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Phasins play an important role in the formation of poly(3-hydroxybutyrate) [PHB] granules and affect their size
and number in the cells. Recent studies on the PHB granule proteome and analysis of the complete genomic
DNA sequence oRalstonia eutrophdd16 have identified three homologues of the phasin protein PhaPL1. In this
study, mutants oR. eutrophadeficient in the expression of the phasin gepésiP1 phaP2 phaP3 phaP4

phaP12 phaP123 andphaP1234were examined by gas chromatography. In addition, the nanostructures of the
PHB granules of the wild-type and of the mutants were imaged by atomic force microscopy (AFM), and the
molecular masses of the accumulated PHB were analyzed by gel permeation chromatography. For this, cells
were cultivated under conditions permissive for accumulation of PHB and were then cultivated under conditions
permissive for degradation of PHB. Mutants deficient in the expressiphai®2 phaP3 or phaP4genes mobilized

the stored PHB only slowly like the wild-type, whereas degradation occurred much earlier and fast@hiaRte

single mutant as well as in all multiple mutants defective inghaP1gene plus one or more other phasin genes.

This indicated that the presence of the major phasin PhaP1 on the granule surface is important for PHB degradation
and that this phasin is therefore of particular relevance for PHB accumulation. It was also shown that the molecular
weights of the accumulated PHB were identical in all examined strains; phasins have therefore no influence on
the molecular weight of PHB. The AFM images obtained in this study showed that the PHB granites of
eutrophaH16 form a single interconnected system inside the wild-type cells.

Introduction of the granules. These are, beside PhaC, PHA depolymerases
) (Phaz) including the 3HB-oligomer hydrolase (PhaY) for the
Polyhydroxyalkanoates (PHAs) are found in many prokary- gegradation of PHB, small amphiphilic proteins referred to as
otes as intracellular storage compounds for carbon and eNnergyphasins (PhaP) that are regarded as the main structural com-
and they are synthesized under unbalanced growth condition onents, and a regulator protein of phasin expression (PhaR).

(i.e., when a carbon source is available in excess and if anothe During PHB production, PhaC is covalently linked to the

nutrient is depleting).PHAs are then accumulated in the cells . - .
- - . . - growing polymer chain; the enzyme is thereby attached to the
and deposited as insoluble inclusions (PHA granules) in the granule surfac&.The concentration of PhaC in the cells of

cytoplasm. PHAs exhibit thermoplastic and/or elastomeric Lo -
) . . - - Paracoccus denitrificanmfluences the molecular weight of the
properties and are nontoxic and biodegradable; in addition, they o U
ccumulated PHB, with its molecular weight inversely related

can be produced from renewable resources. PHAs are therefon—%" -
considered for many technical and medical applicatfot2oly- 0 the concentration of PhaC.
(3-hydroxybutyrateso-3-hydroxyvalerate) copolymers and the Phasins contribute up to 5% of the total cell protein of PHB
homopolymer poly(3-hydroxybutyrate), PHB, have been com- accumulating cells and cover most of the granule surface,
mercialized under the trade name Biofol. thereby exerting a severe influence on the size and number of
The facultative chemolithoautotrophic hydrogen-oxidizing PHB granules in the celfs. PhaP1 is the major phasin &.
bacteriumRalstonia eutrophawvhich serves as a model organism eutrophaand has been studied in the most detail. Beside PhaP1,
to study various aspects of PHB metabolism and the structurethree homologues were recently detecteR ireutropha? Cells
of PHB granules in bacteria, was the first organism from which of mutants lacking PhaP1 produce only one single granule per
the PHA biosynthesis genes were cloned and heterologouslycell, and the amounts of PHB accumulated in the cells are
expressed irEscherichia colP~7 The genome oR. eutropha significantly lower than in the wild-typ& On the other hand,
contains the PHA operon and comprises three genes encodingells of recombinant strains that overexpress PhaP1 contain a
af-ketothiolase §haA), an acetoacetyl-CoA reductageh@B), large number of very small granules. Remarkably, the amounts
and a PHA synthas@laQ. Recent studies revealed interesting of PhaP1 protein produced are exactly regulated by means of
information regarding the PHB granule surface and have shownthe transcriptional regulator PhaRthereby ensuring that on
that four classes of proteins constitute the layer at the surfacepne hand the surface is entirely covered and that on the other
“To wh p hould bo add o Terra9.251 hand no excess PhaP1 is produced by the cells. This regulation
s S Saan o, S onnaorde, 210 insures hat no PhaP1 is produced, if PHB formation i
"Institut fir Molekulare Mikrobiologie and Biotechnologie. impaired and when conditions are not permissive for PHB
* Physikalisches Institut. accumulation or ifphaCis deleted-:314.15
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Table 1. Bacterial Strains Used in This Study

