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In this study the technique of energy-filtering transmission electron microscopy was applied to localize cyanophycin
(CGP) in recombinant strains Bfalstonia eutrophaSince CGP is a polymer consisting of the amino acids aspartate
and arginine, which functions as a temporary nitrogen reserve that is deposited as insoluble inclusions in the
cytoplasm of the cell, its nitrogen content is significantly higher than that of the other cell matter. In this study,
we recorded nitrogen distribution maps, which represent the location of CGP in ultrathin sections of resin-embedded
cells of recombinant strains &. eutrophaexpressing the cyanophycin synthetasénébaenasp. strain PCC

7120. Furthermore, the existence of nitrogen in CGP granules was additionally proven by recording electron
energy-loss spectra. The sampleRotutrophaH16 (pBBR1IMCS-2cphAki,g revealed a second type of granule,
which does not show nitrogen in the corresponding maps and which can be identified as an inclusion containing
poly(3-hydroxybutyric acid). The methods applied in this study are suitable to identify storage compounds with
elevated nitrogen contents and to reveal their location in the bacterial cell. The methods are also very helpful to
distinguish between inclusions of different chemical compositions that occur both at the same time in the cells
but cannot or only hardly be distinguished by other methods.

Introduction addition, it might also be of interest for other applications if
the unknown physical and material properties of this polymer
Cyanophycin (multi--arginyl-poly[.-aspartic acid]), also  are revealed.
referred to as cyanophycin grana protein (CGP), is a non-  polymerization and degradation of this polyamide in cyano-
ribosomally synthesized protein-like polymer that was discov- pacteria are catalyzed by cyanophycin synthetase and cyano-
ered about 120 years ago in cyanobactériEhe polymer  phycinase, respectively. Both enzymes are encoded by con-
consists typically of equimolar amounts of aspartic acid and secutive genes within a clustephAfor cyanophycin synthetase
arginine, and its proposed chemical structure is a peispartic  andcphBfor cyanophycinase. ThephAgenes fromAnabaena
acid backbone with arginine residues linked to fhearboxyl variabilis ATCC 29413'% Anabaenasp. strain PCC 712t
groups of aspartic acid by isopeptide boAds.nature, CGP is  Synechocystisp. strain PCC 6805, Synechocystisp. strain
produced by most cyanobactérié and the chemotrophic  pCC 630818 Synechococcus elongatifsSynechococcusp.
bacteriumAcinetobacteisp. strain DSM 587% CGP functions strain MA192° as well as from the chemotrophic bacteria
as a temporary nitrogen, carbon, and energy reserve. It ac-acinetobactersp. strain DSM 58% or Desulfitobacterium
cumulates during the transition from the exponential to the hafnienseDCB-22! were cloned and expressedHscherichia
stationary growth phase and disappears when balanced growtfoli. More recently, heterologous expressiorcphAwas also
resumes! At neutral pH and physiological ionic strength, CGP  demonstrated in recombinant strains Rélstonia eutropha
is insoluble and deposited in the cytoplasm as membranelesscorynebacterium glutamicur®seudomonas putigandBacil-
granules’ lus megateriunt®?> Recombinant strains dR. eutrophaex-
CGP is of biotechnological interest because the purified pressingcphAlof Anabaenasp. strain PCC 7120 accumulated
polymer can be chemically converted into a polymer with CGP up to 22.0% (w/w) of the cellular dry weight (CDW),
reduced arginine contef>which might be used like polyas-  which is significantly higher than the value conferredRo
partic acid as a biodegradable substitute for the non-biodegrad-eutrophaby other cyanobacteriatphA genest® Whereas in

able synthetic polyacrylate in various technical proce$sts. cyanobacteria the molecular mass of the polymer ranged from
25 to 100 kD4, the polymer from recombinant strains harboring
* Author to whom correspondence should be addressed. Phbr8: cphAexhibited a molecular weight ranging from 25 to 30 kDa
251-8339821. Fax:+49-251-8338388. E-mail: steinbu@uni-muenster.de. only; furthermore, lysine occurred as an additional amino acid
T Physikalisches Institut und Interdiszipliea Centrum fuElektronen- in the isolated polymer thereby partly replacing argirﬁﬁtﬁszz
mikroskopie und Mikroanalyse. . . . .
* Institut fir Molekulare Mikrobiologie und Biotechnologie. In this S_tUdyv we reppr'F on a new in Sltl.J method to [den.t'fy
8 Institut fir Medizinische Physik und Biophysik. and localize CGP within the cells using energy-filtering
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Table 1. Bacterial Strains and Plasmids Used in This Study? () 40000+
strains reference or
or plasmids relevant characteristics source 1]
Strains of Ralstonia eutropha g 30000+
H16 wild-type DSM 428 e N-K
H16-PHB 4 mutant of H16 defective in the ref 44, DSM 541 =
synthesis of PHA (£ 20000
Plasmids ?;7‘
pBBR1MCS-2 Km', broad host range vector, ref 45 Z
lacPOZ’ 2 10000
pBBR1IMCS-2:: pBBR1MCS-2 harboring cphA1  ref 16 —_
cphAl7120 from Anabaena sp. strain
PCC7120 colinear to lacPOZ 0 : ; . ; ; .
300 350 400 450 500 550 600

2 DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, Germany; PCC, Pasteur Culture Collection of Cyanobac- Energy loss (eV)
teria, Paris, France. Km, kanamycin, cphA,, source of cyanophycin
synthetase gene.
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transmission electron microscopy (EFTEM). Selecting the slit E

width and position in the energy filter allowing those electrons ;

to contribute, which were scattered inelastically by exciting or =

ionizing a nitrogen K-shell, with subsequent subtraction of an £

element-unspecific background, we obtained an element distri- 'i;“

bution image of nitrogen in the cytoplasm. The technique for 3

recording and calculating element distribution images was 8 _

described in more detail previous§2* Since CGP contains Z

nitrogen in a higher concentration than the dry matter of the 0+ 350 400 450 500 550

bacterial cells, such an elemental map can be used to localize Energy loss (eV)

