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Abstract. The heat effects accompanying the isothermal in wifro polymerization of
Pr. mirabilis flagellin on short flagella fragments (seeds) have been measured in phosphate
buffer pH 7, at various temperatures employing a batch microcalorimeter. Additionally, at
20 °C, measurements have been performed in phosphate as well as Tris-HCl buffer at pH 7.5.

The rate of both heat uptake and release during the process of polymerization was shown to
be proportional to the rate of molar ellipticity changes observed by parallel circular dichroism
experiments.

No change in the state of protonation of flagellin occurs during the polymerization as
indicated by the constancy of the enthalpy values determined in buffers with different heats
of ionization. The apparent molar enthalpy of polymerization at 25 °C, pH 7,is — 34.7 & 3 keal
per mole of flagellin, the relatively large error mainly resulting from uncertainties of the
determination of the percentage of unpolymerized monomers after completion of the reaction.

The most prominent feature of the results obtained in this study is the large temperature
variation of the enthalpy, corresponding to a temperature independent heat capacity change
of Ac, = — 3039 + 100 cal per degree per mole of flagellin, the error limits referring to the
standard deviation in a linear regression analysis.
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Introduction

Bacterial flagella consist of a helical assembly of flagellin subunits fixed at one
end in the cell membrane (for reviews see Asakura, 1970; Bode, 1973). Locomotion
of the bacterium seems to be caused by a passive wave motion of the helical
filament, the flexibility and stability of which is provided by strong non-covalent
bonds of high specificity.

Treatment of native flagella with various dissociating agents leads to reversible
splitting into flagellin monomers of 40000 molecular weight. Under certain
conditions (pH 7, 0.15 M NaCl, ~ 20 °C) these subunifs represent a homogeneous
system which does not polymerize unless short fragments of flagella (“seeds™) are
added (Asakura ef al., 1964, 1966, 1968; Bode et al., 1972). This observation
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together with the s*ability of flagella prove native flagellin subunits under the
given conditions to be in a kinetically determined non-equilibrium state; only the
helical aggregate is thermodynamically stable under physiological conditions.

The slow nucleation and the relatively fast chain growth in the polymerization
reaction of flagellin are characteristic properties of a cooperative process. This view
is supported by recent studies of Gerber ef al. (1973), who present evidence for
“critical” monomer concentrations of flagellin, which coexist in equilibrium with
flagella independent of the concentrations of polymers. These authors estimated
the enthalpy change for the conversion of active monomers into polymers to be
endothermic by -- 40 keal per mole of flagellin and considered this result suggestive
of important contributions of hydrophobic interactions to the polymerization of
flagellin.

On the other hand the same authors point out that according to the difference
of the activation enthalpies calculated from the rate constants of the polymeriza-
tion and depolymerization processes of flagellin and flagella, respectively, the
flagellin polymerization should be exothermic with a reaction enthalpy of about
— 40 kcal per mole of flagellin.

In the present study an attempt has been made to resolve this discrepancy
between the two approaches. In order to circumvent the insufficient accuracy of
the indirect methods of calculating the thermodynamic data, direct calorimetric
determinations of the reaction enthalpy of the flagellin polymerization were
performed in a broad range of temperature.

Materials and Methods

The isolation and purification of flagella from Pr. mirabilis were the same as
deseribed previously (Bode et al., 1972; Glossmann and Bode, 1972). Fractional
centrifugation and repeated depolymerization — seed-polymerization cycles were
performed in 0.15 M NaCl, 0.05% NaN,, 0.01 M sodium phosphate buffer, pH 7.
The solutions were stored at 4°C. “Seeds” (average length ~ 0.5um) were
prepared by sonicating purified flagella solutions 2 x 15 min at ~ 0 °C (Asakura
ef al., 1964; Bode, 1971). After incubation at room temperature for 2 hours the
seeds were sedimented by high-speed centrifugation, dissolved to a concentration
of about 15 mg/ml in 0.2 M NaCl, 0.02% NaNj,, 0.01 M sodium phosphate buffer,
pH 7, and stored at 4 °C.

Flagellin monomers were prepared by acidifying saltfree suspensions of purified
flagella with HCl (Abram and Koffler, 1964), spinning down the acid insoluble
material and neutralizing the supernatant after a rapid change to pH 10 (Gloss-
mann and Bode, 1972). The flagellin solutions obtained by this procedure had a
concentration of approximately 20 mg/ml (0.2 M NaCl, 0.02% NaN; 0.01 M
sodium phosphate buffer pH 7). The concentration was determined either by a
modified biuret method or by UV absorption (Agzgnm= 2.06 for a 1% (w/w)
solution, pathlength 1 ¢cm). The concentration of flagella and seeds were based on
the biuret method only. To express data in molar quantities a subunit molecular
weight of 40000 was assumed.