R. eutropha strain description ref

H16 wild-type 25

Rel052 (AphaP1) phaP1-precise-deletion gene replacement strain (Re1052), derived from R. 15
eutropha H16

AphaP2QKm (AphaP2) phaP2-negative (Km'), derived from R. eutropha H16 26

AphaP3 (AphaP?3) phaP3-precise-deletion gene replacement strain, derived from R. eutropha H16 26

AphaP4 (AphaP4) phaP4-precise-deletion gene replacement strain, derived from R. eutropha H16 26

AphaP1AphaP2QKm (AphaP12) phaP1- and phaP2-negative; (Km'), precise-deletion gene replacement strain, 26
derived from R. eutropha AphaP1

AphaP1 AphaP2QKmAphaP3 (AphaP123) phaP1, phaP2-negative; (Km") and phaP3 precise-deletion gene replacement 26
strain, derived from R. eutropha AphaP1 AphaP2 Km"

AphaP1 AphaP2QKmAphaP3 AphaP4 phaP1-, phaP2-negative; (Km'), phaP3, and phaP4 precise-deletion gene 26

(AphaP1234) replacement strain, derived from R. eutropha AphaP1 AphaP2QWKm" AphaP3

The in vivo function of the additional three PhaP1 homo- For recording their long time PHB storage behavior, cells of the
logues, which occur only in minor amounts in the cells, and wild-type strain H16 and of the mutant straitphaP1 AphaPZ2Km,
their influence on the nanostructure of PHB granules is unknown AphaP3 AphaP4 AphaP1AphaPZ2Km, AphaPIAphaPZ2KmAphaP3
as yet. Whereas PhaP3 and PhaP4 are also bound to the surfac® AphaPIAphaPZ2KmAphaP3\phaP4were cultivated in 500 mL
of the PHB granules in vivo, PhaP2 was detected in the Of MSM containing 1.0 g/L NHCI and 1.5% (w/v) sodium gluconate
cytoplasm but is capable of binding to PHB granules in \ifo. as a carbon sourca R L flasks with baffles. Cultures were inoculated
It has been proposed that at least one of these phasins mightVith 50 mL of pre-cultures grown overnight in NB medium at 3D,
support the PHA depolymerases to obtain access to their'n the latter cultures, after 64 h, the original ME concentration of

substrate (PHB) across the layer of phospholipids and the 1.0 g/L was re;tpreq by adding sterilized m.solutlon to the medlum. .
abundant PhaP:17 PHA Quantification. Samples were subjected to methanolysis in

the presence of 15% (w/v) sulfuric acid, and the methyl esters of

PHB accumulation and degradation were studied in the wild- 3-hydroxybutyric acid were analyzed by gas chromatography (HP 6850