CGPin the cells. For the preparatlpn of th.e specimens, the CeIISFigure 1. Examples for EEL spectra: (a) EEL spectrum of a boron
were embedded in Spurr and stained with uranyl acetate. \_Nenitride sample with a nitrogen K-edge taken from ref 29; (b) EEL
analyzed electron energy-loss (EEL) spectra of these materialsspectrum of urany! acetate. The hatched areas represent the energy-
to ensure that they do not influence the nitrogen distribution loss windows selected for the preedge images and the nitrogen-
images by a possible nitrogen share of their own. This method sensitive image.

will beside various light and electron microscopic methods

provide an additional method to identify CGP granules in situ acetate (saturated aqueous solution). Ultrathin sections of polymerized
Spurr without cells were also made for some control experiments to

in cells. check for the purity of the embedding resin.
Analytical Electron Microscopy: EEL Spectroscopy.Employing
Experimental Section an electron microscope equipped with an imaging energy filter,
electrons, which have been scattered in the specimen, can be detected
Bacterial Strains, Plasmids, and Culture Conditions.The bacterial as a function of the energy loss suffered in the specimen. At higher-

strains and plasmids used in this study are listed in Table 1. Strains of energy losses the EEL spectrum shows pronounced ionization edges.
R. eutrophawere cultivated in Erlenmeyer flasks without baffles in ~ These are caused by electrons, which have excited a tightly bound inner-
mineral salts medium (MSM) according to Schlegel and co-worKers.  shell electron into the continuum.
Sodium gluconate was used as carbon source at concentration@%f 1 In the literature abbreviations are used for the nomenclature of the
(w/v), and aspartic acid and arginine were added as supplements ationization edges. These abbreviations contain the abbreviation of the
concentrations of 0.2% (w/v) to enhance synthesis and accumulationelement name (e.qg., C for carbon, O for oxygen, N for nitrogen, and U
of CGP in recombinant strains &. eutrophaexpressingcphAfrom for uranium) and the type of atomic shell, which was ionized by the
Anabaenasp. strain PCC 7120. For selection of plasmid carrying strains, incoming electron (e.g., K for a K-shell, L for a L-shell, etc). If the
kanamycin was added to the medium at a concentration ofu800 abbreviation of the considered shell contains an index, then this index
mL. The flasks were incubated at 3G and 150 rpm on a Pilotshake  defines the subshell that has been ionized.
RC-4/6-W horizontal shaker (Kuner AG, Birsfelden, Switzerland) for Examples of ionization edges of nitrogen and uranium in EEL spectra
48 h. are shown in Figure 1. The EEL spectrum from the nitrogen K-edge
For heterologous expressionaghAlfrom Anabaenasp. strain PCC stems from a boron nitride sample and was taken from a reference
7120 inR. eutrophahe previously constructed plasmid pBBRIMCS- handbook® The EEL spectrum of uranium was recorded from an uranyl
2::cphAk12 was used? which was transferred int®. eutrophaby acetate sample and will be discussed below. The characteristic energy
conjugation usinge. coli S17-1 as a donor straffi. loss of the ionization edge onset and the characteristic form of the edge
Preparation of Cells for EFTEM. The bacterial cells were fixed ~ in an EEL spectrum can be used to identify the chemical elements in
with 2.5% (v/v) glutardialdehyde in 0.1 M sodium phosphate buffer the specimen area illuminated by the electron beam. Also a quantitative
(SPB; pH 7.3) according to Sgrensen for 45 AfiAfter being washed determination of the concentration of the elements contained in the
three times with SPB for 15 min each, the cells were postfixed in 1% illuminated specimen area is possible by analyzing ionization edges in
(w/v) osmium tetroxide in 0.1 M SPB (pH 7.3). Then the water was an EEL spectrum.
removed by a graded wateethanol series (30%, 50%, 70%, 90%, For this purpose the element-unspecific background at an ionization
96%, and two times with absolute ethanol) and finally by propylene €dge has to be determined and subtracted. We use the power law model
oxide each for approximately 15 min. Subsequently, the cells were for the determination of the background
embedded in Spurr regthpolymerized at 70°C for at least 8 h.
Ultrathin sections were made from the embedded samples with the Iz(E) = AE" Q)
Ultracut S (Reichert Ltd., Austria) using a diamond knife. The ultrathin

sections were placed onto Cu mesh grids and then stained by uranylwith E representing the energy loss akdndr the two fit parameter¥. CDV
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empirical formula of the CGP dipeptide building block igf&17NsOsa.
The mass distribution of elements in the dried polymer is given by
44.3% C, 25.8% N, 23.6% O, and 6.3% H, while the distribution of
elements referring to the number of atoms resulting from the empirical
formula is 27.8% C, 47.2% H, 13.9% N, and 11.1% O. There is no
Selection of energy | . knowledge so far about further elements occurring, for example, as
loss windows counterions in the polymer.
Object One of the strains to be analyzed is a recombinant strain of the wild-
typeR. eutrophaH16 harboring plasmid pBBR1IMCS-2phA%120 The
cells of this strain store CGP and additionally poly(3-hydroxybutyric
acid) (PHB). PHB consists of polymerized carboxylic acid esters, which
are responsible for the lipophilic or hydrophobic properties of the
material. PHB does not contain nitrogen. It accumulates in cells in the
form of granules, which are surrounded by a membféafeurthermore,
CGP shall be identified in the recombinant strain of the mufnt
] eutrophaH16-PHB 4 (pBBR1MCS-2:cphAZk120, which only stores
—+ CGP. PHB cannot be produced by these cells, because PHB synthesis