Circular dichroism spectra were measured in a Cary 60 spectropolarimeter
equipped with a Cary 6002 CD attachment, using a fused thermostated cell of
0.2 mm path length (Hellma, Miillheim, Germany). In order to follow the progress
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of the polymerization reaction the ellipticity at 220 nm (0,,,) was measured after
mixing e.g. 0.1 ml seed solution and 0.15 ml monomer solution. The temperature
was determined with a thermistor probe in the cuvette.

Sedimentation analyses were performed in an analytical ultracentrifuge
(Beckman, Model E) equipped with an automatic photoelectric scanning system.

Calorimetric measurements were carried out in an LKB Model 10700-2 batch-
type microcalorimeter (LKB, Bromma, Sweden). The calorimeter was equipped
with two additional thermostats and enclosed by a climate box (Colora, Lorch,
Germany) thus allowing measurements in a temperature range between 2 and
60 °C. A period of approximately 2 h for temperature equilibration before the start
of the reaction turned out to be long enough to ensure a steady baseline. The
reaction was followed for 2to 3 h and its completeness was checked by an additional
mixing procedure. Calibration runs were performed after each measurement as
well as separate determinations of the heat of friction of the solutions.

Results

A typical feature of the polymerization of flagellin is the strong decrease of the
molar ellipticity during the polymerization process caused by the large difference
between the ellipticities of monomeric and polymeric flagellin (Klein ef al., 1968 ;
Bode ef al., 1972; Uretani et al., 1972). Since previous experiments have shown that
the rate of change of ellipticity of a flagellin-seed-mixture is directly proportional
to the rate of flagellin polymerization (Bode, unpublished results), the time course
of A0,y was used to characterize the time course of polymerization during the
calorimetric measurements, using the same seed solutions and monomer solutions
at identical mixing ratios and temperatures in both experiments.

Fig. 1 shows the change of ellipticity at 220 nm of a flagellin-seed-mixture at
25 °C (solid line) as a function of time and the corresponding time course of the
integral heat output of the calorimeter (dashed line). The apparent sigmoidicity
of the calorimetric profile is caused by the time constant of the instrument and has
no significance with respect to the kinetic mechanism of the polymerization. From
the ellipticity data shown in Fig. 1 one calculates that the polymerization reaction
has proceeded to about 36%,, 58 %, 85% and 959, after 15, 30, 60 and 90 min, resp.
while the calorimetric results yield 53%, 80% and 93% for the completion of the
reaction after 30, 60 and 90 min. After 2 h no further significant change could be
observed. Similar measurements as demonstrated in Fig. 1 were performed at
various temperatures. Numerical values of these enthalpies are listed in Table 1.
The molar enthalpies given in the table are corrected with respect to the percentage
of monomers polymerized, derived from sedimentation analyses with the reaction
mixture after completion of the polymerization in the calorimeter. Further
corrections taken into account are the heats of dilution of both flagellin monomers
and seeds. While dilution of the seeds did not make any significant enthalpic
contribution, heat involved in diluting the monomers amounted to about — 1 keal
per mole of flagellin at 25 °C.

The apparent molar enthalpy of a reaction can be influenced by the buffer used
in the experiments, when ionization processes occur (Hinz ef al., 1971; Sturtevant,
1972). This possibility has been investigated and the results are included in Table 1,
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Tig. 1. Time course of ellipticity changes at 220 nm (solid line) and integral heat output
(dashed line) as monitored during polymerization of flagellin monomers. Ellipticity measure-
ments refer to a solution of 10.2 mg/m] flagellin, 6.1 mg/ml seeds, 0.01 M sodium phosphate
0.2 M NaCl, 0.02% NaNg, at pH 7, 25 °C. Optical path length is 0.2 mm. The calorimetric

experiment was performed with an identical solution

Table 1. Enthalpies of polymerization of flagellin at pH values 7.0 and 7.5 in two buffers,

at various temperatures

T°C Buffer  Monomer cone. Percentage AH
of flagellin of monomers keal (mole
mg ml~t polymerized of flagellin)~!
4.81 88 +14.5
10 A 3.96 85 + 10.7
6.59 81 +12.6
13 A 6.24 85 + 0.9
17 A 7.54 78 —10.8
20 A 6.34 92 — 16.3
B 1113 88 —13.9
B 12.27 77 —14.3
C 12.06 78 —14.7
C 12412 76 — 154
25 A 10.05 85 — 33.9
5.99 77 — 35.4
30 A 7.38 80 —43.9
5.10 70 —47.8
33 A 10.40 85 — 63.3
7.37 81.5 — 54.9