type §traln H,16 ,and In \{ar'ous pha§|n-negatlve mutants to gas chromatograph, Agilent Technologies Inc., Palo Alto, &A).
examine the in vivo function of pha_SIns m eutropha The Gel Permeation Chromatography (GPC).Lyophilized cells were
molecular masses of PHB synthesized in the wild-type, the 4 ,ng, dissolved in chioroform, and stirred constantly with a magnetic
AphaP1mutant, and the quadruple mutafiphaP1234of R. stirrer at room temperature for 72 h. This solution was filtered through
eutrophaH16 were analyzed by gel permeation chromatography. a paper filter to separate the dissolved PHB from the remaining insoluble
In addition, the surface structures of PHB granules isolated from cell components. The solution was poured into chilled ethan@o(
cells of the wild-type and of the phasin mutantsRofeutropha °C), leading to the precipitation of PHB to separate PHB from other
were examined at the nanoscale by means of atomic forcecompounds dissolved in chloroform. PHB was separated from the
microscopy (AFM). So far, only a few AFM studies of PHB  solution by filtration through a paper filter and air-dried for 24 h. For
granules of the wild-type but not on phasin-negative mutants determining the molecular weight of PHB, 10 mg of the isolated
were published?®1® polymer was dissolved in 2 mL of chloroform and filtered through a
Minisart SRP4 filter (Sartorius, Gtingen, Germany) to remove fine
insoluble particles. A Waters HPLC apparatus (Milford, MA) consisting
Experimental Procedures of a 717plus auto sampler (Rheodyne 7725i), a 515 HPLC pump, four
consecutive columns (Styragel HR3, Styragel HR4, Styragel HR5, and
Bacterial Strains. All strains of R. eutrophaused in this study are Styragel HR6), a Jetstream 2 column oven, and a RI detector (410

listed in Table 1. differential refractometer) was used for analyses. A total of AID®f
Culture Conditions and Cell Harvest. The wild-type strain the solutions obtained was injected; chloroform was used as the mobile
H16 and the mutant?\phaPl AphaPZ2Km, AphaP3 AphaP4 phase at a flow rate of 0.5 mL/min and at a temperature §iG35The
AphaPIAphaPZX2Km, AphaPIAphaPZX2KmAphaP3 and AphaPt data were analyzed using the Millenium Chromatography Manager GPC
AphaPX2KmAphaP3AphaP4were cultivated in 120 mL of mineral software (Waters, Milford, MA). The molecular masses were analyzed
salt medium (MSM) containing 0.5 g/L NHCI and 1.5% (w/v) sodium in relation to polystyrene standards (Polymer Standards Service, Mainz,

gluconate for 24 h at 30C in 1 L Erlenmeyer flasks with baffles to ~ Germany).

isolate PHB granules for AFM investigation. These cultures were  Atomic Force Microscopy (AFM). To obtain protein free PHB
inoculated with 10 mL of pre-cultures grown overnight on NB medfum  granules without destroying their microstructures, lyophilized cells were
in 100 mL Erlenmeyer flasks without baffles. Cells were harvested by weighed and ground. One sample of each strain was suspended in 25
centrifugation for 20 min at 33@and then washed in 50 mL of 0.9% 4L of 5% (v/v) sodium hypochlorite per milligram of lyophilized cells

(w/v) NaCl. The cell pellets were frozen at70 °C for 12 h and and stirred on a rotation shaker at room temperature for 48 h. After all
subsequently lyophilized. non-PHB components of the cells had dissolved in the sodium
The wild-type strain H16 and the mutant strainghaPl and hypochlorite solution, the granules were harvested by centrifugation

AphaPIAphaPX2KmAphaPAphaP4were also cultivated for 72 h for 20 min at 3309 and washed 6 times in 50 mL of double-distilled
and at 30°C in 500 mL of MSM containing 0.5 g/L NkCI and 1.5% H.O. The harvested PHB granules were frozen-&0 °C for 12 h,

(w/v) sodium gluconateni2 L Erlenmeyer flasks with baffles to obtain  lyophilized afterward, suspended in 5 mL of acetone/diethyl ether (1:
PHB for gel permeation chromatography (GPC) measurements. These2; v/v), and shaken fol h toremove all remaining lipids. The PHB
cultures were inoculated with 50 mL of pre-cultures grown overnight granules were harvested by centrifugation for 20 min at §3@@d