= is impaired due to mutation.
Background Co ) ]
subtraction | The mass distribution of elements in the bacterial cell dry matter,

s 3 i which does not contain CGP, is 50% C, 20% O, 14% N, 8% H, 3% P,
N

14

Extrapolation
I(E)=AE"

Y

1% S, 1% Na, 1% K, 0.5% Mg, 0.5% ClI, 0.5% Ca, and 0.2% Fe. The
) o ) ) distribution of elements in atomic percent is given by 28.4% C, 8.5%
Flgure 2. Schematlc_lllustratlon of the recording of e_Iv_em_entaI maps 0, 6.8% N, and 54.6% H, neglecting here the elements with a share of
using thr_ee preedge images and one element-specific image. The less than 1%. Comparing the chemical composition of CGP and the
preedge images are recorded at energy losses Fay, Faz, and Fs, cell dry matter without CGP shows a strong difference in the nitrogen
and the element-specific image at the energy loss Es within the y . . g. T 9
ionization edge of the element of interest. cpncentratlon._Therefore, the recorqmg of nitrogen dstnputno_n images

via EFTEM using the method described above should yield images in
These are determined by performing a least-squares fit of the intensity which the CGP inclusions are visible within the cells due to the
in the preedge region below the ionization edge of interest. For thin noticeably higher nitrogen concentration of CGP in comparison to that
specimens the intensity of a the background-corrected ionization edgeof the surrounding cell matter.

of the element “a” within an energy-loss intervék] E. + AE] in an Theoretical Background, Experimental Conditions, and Prepa-
EEL spectrum can be expressed by &y 2 ratory Measurements. The measurements presented here were carried
out on a Zeiss EM 902 transmission electron microscope with an
Ia(Ea' AE, 193) = IOnaaa(Ea' AE, ﬂa) @) acceleration voltage of 80 kV and equipped with a Castging-Henry
imaging energy filter. The images were recorded with a slow scan
charge coupled device (CCD) camera (model Gatan MSC 794), and
the EEL spectra were detected serially with a scintillafgnotomul-
tiplier combination below the final image plane.

Specimen Preparatiomuring the preparation of the specimens, the
cells were stained with uranyl acetate (CH30,).:2H,0), and the
embedding material Spdfrwas used. Consequently, not only the
bacterial cells but also these materials contribute to the images and
EEL spectra recorded by EFTEM. We recorded EEL spectra of these
materials to analyze their chemical composition and to ensure that they
neither contained nitrogen nor impurities, which would make it more

Here n, is the projected particle density of atoms “a” within the
illuminated specimen volume, wherebsrepresents the number of
incoming electrons. The term(E,, AE, 9, represents the cross-section
for the corresponding inner-shell excitation, in which the energy loss
of an electron lies within the energy-loss intervil, [Ea + AE] and
the scattering angle of the electron is smaller than the aperture half
angle v,

Analytical Electron Microscopy: Element Distribution Images.
The imaging energy filter in an energy-filtering transmission electron
microscope permits the recording of element distribution images or
teiloenmae; ctilt T;]zp;i’ s)tllr'ietlyﬂltri]c?nt\g? ;::rgfen;f:taéf irr?tjzgig (;f:itrinnl;a;rl]n;c;rg:g; difficul_t to draw reliable in_formatior_1 at_)out_ the_ nitrogen distribution in
slit in the electron dispersive plane of the imaging energy filter, only bacterlal'cells from the nitrogen distribution images.
those electrons are selected for a contribution to the image that have SPUrT is made of the components ERL-4206, DER 736, NSA, and
been inelastically scattered in the specimen suffering an energy lossS1?° The fraction of S1 is very small in comparison to those of the

within the energy-loss intervalEl, — AE/2, E,, + AE/2]. Detailed other three components, and the dimethylaminoethanol molecule of S1
descriptions of the technique of recording and calculating element contains only one nitrogen atom. Other elements that are contained in
distribution images are given in standard textboBR&3 The back- the four components of Spurr are C, O, and H. We recorded EEL spectra

ground from at least two preedge images must be determined and©f ultrathin.sections coptaining only the embedding medigm and no
subtracted pixel by pixel in the image to obtain an element distribution Cells: The films had a thickness 625 nm. In the corresponding EEL
image with an intensitys and referring to an element “a”. spectra, only a hlgh cart_)on_ |on_|zat|on K-edge_and an oxygen |on|2fa_t|on
We have used three preedge images as schematically shown in Figurd<-€dge were visible; no ionization K-edge of nitrogen and no impurities
2. Additionally, we have calculated the signal-to-noise ratio (SNR) for could be detected. In EEL spectra, the ionization K-edges of C and O
each pixel following well-known proceduré&3 If one has previous ~ ¢an be found at energy losses of 284 and 532 eV, respectiéhye
knowledge that the element of interest is contained in the sample, thenionization K-edge of N in EEL spectra would be found at an energy
the existence of this element is regarded as proven in a pixel of an [0S of 401 eV.
element distribution image, when the pixel has a S\R. Otherwise, Consequently, the nitrogen concentration in the embedding material
when no previous knowledge exists about the element of interest in iS S0 low that it cannot be detected under the instrumental conditions
the specimen, a SNR 5 is needed for the identification of this element  used here; therefore, no falsifying influence of Spurr on the nitrogen
in a pixel353% In this Rose criterion the pixels are regarded as distribution maps for the identification of CGP within the cells occurs.
independent. For the preparation of the uranyl acetate specimens 2% (w/v) uranyl
Identification of CGP by Using EFTEM. This study aimed at the acetate in double-distilled water was dripped on a fine-meshed copper
identification of CGP in recombinant strains &. eutropha The net of 1000 mesh. The solution was not completely sucked off, the‘EﬁB}O
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allowing the uranyl acetate to crystallize during subsequent drying in (a)

air. The recorded EEL spectra of these specimens showed only A time 1
ionization edges of uranium, carbon, and oxygen. No nitrogen and no )
impurities could be detected in these specimens. In EEL spectra, time 2

uranium can be identified by the ionization, £edge at 96 eV, the
N ~edge at 381 eV, the f\edge at 738 eV, and the,Mdge at 780
eV.29

