its crystal lattice. On the
other hand, an increased fluorescence intensity can
observed at the crystal edges. Unfortunately, within
this experiment it cannot be differentiated whether
this increase derives from optical effects as observed
earlier�[23]�or�from�augmented�protein�attachment�at
the matrix crystal surfaces.

(a) (b)

(c) (d)

oil analyte
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y

Figure 2. CLSM-xy- and xz-sections of 6-ATT-single crystals
doped with TR-avidin. The molar A/M-ratio was 2,2*10�5;. (a)
and (b) show xy-sections, (c) and (d) xz-sections. The images on
the left show the BODIPY495/503-immersion oil fluorescence, the
images on the right the fluorescence of TR-avidin. The line in (b)
represents the location of the xz-scan presented in (d), and in (d)
the location of the xy-scan, respectively. The dashed line in (c)
indicates the bottom edge of the crystal as it is difficult to identify.
See scale bars for dimension.
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Figure 1. Mass spectra of 6-ATT dried-droplet preparation with
APC as analyte molecules. (a) Only first shots onto 20 different
spots were accumulated. The APC hexamer is the base peak in the
mass spectrum. (b) Second and up to 30 following shots onto a
given spot were accumulated. Peaks of single APC subunits and
their nonspecific multimers are the most intense peaks in the mass
spectrum.
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To ascertain that analyte incorporation takes place not
only for slowly growing single crystals but also for stan-
dard� dried-droplet� preparations� crystals� from� the� latter
were� CLSM� imaged� as� well.� Figure� 3� shows� a� confocal
xy-section through a representative 6-ATT-crystal of a
dried-droplet preparation with TR-avidin as analyte mol-
ecule and a molar A/M-ratio of 3*10�5. Again, the left
image shows the shape of the crystal and the right image
the fluorescence of TR. The observations are similar to
those of single crystals, i.e., analyte signals from the bulk
volume of the crystals are recorded, which indicates the
incorporation of analyte molecules into the crystal lattice.
The congruent incorporation behavior of single crystals
and crystals grown from dried-droplet preparation is in
good� agreement� to� earlier� investigations� [23].� A� more
detailed discussion of the inhomogeneous fluorescence of
doubly refracting crystals in an immersion liquid, the
enhanced fluorescence from edges in particular, is given
in that reference. The main results of this experiment can
be summarized as: (1) fluorescence signals from the bulk
volume of 6-ATT-crystals prove that 6-ATT incorporates
protein analyte molecules, and (2) fluorescence intensity
appears increased at the crystal edges. Unfortunately, the
fluorescence of TR-avidin does not permit a differentiation
between the specific formation its NCCs, in this case the
homotetramer TR-avidin, and the dissociation into the
subunits or their unspecific agglomeration. For this pur-
pose, the specific fluorescence properties of APC offer an
interesting alternative.

APC was chosen as a NCC for this study because of its
specific fluorescence properties, which can serve as an
independent�control�of� the�quaternary�structure� [24�–27].
The NCC of APC is a homotrimer of three heterodimers
resulting in an hexamer. The heterodimer consists of two
subunits, an �-chain of 17,260 Da and a �-chain of 17,344
Da. Each of the subunits contains a phycocyanobilin
molecule bound covalently as prosthetic group. APC
exhibits different fluorescence properties, depending on
the conformation and because of different interactions of
the phycocyanobilin tetrapyrrole chromophores with each
other. In the hexamer the prosthetics groups of two
neighboring heterodimers are in close enough proximity
to facilitated exciton energy-transfer after fluorescence

excitation. This close localization results in an intense
maximum of absorption at 650 nm and a strong fluores-
cence around 660 nm. This configuration also protects the
two prosthetic groups against direct effects of the sur-
rounding medium because they are located inside the
NCC� [26,� 27].� In� acidic� solution� the� hexamer� dissociates
into the three dimers and on into the single �- and
�-subunits. For the heterodimer, the absorption shifts to
620 nm and the fluorescence emission to 630 nm. How-
ever, in the absence of high concentration of chaotropic
salts such as 1M NaClO4, their dissociation is about two
orders of magnitude faster than that of the hexamer, so the
heterodimer�equilibrium�concentration�remains�negligibly
small� compared� to� that� of� the� subunits� [29].� Single� sub-
units show a weak absorption in the range of 530 nm to
650 nm and negligible fluorescence. Thus, any fluores-
cence signal excited at 647 nm and detected above a
wavelength of 665 nm must derive from an intact APC-
hexamer.