on MSM containing 0.5 g/L N&CI and 1.5% (w/v) sodium gluconate  the acetone/diethyl ether treatment was repeated. After the second
in 250 mL Erlenmeyer flasks with baffles. Cells were harvested by harvest, the granules were dried under flowing air. In the final step,
centrifugation for 20 min using a Sorvall GS3 rotor at 5000 rpm and the dried granules were suspended in 1 mL aOkles: by two
washed in 250 mL of 0.9% (w/v) NaCl. treatments with a MS72 sonic probe (Sonifier 250, Branson Sonic P&vbe\r/
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Company, Danbury, CT) for 15 s each. The granule suspensions werea go
cooled on ice during sonication. This suspension was used for AFM
measurements. To provide a smooth, hydrophilic, and negatively
charged surface as a background20f the granule suspension was
dripped on a sheet of freshly broken mica and air-dried. The atomic z
force microscopy measurements were carried out in the tapping mode *
using an apparatus of Digital Instruments (Santa Barbara, CA) and 2

] 24

40

equipped with a Q-control untt ?j 30 -
Results and Discussion |5

s 20
PHB Storage Behavior.In this study, the PHB storage g
behavior of several mutants &. eutropha(phaPl phaP2 z

phaP3 phaP4 phaPlphaP2 phaPlphaP2phaR3 or 10 |
phaP1phaP2phaP3phalpdeficient in the expression of phasins

was examined by gas chromatographic analyses of the PHB
contents of the cells and compared to that of the wild-type. These 4 , , , , ,
long time observations of the PHB contents of phasin-negative 0 6 12 18 24 30 36 42

mutants revealed some very interesting and unexpected findings, Time [h]
and three different types of PHB storage behavior could be
distinguished (Figure 1). I

A high PHB content was reached relatively quickly by cells 50

of the wild-type H16 and of the single mutantsphaP2
AphaP3 and AphaP4 (group ). Maximal PHB contents of
about 45% (w/w) of cell dry weight (CDW) were reached after
about 37 h of cultivation (Figure 1A), and a high level was
kept over the entire cultivation period under nitrogen limitation &
(until 64 h). This indicated that the absence of the phasins PhaP2,§ .
PhaP3, or PhaP4 had no significant impact on PHB synthesis §
and accumulation in comparison to the wild-type. Cells of the @ 'k
wild-type and of the single mutant&phaP2 AphaP3 and z " o
AphaP4degraded the accumulated PHB relatively slowly at 10 J\w
the beginning; however, when ammonium was added after 64 \
h, degradation of the accumulated PHB was enhanced in all o I S
four strains. It was noticed that cells of the mutanjshaP2 36 42 43 54 60 66 72 78 84 90 96 102 108 114
and AphaP4degraded the accumulated PHB faster than cells
of the mutantAphaP3and of the wild-type. Whereas the PHB
contents of the cells of mutandgphaP2andAphaP4were about ; i X X
S S and all examined phasin-negative mutants. Cells were cultivated at
only 5-7% of CDW (W/W? at the end of the cultivation after 30 °C in 120 mL of MSM containing 15 g/L sodium gluconate and
114 h, PHB amounted still to about +46% of CDW (w/w) 1.0 g/L NH4Cl in 2 L Erlenmeyer flasks equipped with baffles as
in cells of the wild-type and of mutamkphaP3(Figure 1B). described in the Experimental Procedures. After 64 h of cultivation
Cells of the three multiple mutantsphaP12 AphaP123and (marked by dashed line), NH4Cl was added to the cultures to a
AphaP1234(group 1) accumulated PHB much more slowly —concentration of 1.0 g/L. Panel A: behavior of cells during the PHB
than the cells of all other strains and reached maximal PHB accumulation phase during 37 h incubation. Panel B: behavior of
o cells after exhaustion of NH4Cl (37—64 h) and after addition of NH4-
Con.tent.s of about 3540% of CDW (w/w) after 37 h of Cl until the end of the cultivation period (64—114 h). Symbols: W,
cultivation. Afterward, the PHB contents of the cells began to 16 0, AphaP1; a, AphaP2; ®, AphaP3; ®, AphaP4; <, AphaP12:
decrease sharply (Figure 1A). This very interesting behavior, A, AphaP123; and O, AphaP1234.
which is shared by all multiple mutants defective in at least
phaP1lplusphaP2and to some extent also by th@haP1single accumulated PHB relatively fast to their maximal contents like
mutant, and is a remarkable difference from the behavior of all the cells of group I; however, the maximum PHB content was
other mutants, thus indicating that the presence of PhaP1 orlower (35% of CDW, w/w), and as soon as the maximum PHB
PhaP2 or of both phasins is important for PHB degradation in content was reached after about 24 h, the PHB content of the
R. eutrophaAfter only about 70 h of cultivation, cells of the  cells began to decrease rapidly (Figure 1A). This behavior is
strains belonging to group Il had already degraded almost the also shared by all double, triple, and quadruple mutants lacking
entire PHB and retained a low but nearly constant PHB content an intactphaP1 gene. However, cells of the single mutant
of 3—4% of CDW (w/w) only (Figure 1B). Interestingly, the = AphaPldegraded PHB faster than cells belonging to group Il
accumulated PHB was not completely degraded to zero. Thus,only at the beginning. Later, degradation continued at a lower
the lack of PhaP3 or PhaP4 alone seems not to have a clearlyrate that was comparable to the rates in the wild-type and in
measurable effect on PHB accumulation or degradation. An mutantAphaP3 degradation was therefore lower than in the
effect of PhaP2 on PHB metabolism is difficult to understand single mutantsAphaP2and AphaP4or even in the multiple
because PhaP2 was recently shown to not be associated wittmutants belonging to group Il. At the end of the cultivation
the PHB granules in vivé?23although the purified PhaP2 binds experiment, theAphaP1cells contained about 9.5% PHB of
to PHB granules in vitrd? CDW (w/w) (Figure 1B).
Cells of the single mutankphaP lexhibited a PHB storage The phaP1 mutants as well as the double, triple, and
behavior that was between that of groups | and Il. They also quadruple mutants, which lacked an intg@taP1 gene inCDV