Recording of Energy-Loss ImagéRo obtain nitrogen distribution
images the three preedge images and one element-specific image from
the specimens containing the bacterial cells were recorded as described
above, applying an energy slit width of 20 eV. The positions of the
energy windows were determined from an EEL spectrum, which
contains a nitrogen ionization K-edge. Figure la shows the EEL
spectrum of a boron nitride sample with a clearly visible nitrogen
K-edge taken from the EEL reference handb&bKhe energy-loss
windows of the preedge windows are not allowed to overlap, because

time 3+4
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otherwise the measured intensities of the three images would be (b) .
correlated. In addition, the preedge image closest to the edge onset of 1A time 1
the element of interest should not overlap with the ionization edge. time 2

The nitrogen ionization edge can be found at an energy loss of 401
eV .2 Therefore, we selected the following centers of the preedge time 3+4
energy-loss windows: 332, 357, and 382 eV.

The position of the energy-loss window for the element-sensitive
image is usually selected in a way to detect as much of the intensity of
the ionization edge as possible. Referring to Figure 1a an energy loss
of 412 eV would be suitable. However, here it has to be considered
that the specimens were stained with uranyl acetate. An EEL spectrum
of an uranyl acetate sample is shown in Figure 1b for demonstration.
The uranium Nedge starts at 381 eV and shows a local minimum at
an energy loss 0420 eV. At 450 eV the spectrum intensity increases >
again, and at an energy loss©530 eV the K-edge of oxygen is found. E
Setting the center of the energy slit at 412 eV for the element-specific
image at a high concentration of uranium as concluded from Figure la

would mean that the §|gnal in the nitrogen d|Str|b_Utlon image would numbering) on the calculation of an element distribution image using
not only stem from nitrogen but also from uranium, because both 5, Eg| spectrum: (a) recording of the element-sensitive image in
considered ionization edges are very close together. To avoid this effect,ihe first place, followed by subsequent detection of the preedge
the center of the energy-loss window of the element-specific image images from high- to low-energy losses; (b) recording of the preedge
was set at an energy loss of 420 eV, where the ionization edge of images from high- to low-energy losses in the first place, followed by
uranium shows a local minimum (Figure 1b) and the ionization edge detection of the element-sensitive image. The effect of image
of nitrogen still shows a high intensity (Figure 1a). recording at four given energy-loss ranges, referred to as energy

In addition to the EEL spectrum of uranyl acetate, Figure 1b shows w?ndows, in differgnt orders.can be seen reac_iily if_comparing the

} - windows 2 and 1 in part a with the corresponding windows 1 and 4

hatched areas, Wh'?h reprfssent the energy-loss windows 'rf‘t 332, 357in part b, respectively. The differences in their heights reflect
382, and 420 eV with a width of 20 eV selected for detection of the gifferences in the image intensity giving rise to different intensities of
preedge images and the element-specific image used for recording ahe element-specific images in parts a and b, which correspond to
nitrogen distribution map. The maximum of the-Mg -edge lies within the red areas. Correcting the element-sensitive image for the
the energy-loss window at 382 eV. As a consequence, the backgroundoackground gives two different results for the signal of the element

calculated from these images is too high. Since the energy-loss window distribution image.

of the element-sensitive image is positioned in the local minimum of At 4 certain electron dose, the loss of mass starts being strong at the
the U-Ns edge at 420 eV, the background calculated for the evaluation peginning and decreasing with increasing electron dose-. This informa-
of the nitrogen signal remains too high in a worst case consideration if {jon about the dependence of the mass loss on time at a constant current
the uranium concentration is measurable. Therefore the calculateddensity is therefore used to decide in which order the preedge images
nitrogen signal in the nitrogen elemental map is definitely stemming anq the element-specific image should be recorded when using the four-
from nitrogen and not from uranium and the obtained nitrogen signal indow method. Figure 3 provides a schematic illustration of the
in worst case is lower than the real signal would be. The overestimation ¢onsideration, in which order the images should be recorded, and how
of the background also leads to slightly negative signal intensities and tnjs order influences the signal in an element distribution. Therefore, a
signal-to-noise ratios in regions with low nitrogen concentrations gchematic ionization edge is shown in Figure 3 at four different times.
(Figures 6-8). The intensity of the edge decreases with time due to the loss of mass,
Radiation Damageirradiation of organic specimens in the electron  because the intensity depends on the number of scattering atoms. The
microscope can cause radiation damage, which is due to inelasticmass loss is strong at the beginning, represented by the strong difference
scattering processes of beam electrons at atoms of the sample. Thdetween the two intensities corresponding to the times 1 and 2. The
energy transferred from the beam electrons can lead to the breakage ofoss of mass decreases with increasing electron dose; therefore, the
carbon chains in organic compounds. One consequence is a loss ofdistance between the intensities corresponding to times 2 and 3 is small.
mass?* For most embedding materials the residual mass shows an At a certain electron dose the mass loss is hardly measurable; therefore,
approximately exponential decrease down to a residual value as athe intensities corresponding to times 3 and 4 are identical (Figure 3).
function of electron dose, which is the product of current density and  Figure 3a corresponds to the case in which the element-sensitive
irradiation time. Further information about the mass loss as a function image is recorded first, and afterward the preedge images are detected
of electron dose is found in the literat#e in order from high- to low-energy losses. The edge intensity at tin&edv