The buffer systems used were the following

A: 0.2 M NaCl, 0.01 M sodium phosphate, 0.02% NaN,, pH 7

B: 0.15 M NaCl, 0.05 M sodium phosphate pH 7.5
C: 0.15 M NaCl, 0.05 M Tris-HCl, pH 7.5.
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Fig. 2. Temperature dependence of the molar enthalpy of polymerization of flagellin. Open

circles refer to measurements at pH 7, in 0.2 M NaCl, 0.01 M sodium phosphate, 0.02 % NaN,

solution, while the dashed and filled circle refer to experiments at pH 7.5 in solutions containing
0.15 M NacCl, 0.05 M sodium phosphate and 0.15 M Na(Cl, 0.05 M Tris-HClI, respectively

buffers B and C. The constancy of the enthalpy of polymerization irrespective of
the buffer system indicates that protonation or deprotonation reactions are not
involved in the polymerization of flagellin.

Above 20 °C, reactions in the calorimeter went to completion within approxi-
mately 2 to 3 h when 3.5 ml of flagellin solution and 2 ml of seed solution were
employed. Due to the decrease of reaction rate with decreasing temperature the
ratio of seeds to monomers had to be reversed to obtain similar times for duration
of the experiments under 20 °C,

Fig. 2 is a graphical representation of the enthalpy values given in Table 1
to particularly emphasize, that within the limits of experimental error the enthalpy
of polymerization varies linearly with temperature in the temperature range
studied. Linear regression analysis leads to the equation

AH (T) kecal/mole = 434 —3.0 T

with 7' as temperature in °C. The standard error of the enthalpy value in this fit is
+ 3 keal/mole. Calorimetric experiments at higher temperatures than 33 °C have
not been performed because of increasing errors due to unspecific aggregation and
instability of the instrument. The temperature coefficient of the enthalpy is the
heat capacity change at constant pressure p

04H

Acy= (~5T—>p = —3.0 + 0.1kcal/(degree-mole) .
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Table 2. Comparison of thermodynamic data on. interaction of proteins with various types
of molecules

Reaction Mole- T  pH Bufferr AH Aeyp Aha Acpa Refer-
cular °C cal/mole cal/deg- cal/115g cal/deg- encesd
Weight mole 115¢g

Avidin + Biotin 68300 25 5-9 T — 80000 — 928 —135 — 1.56 1.2

Haemoglobin +

Haptoglobin 67000 25 74 U — 41200 — 2300 — 707 — 395 3

Trypsin +

Trypsin Inhibitor

(Soybean) 23800 25 5.0 V + 8600 — 442 + 415 — 243 4

Ribonuclease

S-Peptid +

S-Protein 13895 25 7.0 W — 39800 — 1460 —3294 —121 5

Aldolase +

Hexitol-1,6-
diphosphate 150000 25 7.5 X + 1300 —1100 + 1.0 —084 6

Yeast GAPDH

+ NAD 140000 25 732 Y — 49600 — 2080 — 407 — 1.7 7
Flagellin

Polymerization 40000 25 7.0 ABC — 34700 — 3039 — 998 — 87 This

study

& The letters in column 5 refer to the following buffer systems:

T, Ammonium acetate or borate buffer, ionic strength 0.1—0.15; U, 0.15 M-phosphate;
V, 0.2 M KCl, 0.05 M CaCl,; W, unbuffered solution, 0.3 M NaCl; X, values are given corrected
for buffer effects; Y, 0.05 M potassium phosphate, 0.05M KCl-0.002 M EDTA; ABC, see
Table 1.

b The numbers in column 10 refer to:

1. Green,1966; 2. Bjurulf et al., 1971; 3. Adams and Weiss, 1969; 4. Baugh and Trowbridge,
1972; 5. Hearn et al., 1971 ; 6. Hinz ef al., 1971; 7. Velick et al., 1971.