% of CDW, wiw)
]

[
=

20

Time [h]
Figure 1. PHB storage behavior of R. eutropha wild-type strain H16
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addition to at least one other phasin, accumulated PHB at a overview detail
lower rate but degraded PHB at a higher rate. This may be height pictures phase pictures
explained by constitutive PHB degradation occurring in parallel : 5

to PHB accumulation in the cel.In accordance with this
assumption, the maximum PHB accumulation rate or PHB H16
content of the mutants should be lower than the maximum PHB
content of the wild-type as it was observed (Figure 1).

Molecular Weights of Accumulated PHB. After the first
phasin, PhaP1, dR. eutrophaH16 was discovered more than
10 years agd? the in vivo function of these amphiphilic
proteins, which occur at the surface of PHB granules, was
intensively discussed. One of several proposed theories was tha
phasins might stabilize the growing PHB chain during PHB
synthesis, thus preventing breakage of the growing PHB
molecule?® Consequently, the molecular weight of PHB syn-
thesized in cells possessing a phasin should be higher than ir
cells lacking a phasin. Phasins may also interact with the
catalytically active enzymes (i.e., PHA synthases and PHB
depolymerases) at the surface of the granules, thereby influenc-
ing the activity of these enzymes and thus the molecular weight
of the accumulated PHB. In 1998, Maehara and co-workers
showed that an increase of the gene dosage of the PHA synthas
PhaC led to a decrease of the molecular weight of the PHA
accumulated irParacoccus denitrifican® Therefore, one of
the aims of this study was to examine whether or not the
presence of phasins impact the molecular weight of PHB.

PHB was isolated from cells of the wild-type H16 and of the
two mutantsAphaPland AphaP1234 which were cultivated AphaP4
for 72 h in the presence of sodium gluconate as described in
the Experimental Procedures. These three strains were chose
because they represented the broadest possible spectrum c
variations: all phasins present (H16), the main phasin PhaP1
absent AphaPJ, and all phasins absenfAphaP1234. The
molecular weights were determined by GPC as described inAphanz
the Experimental Procedures. The data demonstrated very clearly
that the molecular weights of PHB isolated from cells of the
mutantsAphaPlandAphaP1234wvere almost exactly the same
with the molecular weight of PHB isolated from cells of the
wild-type. All isolated PHB samples exhibited an average value
of My, 1700+ 100 kDa with polydispersitiesMw/M,) of 1.8.
Therefore, the molecular weights of PHB isolated from the three
strains did not exhibit significant differences, and the phasins
do obviously not have an impact on the molecular weights. This
makes it very unlikely that phasin proteins influence the degree
of polymerization. If phasins have a stabilizing influence on
the nascent PHB polymer chain, the molecular weight at least AphaP1234
in the quadruple mutamhphaP1234should be lower than in
the wild-type.