,(
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Figure 3. Schematic illustration of the effect of mass loss and of
different orders of image recording (represented by the corresponding
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consequently corresponds to the recording of the element-sensitive
image provided by the top line in Figure 3a. Using the preedge
intensities for the calculation of the background and the extrapolation
into the ionization edge area yields the background intensity, which
has to be subtracted from the intensity of the element-sensitive image.
This process is indicated by the dark broken curve. The resulting signal
in the element distribution image is relatively high and can be compared
to the case when there would be no mass loss. This case would b
completely represented by the curve at the top referring to time 1 in
Figure 3a. Calculating the background and performing the extrapolation
into the ionization edge area would lead to a signal in the element
distribution image, which is lower than that corresponding to the order
of image recording explained above with measurable loss of mass. In

the latter case, the signal in the element distribution image would be . _Eigl;llr?itmt
too high and hence falsified. 51' '
The result is different when we start with the recording of the preedge 4 Lo
images from high- to low-energy losses and detect the element-sensitive o 31
image at the end, which is schematically shown in Figure 3b. Here the DZ,\ 2
top curve at time 1 represents the recording of the preedge image closes ']
Oppoca N

to the onset of the ionization edge. In this case a background correction
would lead to a signal in the elemlent.distribution ima}ge, which is lower 6 30 100 150 200 250 300
as compared to the case shown in Figure 3a. The signal would even be| d pixel

lower than that in the case of no measurable loss of mass, where onl ( )

the top curve of Figure 3b would have to be considered. Therefore, Figure 4. Analysis of R. eutropha H16 (pBBR1MCS-2::cphAlz120)
selecting the order of image recording as shown in Figure 3b would containing CGP and PHB granules: (a) elastically filtered image; (b)
give a too low signal in the element distribution image, if there is a nitrogen distribution image of the same specimen area as in part a;
measurable loss of mass. Therefore, if there is a measurable loss ofc) SNR image corresponding to part b; (d) averaged line scan
mass during the recording of the image series, then the order of image(averaging in the vertical direction) within the area marked in part ¢
recording as illustrated in Figure 3b should be used, detecting the for both orders of image recording. PEI: preedge image.

preedge images from high- to low-energy losses first and afterward
the element-sensitive image. If there is a measurable loss of mass, the
this would yield a too small signal in the element distribution image;

/nap when first recording the preedge images from high- to low-energy
losses and afterward detecting the element-sensitive image should be

however, it is certain that the residual signal is true and corresponds toh'ghgr_ a“?' more falsified as in th_e case of first de_tectlng the element-
the element of interest. This would not necessarily be the case whenSensitive image and then rec‘?rd'”g the preedge images from h'ghf to
using the order of image recording as illustrated in Figure 3a in which low-energy losses. This effect is the same for the SNR when comparing

the signal would be too high at a measurable loss of mass. both orders of image rec_ordlng and using the same preedge images for
the background calculation. The same preedge images can be used for

n t'h!s ;tudy, bOth. °Tders of recording the Image series were a_pphed. both cases when we first record the element-sensitive image, continue
To minimize the radiation damage when applying both orders of image with the detection of the preedge images from high- to low-energy

recording, we first recorded the element-sensitive image at 420 eV andlosses, and finally record the element-sensitive image again, as done

aﬁerward Fhe preedge Images _frorr_1 high- to Iow-energy_ losses f"mdinthis study. Therefore, in case of contamination, the order of recording
finally again the element-sensitive image at 420 eV. This detection

q . both ord i i q ded th the inelastically filtered images should be different from the order in
procedure comprises both orders of image recording and provided €the case of measurable mass loss as discussed above.

gdvintagedthfat tge ﬁam(;e preed%e |hmagfes Car:' be usle_d tobcalli:ulate (tjhe The following figures of this study present only element distribution
ackground for both orders, and therefore the resulting backgroun images and SNR images resulting from first recording the preedge

and th_e extrapolation error do not depen_d on the order of image images from high- to low-energy losses and detecting the element-
recording. Consequently, not only the signil of the element  goqiive image at the end, because the optical appearance of these
distribution image but also the SNR can be used for analyses, if thereimages of both recording orders did not differ very much. However,

has been a measurable loss of mass QUring the recording p‘roceduret'he SNR images were analyzed by line scans through the bacterial cells,
When comparing both orders, a higher sigaalorresponds to ahigher 5,4 yhe resuilts are presented in the corresponding figures and will be

SNR. discussed for both orders of image detection.
Since the intensities in the inelastically filtered images were very

low at energy losses between 332 and 420 eV for the specimens

analyzed in this study, the exposure time per image or alternatively Results

the current density had to be increased. Because the mass loss as a si I lati h
function of electron dose should show approximately an exponential Analysis of Cells Accumulating Both CGP and PHB.

decrease, it is possible that the mass loss is very low or not measurabld_19ure 4a shows the elastically filtered image d® aeutropha
for such high doses. H16 (pBBR1IMCS-2cphAl129 specimen having accumulated

Considerations on Sample Contaminatiof\sother factor that might PHB and CGP with a thickness 630 nm. This cell contained