To examine the stability of APC, its fluorescence was
first measured in different solutions: in 25 mM ammo-
nium acetate buffer (pH 7.5), in doubly distilled water (pH
7.0), in an aqueous 6-ATT-solution (10 g/l, pH 5.5), and in
an aqueous 2,5-DHB-solution (10 g/l, pH 2.4). The con-
centration of the complex was adjusted to 6*10�8 M, far
above�the�dissociation�constant�of�approx.�5*10�10� M�[24,
29].�The�fluorescence�was�excited�at�a�wavelength�of�647
nm and the emission detected in the range above 665 nm,
identical to the parameter setting in the CLSM measure-
ments.� The� results� are� listed� in� Table� 1.� They� show� a
decreasing fluorescence intensity with decreasing pH, as
expected. At the pH of 5.5 of the 6-ATT solution, the
fluorescence indicates that a sizable fraction of the protein
is still in the hexameric state whereas no fluorescence can
be detected at the pH of 2.4 of the 2,5-DHB solution at
which protein noncovalent complexes are fully dissoci-
ated. The fluorescence signal of the APC-hexamer can,
therefore, be taken as a measure of the dissociation state in
the CLSM images. The pH-dependence as such does not
explain the occurrence of the first-shot-phenomenon, in
particular as this is observed at the near neutral pH of
matrices such as 6-ATT or the hydroxyacetophenones.

To localize intact NCCs of APC in MALDI samples,
CLSM measurements were performed as described before
[23].�In�a�first�set�of�experiments,�single�crystals�of�6-ATT
were grown in the presence of APC at a molar A/M-ratio
of approximately 10�5. After harvesting and washing the
crystals,�they�were�analyzed�by�CLSM.�Figure�4�shows�xy-
and xz-sections of a single such crystal. The left row of

Table 1. Fluorescence of APC in different solutions given in
arbitrary units using 647 nm wavelength for excitation and
detecting wavelengths above 665 nm for emission

Buffer,
pH 7.5

H2Obidest,
pH 7.0

6-ATT-
solution,
pH 5.5

2,5-DHB-
solution,
pH 2.4

Fluorescence
[a.u.]

50 20 5 0

oil analyte

15 µm

Figure 3. CLSM-xy-section of a dried-droplet preparation of
6-ATT with TR-avidin. The molar A/M-ratio was 3*10�5. The left
image on the left shows the BODIPY495/503-immersion oil fluo-
rescence, image on the right the fluorescence of TR covalently
bound to avidin subunits. See scale bar for dimension.
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images shows the shape of the crystal through the fluo-
rescence of the BODIPY495/503 stained immersion oil.
The right row of images shows the fluorescence the intact
NCC�of�APC.�The�line�in�Figure�4b�indicates�the�location
of�the�xz-scan�(Figure�4d)�and�vice�versa.�Comparing�oil
and analyte images, it is obvious that a fluorescence signal
of the intact APC can be detected from the crystal edges
only and not from the bulk volume of the crystals. As the
crystals�in�Figure�2�(TR-avidin�as�analyte�molecules)�and
Figure�4�(APC�as�analyte�molecules)�are�observed�under
similar conditions, the lack of fluorescence from the inner
part�of�the�crystal�in�Figure�4�cannot�be�explained�simply
by� the� optical� artifacts� discussed� before� [23].� Therefore,
this observation is interpreted as a strong indication that
intact APC hexamers can only be found at the crystal
surface. Unfortunately, no mass spectrometry could be
performed on these small and fragile single crystals.
Dried-droplet preparations of 6-ATT and APC as analyte
were, therefore, investigated in addition.

Figure�5�shows�a�confocal�xy-section�of�a�representative
6-ATT-crystal of a dried-droplet preparation with APC as
analyte molecule in a molar A/M-ratio of approximately
10�5. The left image again shows the shadowgraph of the
crystal and the right image the APC fluorescence. The
observations are similar to those obtained from single
crystals; the fluorescence of intact APC can be identified at
the crystal surface only. Because the crystals of this dried-
droplet preparation had not been washed, the fluores-
cence is more intense than that of washed single crystals.
The�spectra�shown�in�Figure�1�were�obtained�from�such

dried-droplet preparations. Only a very weak, almost
negligible signal of the fluorescence of the hexameric APC
could be detected at the outer edge of a crystal of an APC
doped�2,5-DHB�preparation�as� shown� in�Figure�6.�Mass
spectra of these preparations contained only signals of the
APC-subunits (data not shown), similar to the spectrum of
Figure�1b�and�in�agreement�with�the�loss�of�APC-fluores-
cence�in�the�2,5-DHB�solution�(Table�1).