AFM MeasuremenFS'AlthOUQh phasins have b_een shown Figure 2. AFM pictures performed in the tapping mode of PHB
to have an immense impact on the macro- and microstructuresgranyles isolated from cells of the wild-type and all examined phasin-
of PHB granules in livingR. eutrophacells, phasin-negative  negative mutants of R. eutropha. Cells were cultivated in 120 mL of
mutants have not been investigated by AFM until now. We MSM containing 0.5 g/L NH4Cl and 15 g/L sodium gluconate for 24
therefore performed tapping mode AFM measurements of PHB h at 30 °C in 1 L Erlenmeyer flasks with baffles. PHB granules were

granules that were isolated from the wild-type H16 and all isolated with 25 uL of 5% (v/v) sodium hypochlorite per milligram of
. . . lyophilized cells. The bars shown on the left side at the overview
currently available phasin-negative mutants. photographs represent a length of 1 um, whereas the bars shown on

The most unexpected result was obtained with PHB granulesSthe right side at the detailed photographs represent a length of 0.5
isolated from cells of the wild-type H16 and from the single «m. Arrows indicate the linear strands (st) and the brain-like structures
mutantsAphaP2 AphaP3 andAphaP4(group ). These PHB (br) as well as the skeleton structures of the granules (sk) and the
granules stuck together and formed one interconnected structureeParated granules (sg).
inside every cell like a skeleton and retained the form of the
cells after their disintegration. The connections between the strains belonging to group I, which have PhaP1 expression in
single granules must be caused by PHB itself as all proteins common, were observed (Figure 2). This observation was not
and membranes were removed by hypochlorite. On the mac-made in theAphaP1single mutant or in the multiple mutants
rostructural level, no differences between the granules of theseAphaP12 AphaP123 and AphaP1234belonging to group ”’CDV