influence the measurements is contamination of the samples duringa Ia,rge dark grgnulg W'th_a S'Ze, 6f0.75 x ,1'25”m2 and in
irradiation. During the contamination process, the ionization edge addition two bright inclusions with a maximum size 0.5
intensities of the contaminating materials increase, because according*M- I the nitrogen distribution image of this specimen area
to eq 2 the edge intensity depends on the projected particle density. If Shown in Figure 4b, the large dark granule (Figure 4a) appeared
the intensity of the carbon K-edge with an onset at 284 eV increases bright. The height of the nitrogen signal in the nitrogen
due to contamination, then the background of the nitrogen K-edge with distribution map determines the brightness of the corresponding
an onset at 401 eV will therefore also increase. If this increase of specimen area. Similarly, the higher the SNR is in the SNR
background due to contamination is continuous during the recording image, the brighter the corresponding specimen area appeared
of a series of inelastically filtered images, then the signal in a nitrogen (Figure 4c). Considering the Rose criterion, the contrast "rgE)%/
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Figure 5. Analysis of R. eutropha H16 (pBBR1IMCS-2::cphAl7120) w12
containing CGP and PHB granules: (a—d) parts of an EEL spectrum 1
recorded on the specimen area of the granule, appearing dark in ‘-{
Figure 4a and bright in Figures 4b and 4c. :2
0 100 200 300 400
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in the SNR image were set in such a way that a SN -
appeared black and a SNR5 appeared white. Drawing aline  Figure 6. Analysis of R. eutropha H16-PHB~4 (pBBRIMCS-2::
scan in the nitrogen distribution image as indicated by the white cphAl7120) containing only CGP but no PHB granules: (a) elastically
line in Figure 4c and averaging it over a range of 50 pixels filtered image; (b) nitroge_n distribution image of the same specimen
give the profles of the SNR @ a function of piels for both. €251 0L S mege cresponie e ) 2y
dlsc_ussed orders of image _recordlng_ (Figure 4d). The dark in part c for both orders of image recording. PEI: preedge image.
profile refers to the order of first recording the preedge images
from high- to low-energy losses and afterward the element- cphAZ%i,q with a thickness of+30 nm. Several cells are visible
sensitive image (“PEl first”, black line), whereas the bright that contain granules appearing dark and exhibiting sizes
profile refers to the second order of image recording (“signal between 0.25 and 0.7@m. Brightly appearing inclusions as in
first”) starting with the detection of the element-sensitive image. Figure 4a, which represent PHB granules, could not be observed.
These profile definitions and labels are kept in the following. In Figure 6b, the nitrogen distribution image of the same sample
Within the area corresponding to the dark granule of the area as in Figure 6ais illustrated, showing bright granules, which
elastically filtered image both profiles show SNR values between correspond to the dark ones in the elastically filtered image of
4.5 and 5.5, which are remarkably higher than those in other Figure 6a. These granules have a nitrogen signal that is higher
areas. Similar data and profiles were obtained with specimenby a factor of 9-10 than the nitrogen signal of the surrounding
of other cells ofR. eutrophaH16 (pBBR1IMCS-2cphA%129. cell areas. Therefore, according to eq 2 the projected particle
By setting a suitable size and position of the filter entrance density of nitrogen in the granules has to be higher by the same
aperture of the imaging energy filter of the EFTEM and by factor as compared to the residual cell areas.
investigating the same sample position as in Figure 4, a serial Figure 6¢ shows the SNR image corresponding to the nitrogen
EEL spectrum of the specimen area only containing the granule, distribution map of Figure 6b. The contrast limits in Figure 6¢
which appears dark in the elastically filtered image of Figure were set in such a way that a pixel with a SNR3 appears
4a, was recorded. The parts of the EEL spectrum showing dark, whereas a pixel with a SNR 5 appears white. The
ionization edges are illustrated in Figure 5. Thgs@dge of granules in the SNR image corresponding to the dark granules
uranium starting at an energy loss of 96 eV is visible in Figure of the elastically filtered image appeared bright and show a
5a. The uranium stems from the uranyl acetate that the specimenmemarkably higher SNR than the residual cell areas. A line scan
was stained with. The next observable ionization edge in the was drawn in Figure 6¢, and the SNR within this line scan was
spectrum is the K-edge of carbon in Figure 5b, followed by the averaged over a width of 40 pixels to compare the SNR within
clearly visible nitrogen K-edge in Figure 5c. This edge has an the granules with areas outside these granules. The correspond-
onset at 401 eV. However, this edge cannot be confused withing profiles of the SNR as a function of pixels are presented in
the Ns ~edge of uranium, because the latter would show an onsetFigure 6d for both orders of image recording. These profiles
at an energy loss of 381 €¥;in addition, its form is different: show that the SNR within the dark granules of the elastically
For example, the increase of intensity starting at an energy lossfiltered image ranges from 4 to 6.
of ~450 eV as in Figure 1b is missing. Therefore, the existence  Analysis of Cells Accumulating Only PHB. So far we
of nitrogen in the dark granule of Figure 4a is proven by this showed results for two recombinant strains Rf eutropha
EEL spectrum. Figure 5d shows the ionization K-edge of oxygen which were provided with the gene for CGP biosynthesis. We
and the uranium N and Ni-edges. also investigated cells lacking the gene for CGP biosynthesis
Analysis of Cells Accumulating Only CGP.R. eutropha to validate the results shown in Figures @l The elastically
H16-PHB 4 (pBBR1MCS-2cphAZ%12g is unable to accumulate  filtered image of a sample of the wild-type &. eutropha
PHB due to a mutation in the genes for PHB biosynthesis. capable of synthesizing PHB, is shown in Figure 7a. The
Therefore, the corresponding cells accumulated only cyano- specimen thickness of the analyzed samples w&® nm.
phycin, and PHB granules were absent as was confirmed by Several cells containing inclusions with diameters between 0.1
chemical analysis. Figure 6a shows the elastically filtered image and 0.5um, which appear bright in the elastically filtered image,
of a sample ofR. eutrophaH16-PHB 4 (pBBR1MCS-2:: were visible (Figure 7a). Within the cell areas containing th&f)e\/
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Figure 7. Analysis of R. eutropha H16 containing only PHB but no
CGP granules: (a) elastically filtered image; (b) nitrogen distribution
image of the same specimen area as in part a; (c) SNR image
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Figure 8. Analysis of R. eutropha H16-PHB~4 containing neither
CGP nor PHB granules: (a) elastically filtered image; (b) nitrogen
distribution image of the same specimen area as in part a; (c) SNR
image corresponding to part b; (d) averaged line scan (averaging in
the vertical direction) within the area marked in part ¢ for both orders
of image recording. PEl: preedge image.