Conclusions

The two independent methods of MALDI-MS and CLSM
consistently show that the hexameric quaternary structure
of the APC-NCC is conserved only for molecules localized
at the surface of 6-ATT-matrix crystals. Upon incorpora-
tion, both the fluorescence is lost as well as the base signal
of the complex in the mass spectrum. These observations
support the model presented by Cohen et al. as explana-
tion� for� the� first-shot� phenomenon� [14].� Although� this
model has been corroborated by CLSM imaging for only
the one complex of APC, there is good reason to assume
that it holds as well for other large protein NCCs, for

(a) (b)

(c) (d)

oil analyte

20 µm

7,8 µm

x

z

x

y

Figure 4. CLSM-xy- and xz-sections of 6-ATT-single crystals
doped with APC. The molar A/M-ratio was approx. 10�5; (a) and
(b) show xy-sections, (c) and (d) xz-sections. The images on the left
show the BODIPY495/503-immersion oil fluorescence, images on
the right the fluorescence of the intact NCC of APC. The line in (b)
represents the location of the xz-scan shown in the bottom part,
and�in�(d)�the�location�of�the�xy-scan,�respectively.�See�scale�bars
for dimension.

15 µm

oil analyte

Figure 5. CLSM-xy-sections of dried-droplet preparation of
6-ATT with APC as analyte molecule. The molar A/M-ratio is
approximately 10�5. The image on the left shows the BODIPY495/
503-immersion oil fluorescence, the image on the right the fluo-
rescence of the intact NCC of APC. See scale bar for dimension.

oil analyte

15 µm

Figure 6. CLSM-xy-sections of dried-droplet preparation of
DHBs with APC. The molar A/M-ratio was approximately 10�5.
The image on the left shows the BODIPY495/503-immersion oil
fluorescence, the image on the right the fluorescence of the intact
NCC of APC. The arrow indicates a location of the small intensity
fluorescence of the intact NCC of APC. See scale bar for dimen-
sion.
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which the first-shot phenomenon in MALDI-MS is ob-
served.*

At first sight, this result seems to contradict the obser-
vation of Zehl et al. who had reported that signals of
NCCs of proteins can be obtained for up to 10 exposures
of a given sample spot, provided the laser fluence is
chosen low enough. This can, however, be rationalized
with the notion of a surface localization of the NCCs, if
one considers that for fluences very close to ion detection
threshold less than a full monolayer is desorbed, particu-
larly if a nonuniform, e.g., near Gaussian, laser beam
profile is used. Why NCCs dissociate upon incorporation
into matrix crystals is not known, as is the mechanism for
incorporation in general. Earlier attempts to find a corre-
lation between the crystal structure and the presence or
lack�of�incorporation�have�been�unsuccessful�[28].�The�fact
that NCCs seem to survive intact only for surface ad-
sorbed species is somewhat surprising, particularly for
desorption out of acidic matrices such as nicotinic and
ferulic� acid� [13],� because� they� remain� the� longest� in� the
low pH solution. This is also one of the reasons why the
desorption of intact protein NCCs by UV-MALDI is so
difficult. It has been shown before that analyte molecules,
localized strictly at the surface of matrix crystals, experi-
ence a significantly harsher desorption as compared to the
incorporated�ones�[30,�31].

The findings reported in this paper cannot be extrapo-
lated to NCCs that contain other than only protein
components such as peptides, nucleic acids, etc. For such
complexes, the first-shot phenomenon has indeed not
been observed. The detection of NCCs by MALDI-MS
remains difficult in general. Optimal choice of matrix
preparation techniques as well as laser wavelength and
fluence must be determined individually for almost
each single case. However, in cases where electrospray
cannot be used, e.g., because of sample contaminants,
MALDI-MS can be used if enough care is taken to opti-
mize the procedure.
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