AphaP1

AphaP2

AphaP3
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which have in common a lack of PhaP1. The granules isolated respectively. The granules obviously merge into irregular
from theAphaP1mutant were much larger than all others. Their granules as soon as two of them establish a closer contact in
actual size was the same as the size of the whole granulethe cell. In contrast, PHB granules, which did not establish such
skeletons of the strains belonging to group I, suggesting that contacts, did not merge with each other and remained relatively
all PHB granules coalesced to one single large granule in thesesmall.
cells. In fact, the formation of one large single granule per cell  This occurrence of these three groups is of particular interest
was already previously shown for a F4mduced phaP1 as it corresponds perfectly with the groupings made due to
insertion mutant by electron microscopic studigsThese differences in PHB accumulation and degradation. The most
interconnected PHB granules were not observed in other AFM astonishing effect in both cases is that a mutatiorplodP1
studies on the PHB granules of the wild-typeRafeutropha® andphaP2has a completely different effect than a mutation of
Dennis and co-worket$ observed instead separated PHB phaP1lalone, although the mutation @haP2alone has no
granules. This may be due to the very drastic methods employedmeasurable effect at all. The most striking nanostructures were
to isolate PHB granules from the cells by sonication for 5 min the linear strands arranged in parallel arrays, which occurred
using 5 s on and 7 s oftycles. Afterward, the isolated PHB on almost all PHB granules in any strain (Figure 2). These
granules were added to a 46 SDS solution (0.5%, w/v). This  strands traversed the PHB granule surface in distances of
solution was gently mixed and incubated at°45for 5 min18 approximately 7 nm and were already discovered previously
Washing with SDS and also disruption of the cells in a French by Dennis et al® These 7 nm parallel arrays were perfectly
press or by ultrasonication imposes very harsh conditions on confirmed as the original surface structure of the isolated PHB
the PHB granules and might cause severe damage of thegranules. As they were observed on almost all protein-free PHB
microstructures of the granules, thereby leading to artifacts. For granules isolated from the wild-type and also from all mutant
our investigations, the harvested cells were lyophilized and strains, phasins obviously do not have an influence on these
directly dissolved in hypochlorous acid. This procedure led to Structures, making it very probable that they are related to the
the disintegration of all proteins, yielding purified PHB. During PHA synthase protein.
the whole isolation process, the PHB granules never encountered In many cases, the relatively smooth PHB granule surface
any strong mechanical forces. Only when the PHB granules werewas interrupted by carves forming a structure resembling the
resuspended were they shortly exposed to two 15 s pulses ofbrain of mammals (Figure 2). They resembled the rough surface
mild ultrasonication; this procedure probably prevented the structures of granules that were described by Dennis and co-
filigree structures from any serious harm. Therefore, our study workers as being beside smooth grandfeShese brain-like
depicts the original structures of the PHB granules in the wild- structures were especially frequent in PHB granules of the wild-
type and in the various phasin-negative mutant® agutropha ~ type H16 and of the mutant straidphaP4 AphaP123 and
These granule skeletons are usually not recognized in electronAphaP12340Other structures, which appeared in almost all types
microscopic examinations since only two-dimensional images Of granules, were imprints or hunches. Sometimes the granules
of the structures are obtained. One exception is the study ofl00k as if physical force was applied to the them, pulling parts
McCool and co-workers on the structure of PHB granules from Of them out, or if a footprint was pressed into their surface.
Bacillus megaterium’ Transmission electron microscopy im- Another element, which has been described as typical for the
ages of PHB granules isolated from cells after different periods native structure of PHB granules isolated from cells of the wild-
of cultivation revealed thin bridges between granules. However, type of R. eutrophais globular structures with a central pore
the influence of phasins was not investigated and discussed inthat occurs at the surface of PHB granuiéd. these globular
this study?? structures really consist of phasins, it is impossible that they
A comparison of the AFM images obtained from PHB @&/€ necessary for either _PHB accum_ulation or degradation
granules isolated from strainAphaP12 AphaP123 and because the long-term cultivation experiments of the quadruple

AphaP1234with images obtained from PHB granules of the phasin-negative mutant showed that this_mutant is able to
single mutants belonging to group | revealed at first glance that accumulate almost as much PHB as the vylld-type. Therefqre,
phasins are not essential for PHB synthesis and accumulation.

the granules of these mutants are very far from having a normalO AFM . did identifv th lobul
shape (Figure 2). The more the phasins were missing in the. ur | experiments did not | ent|fyt_ ese globular structures
n the wild-type or in the mutant strains &. eutrophaH16

mutant strains, the more the regular shape of their granules wa I orotei qf the PHB les b
lost. Very small and very large granules could be observed side ecause all proteins were removed from the granules by
sodium hypochlorite treatment.

by side in all these samples. The large granules did not exhibit
the round and smooth appearance of group | granules. Whereas