vertical direction) within the area marked in part c for both orders of

image recording. PEI: preedge image. . .
9 g preeda 9 thickness of ~25—30 nm. These cells were incapable of

inclusions, the sample is very sensitive to irradiation and could @ccumulating either polymer, and the cells therefore did not
be damaged or even destroyed within these areas duringcontain bright or da_rk granules. Some of the cells_contalned
investigation by EFTEM. Figure 7b shows the nitrogen distribu- dark round areas with diameters ©0.2 um. In the nitrogen

tion image of the same specimen area as in Figure 7a. The brighgistribution image presented in Figure 8b, these areas did not
granules in the elastically filtered image exhibited no nitrogen €xhibit a higher nitrogen signal than the other cell areas, which
signal in the nitrogen map of Figure 7b and appeared black. Show a visible but weak nitrogen signal. The SNR image
Some edges of a few granules appeared white in Figure 7b;referr|ng to the nitrogen map is |Ilqstrated in Flgure.8c, reveghng
however, this is probably due to the damaging effect because©Nly & low SNR value corresponding to the small nitrogen signal
of the sensitivity to irradiation of these granules as mentioned ©f Figure 8b. The contrast limits of Figure 8c were set in such
above. This damaging effect during the recording of the image @ Way that pixels with a SNR: 0 appeared black and pixels
series makes the granules change their form so that the preedg#/ith @ SNR> 5 appeared white. A line scan was drawn in the
images and the element-sensitive image cannot be correctecﬁNR image contammg two round dark features of the elastically
completely for drift effects. Therefore, the white edges of the filtered image of Figure 8a, and the SNR values were averaged
dark granules in Figure 7b are most probably not nitrogen signals ©ver @ width of 50 pixels. The corresponding profile of the SNR
but are caused by noncorrectable drift effects. The residual @ @ function of pixels is shown in Figure 8d. The maximum
granule-free areas of the cells in Figure 7b show a small nitrogen SNR was~1.5 within this averaged line scan, and the areas,
signal due to nitrogen-containing compounds of the cell matter. Which appeared dark in the elastically filtered image, did not
Nitrogen-containing granules as observed with the two recom- Show a higher SNR value than the other cell areas corresponding
binant strains oR. eutrophaaccumulating CGP were absent {0 Visible nitrogen signals in Figure 8b.

in Figure 7b.

The SNR image corresponding to the nitrogen map of Figure
7b is illustrated in Figure 7c and shows only low SNR values
in the granule-free cell areas. The contrast limits in Figure 7c  The higher the nitrogen signal is in the nitrogen distribution
were set in such a way that pixels with a SNFO appear black map, the brighter the corresponding specimen area appears in
whereas pixels with a SNR 5 appear white to see these small this image. Consequently the dark granule in the elastically
SNR values. A line scan was drawn in the SNR image within filtered image of theR. eutrophaH16 (pBBR1MCS-2::

a cell area containing a granule, and the intensities were cphAY129 sample of Figure 4a shows a nitrogen signal in the
averaged within a width of 50 pixels. The corresponding profile corresponding nitrogen distribution image of Figure 4b, while
of the SNR as a function of image pixels is shown for both the two smaller granules are bright in the elastically filtered
orders of image recording (Figure 7d). The SNR decreases toimage but do not contain a nitrogen signal. The rest of the cell
values of about zero within the area of the PHB granule, while area only has a small nitrogen signal in Figure 4b. For both
outside the granule comprising the surrounding cell matter a orders of image recording the nitrogen signal of Figure 4b
SNR of ~1-2 is observed. corresponding to the dark granule of Figure 4a is by a factor of

Analysis of Cells without CGP and PHB Inclusions.Figure 5—6 higher than that of the inclusion-free surrounding cyto-
8a shows the elastically filtered image of a sample of the PHB- plasm. According to eq 2 the characteristic nitrogen intensity
negative mutantR. eutrophaH16-PHB 4 with a specimen depends on the projected particle density of nitrogen. There@&‘,/

Discussion
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the concentrations of nitrogen in the granules and in the PHB (Figure 7) or no PHB (Figure 8), respectively, were also
cytoplasm should differ also by this factor. analyzed. In the wild-type we only detected bright granules in

Figures 4c and 4d show that the granule corresponding to the elastically filtered image (Figure 7a), which did not exhibit
the dark inclusion of Figure 4a appears bright in the SNR image & nitrogen signal in the nitrogen distribution image (Figure 7b).
and has a SNR value per pixel o4.5-5.5. According to the ~ The corresponding SNR values in the SNR image of Figure 7c
Rose criterion, nitrogen was considered to be identified at a are very low and close to zero, thus indicating that nitrogen is
SNR > 5, if we have no previous knowledge about the absent from these granules. Since this strairRofeutropha
specimen. However, we have additional information about this a@ccumulates only PHB, we can conclude that these bright
granule provided by the EEL spectrum (Figure 5) recorded of granules in the elastically filtered image contain PHB. The
the specimen area only containing this granule that shows verygranule-free areas of the cells Bf eutrophaH16 (Figure 7)
clearly the nitrogen K-edge. Consequently, the granule must and ofR. eutrophaH16-PHB 4 (Figure 8) show a low nitrogen
be enriched with nitrogen compounds. Furthermore, using the Signal with SNR values between 1 and 2, which can be attributed
knowledge that nitrogen is contained in the sample would only t0 the nitrogen share of 6.8% at the atomic level of the cell
take a SNR> 3 for an identification of nitrogen in a pixel when ~ matter.
applying the Rose criterion. So the nitrogen is proven within ~ The dark round areas in the elastically filtered images of the
the dark granule of Figure 4a of thR. eutrophaH16 PHB-negative cells showed only weak nitrogen signals and low
(PBBR1MCS-2:cphAk129 sample. It cannot be proven in the SNR values, which were comparable to those of PHB and CGP
bright granules of Figure 4a, because these granules are nogranule-free areas of the other strains investigated in this study.
visible in the SNR image in Figure 4c, where the contrast limits They were not comparable to the dark granules in the elastically
have been set so that SNR3 appears black. Considering that ~filtered images oR. eutrophaH16 (pPBBR1IMCS-2cphAk:129
cells of R. eutrophaH16 (pBBR1MCS-2cphAli29 contain andR. eutrophaH16-PHB 4 (0 BBR1IMCS-2:cphA%129, which
CGP and that CGP has a remarkably higher nitrogen contentrepresented CGP granules and which showed generally remark-
than the cell dry matter, we conclude that the dark granule in ably higher nitrogen signal and SNR values. Bright granules
the elastically filtered image contains CGP. Comparing the representing PHB also could not be detected in the elastically
nitrogen content in CGP to that of the cell dry matter, one would filtered images oR. eutrophaH16-PHB 4 (Figure 8a).
expect a factor of only 2. The reason for measuring a factor of ~ Since no nitrogen-enriched granules were found in the strains
5—6 might be the high density of CGP in the granule because R. eutrophaH16 andR. eutrophaH16-PHB4, which do not
the density should parallel the projected density of atoms in contain foreign genes for CGP biosynthesis, the results of
the illuminated sample volume, thus yielding a higher signal in Figures 4-7 for the recombinant strains &. eutrophaH16
the nitrogen map according to eq 2. This compactness is (0BBRIMCS-2:cphAki129 and R. eutropha H16-PHB 4
probably due to the lower water content of the granules as (PBBRIMCS-2:cphAZk12g are validated, identifying CGP as
compared to the cytoplasm. dark granules in the elastically filtered images due to their high