the average size of these PHB granules was about the same as Conclusion

the average size of the PHB granules of the wild-type, the sizes

of individual PHB granules exhibited a greater variance. The  Summing up all results of this study, it became obvious that
majority of these granules was either much bigger or much the phasins exert iR. eutrophanot only a severe influence on
smaller than the average, and many of them showed an ovalthe structure of PHB granules but also on PHB accumulation
shape rather than a round and regular shape like the PHBand in particular on PHB degradation. Besides a stabilizing
granules of strains belonging to group I. Apart from this, the effect on the dispersion of the water-insoluble PHB in the
most striking difference of granules from all mutants, which cytoplasm, which is most probably the function of the major
were unable to produce one of the other phasins in addition to phasin PhaP1, phasins affect directly or indirectly PHB degrada-
PhaP1, to the PHB granules of group | was the lack of the tion in the cells when they utilize PHB as an energy and carbon
granule skeleton phenotype typical for granules isolated from source in the absence of an external carbon source. Indirect
mutant strains belonging to group | (Figure 2). The most effects might, for example, be caused by altered surface to
probable explanation for this effect is that the newly synthesized volume ratios of the PHB granules, whereas a direct effect might
small granules in cells of these strains are not sufficiently be caused by interactions of a phasin with PHB depolymerases.
covered by an envelope or a structure providing system, Since PHB depolymerases are constitutively expressed |&B\§
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wild-type of R. eutropha* the lack of a phasin in a mutant (7) Peoples, O. P.; Sinskey, A. J. Biol. Chem.1989 264, 15298.
will have an immediate effect on PHB accumulation and (8) Pdter, M.; Steinbighel, A. Biogenesis and structure of polyhydroxy-
degradation rates. The effect caused by a particular phasin could alkanoate grant_JIes. IBacteriaI_ Irjclusions, Series: _Microbiolo_gy
theoretically be positive, for example, by providing access of a gﬂooongg;;pfssgg’g'y' J. M., Steinbehel, A., Bds.; Springer. Berlin,
PHB depolymerase to the Surfaqe of t.he PHB gr_a_nules and (9) Gerngross, T. U.; Reilly, P.; Stubbe, J.; Sinskey, A. J.; Peoples, O.
thereby to the substrate or by stimulating the activity of the P.J. Bacteriol. 1993 175, 5289.
PHB depolymerase. Evidence was provided that this could in  (10) Maehara, A; Ikai, K.; Ueda, S.; Yamane, Biotechnol. Bioeng.
some mutants also cause constitutive PHB degradation in 1998 60, 61.
parallel to PHB synthesis, thereby resulting in a lower PHB (11) Steinbighel, A.; Aerts, K.; Babel, W.; RAtner, C.; Liebergesell, M.;
accumulation rate under conditions permissive for PHB bio- Madkour, M. H.; Mayer, F.; Pieper-fst, U.; Pries, A.; Valentin,
synthesis and in a higher PHB degradation rate under conditions w2 ';-mE-? Vl\\//lleclz\/lo"rl(lek’ RHcag J. MllfrOt:—lOI.\])\?'QS 41, i“-R ke,
oo H H H er, . uller, ., Reinecke, r.; leczorek, ., Fricke, F.;
permissive for PHB degradation. It is unlikely that the effects Bowien, B; Friedrich, B.; Steiritzhel, A. Microbiology 2004 150,
of phasins are indirectly caused by the enormous amount of 2301
phas!n proteln'that is synthesmed by the ribosomes because (13) Wieczorek, R.; Pries, A.; Steifibel, A.: Mayer, F.J. Bacteriol.
phasin synthesis occurs only in the stationary growth phase when 1995 177, 2425.
growth has ceased and when PHA is synthesized as a storage(14) Pater, M.; Madkour, M. H.; Mayer, F.; Steiriishel, A.Microbiology
compound since the cells require much less proteins for other 2002 148 2413.
purposes. (15) York, G. M.; Stubbe, J.; Sinskey, A.Jdl.Bacteriol.2001, 183 2394.
This study again indicated that the PHB metabolism is rather (16) Pdter, M.; SteinGghel, A. Biomacromolecule2005 6, 552.
complex in the model organisR. eutrophaand probably also gg Sg'r‘?gz"DR"?Lirgighb Z.';'_i'z'”egl'c#"_#hﬁgghimés_t%?)igl?%ion
in most if not all PHA accumulatlng pacterla. Detailed experi- D.: Augustine. BFEMS Microbiol. Lett 2003 226 113,
ments and extensive experiments will be necessary to unravel (19) Sudesh, K.; Maehara, A.; Gan, Z.; lwata, T.; Doi,Palym. Degrad.
the interactions of the phasins with the other enzymes involved Stab.2004 83, 281.
in PHB metabolism inR. eutrophabecause four different (20) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular Cloning: a
phasins and at least seven different PHB depolymerases have Laboratory Manuaj 2nd ed.; Cold Spring Harbor Laboratory Press:
been detected in this bacterih. Plainview, NY, 1989.
(21) Timm, A,; Steinbahel, A.Appl. Erviron. Microbiol. 1990 56, 3360.
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