Representatives of the second type of inclusion in the cells Nitrogen signal in the corresponding nitrogen distribution images
were bright in the elastically filtered image (Figure 4a), did not and due to the corresponding SNR.
give a visible nitrogen signal (Figure 4b), and were very
sensitive to radiation, thus yielding damaged areas when
applying a too high irradiation. Sinc®. eutrophaH16
(PBBRIMCS-2:cphA%12g synthesizes not only CGP butalso  glement distribution images and EEL spectra were recorded
PHB, which does not contain nitrogen, itis very likely thatthese 4 energy-filtering transmission electron microscope to
granules, which are bright in the elastically filtered image, jgentify in situ the localization of nitrogen-containing CGP in
contain PHB. The absence of such bright granules in the yocompinant strains d®. eutrophaThe EEL spectra recorded
elastically filtered images of cells of the PHB-negative mutant specimens of the embedding medium Spurr and the staining
R. eutrophaH16-PHB 4 (PBBRIMCS-2:cphAY:g strongly material uranyl acetate, the bacterial cells were treated with,
supported this assumption. showed no impurities and no nitrogen signals; therefore, both

In cells of R. eutrophaH16-PHB4 (pBBRIMCS-2::  compounds do not falsify the nitrogen signals in EEL spectra
cphA¥129, such bright inclusions were absent in elastically of the bacterial cells. However, the ionizatiorns Nedge of

filtered images (Figure 6a), and only dark granules with SNR uranium in uranyl acetate reduced the choice for the energy-
values between 4 and 6 and similar other features like those injoss windows of preedge images and of the element-sensitive

Conclusions

R. eutropheH16 (pBBRIMCS-2cphAlkizg were found (Fig- images for nitrogen maps. Therefore, the energy-loss window
ures 6¢ and 6d). Therefore, the existence of nitrogen in thesefor the element-sensitive image has to be positioned at a
types of granules was proven. BecaBseutropheH16-PHB 4 sufficient distance from the @d-edge of uranium, and the

(PBBRIMCS-2:cphAk129 accumulates CGP and since the dark energy-loss window for the preedge image closest to the nitrogen
granules in the elastically filtered images contained much more K-edge has to be centered within a local maximum of the
nitrogen than the residual areas of the cells, it was concludeduranium N ~edge to ensure that no uranium signal is interpreted
that these dark granules contain CGP. The fact that the nitrogenas a nitrogen signal.
signal in the granules of Figure 6b was 9- to 10-fold and not  Because a loss of mass in the sample or contamination during
only 2-fold higher as compared to the surrounding cytoplasm the recording of the inelastically filtered image series should
might be attributed again to the higher density of CGP in the have an influence on the nitrogen signal in a nitrogen distribution
granules as discussed above. image, two orders of recording the images were applied, both
To validate these results obtained with eutrophaH16 yielding corresponding results for the analysis of the nitrogen
(PBBR1IMCS-2:cphA%129 and R. eutropha H16-PHB 4 maps. The first sequence started with the recording of the
(PBBR1IMCS-2:cphAYi29), cells of the wild-type (strain H16)  preedge images from high- to low-energy losses and finished
and of the PHB-negative mutant (strain H16-PHB of R. with the detection of the element-sensitive image. The second
eutropha which do not have foreign genes and accumulate only sequence started with the recording of the element-sen%tB/\e/
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image and finished with the detection of the preedge images
from high- to low-energy losses. This method allows for the
first time imaging of the distribution of CGP in the cytoplasm.
So far various light and electronic microscopic methods have
been used to identify CGP granules in cells. (for a review, see
ref 39) The method applied in this study will beside the various
microscopic methods provide an additional method not only to
identify CGP granules in situ in cells but also to discriminate
them from other insoluble inclusions in the cells such as PHAS,
lipids, polyphosphates, or glycogen granules, which are distin-
guished from CGP by their element composition.

Possible applications of element distribution images might

be the analytical analysis of membranes covering granules and

cells as well as interior components of individual cells and nuclei
rich in phosphorus or sulfur (e.g., refs-482). Mapping of the
locations of physiologically significant ions, ion shifts related

to dynamic processes within cells, and trace element analysis

at nanoscale resolution could be another important application
(e.g., ref 43) The success of such an analysis is strongly

dependent on the type and the edge onset of the ionization edge

Biomacromolecules, Vol. 8, No. 9, 2007 2683
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