Discussion

The evaluation of the enthalpy data in Table 1 is based on the fact that
“native” flagellin polymerizes almost eompletely into polymeric flagella, whereas
flagella do not dissociate significantly under physiological buffer conditions
{0.45 M NaCl, pH 7, room temperature). This means that under these conditions
the monomer-polymer equilibrium lies on the side of the polymer and that the
flagellin fraction of 10 to 209, that remains unpolymerized at the end of the
experiments, presumably has lost irreversibly its ability to polymerize. This
conclusion is supported by the fact that the percentage of unreacted monomeric
flagellin remains constant for the same preparation batch almost independently of
dilution of the monomer-polymer mixture (Bode, unpublished result). It may be
added here that Kuroda (1972) has found similar percentages (about 209%) of
unreacted monomeric material after 4 h of incubation, in his polymerization
studies on Proteus, Salmonella and Bocillus flagellins. The remarkable parallelism
between the time course of polymerization as monitored by calorimetric and
circular dichroic experiments (Fig. 1) suggests that heat effects are associated with



Calorimetric Studies on the Polymerization of Flagellin 61

the polymerization reaction proportional to the flagellin turnover and that the
solutions before and about 3 h after mixing are stable within the calorimetric
vessels. Neither the sedimentation pattern nor the electronmicroscopic observa-
tions present any evidence for the occurrence of other species besides monomers
and helical polymers (Asakura, 1970). Therefore the assumption seems to be valid
that the heat production measured in the calorimeter after mixing originates only
in the specific helical polymerization and not in other unspecific aggregation.

The most prominent result of the presented data is the strong temperature
dependence of the polymerization enthalpy. Due to the heat capacity change of
— 3.0 keal per degree per mole of flagellin, the reaction enthalpy is positive below
~ 14 °C and negative above ~ 14 °C. This phenomenon of strongly temperature
dependent enthalpies involved in the reaction of proteins with molecules of various
size has repeatedly been observed (Table 2, column 7). On the other hand, thermal
denaturation of proteins, including flagellin, is accompanied by a large increase
(e.g. 3 kcal per degree per mole of flagellin) of the apparent molar heat capacities
(Tanford, 1970; Bode and Blume, 1973). In accordance with current assumptions
this increase of heat capacity results primarily from the increased exposure of
hydrophobic groups to the aqueous environment (cf. the solubility studies of
amino acids, Tanford, 1970).

Reversing the argument provides a means of rationalizing the experimentally
determined high negative heat capacity changes accompanying the flagellin poly-
merization. Flagellin has a particularly high surface to volume ratio due to its
highly asymmetric shape (Bode et ol., 1972). Incorporation into the compact
flagella structure reduces the surface area in contact with water considerably. Asin
the case of the endothermic polymerization of tobacco mosaic virus protein
(Jaenicke and Lauffer, 1969) this process may be assumed to involve a desolvation
reaction, which would contribute to a decreased heat capacity of the system
according to common concepts of hydrophobic bonding. This interpretation gets
support from observations of Gerber ef al., (1967) that the flagellin polymerization
is associated with a significant volume increase, as expected for hydrophobic
interactions (Kauzmann, 1959). However, remembering the actual correlation
times of water molecules in the vicinity of hydrophobic groups (v. Goldammer and
Hertz, 1970) one should not forget the pictorial aspect of the above argument
(Holtzer and Emerson, 1969). Another contribution to the large negative heat
capacity change during flagellin polymerization may arise from tightening of the
structures of both the associating monomer and the corresponding combining site
at the growing flagellum with concomitant loss of excitable internal degrees of
freedom, such as rotation and torsional vibration about valence bonds (Sturtevant,
1972). The large ellipticity decrease at 220 nm during polymerization is commonly
attributed to an increase of x-helical content. In fact it may reflect a higher degree
of order assumed by the tertiary structure of the flagellin molecule during associa-
tion. Therefore it is possible that the isolated flagellin molecule referred to in
general as active or native may in fact represent only an intermediate state be-
tween a thermally disordered and a compact structure and that the polymerizing
reaction is only a continuation of a refolding process. This interpretation gains
support from the remarkable agreement between the absolute value of the heat
capacity change associated with thermal denaturation of flagellin [+ 3 keal per
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degree per mole (Bode and Blume, 1973)], and that involved in the seed poly-
merization as determined in this investigation (— 8.0 keal per degree per mole).
However, according to shape and structure determination and to the adiabatic
calorimetric experiments the isolated flagellin behaves in most regards like other
native protein molecules (Bode ef al., 1972; Bode and Blume, 1973). Kinetic results
suggest at least two main association steps (Asakura, 1970; Kuroda, 1972) which
may be interpreted as a desolvation step followed by a conformational change.

Inspection of column 6 in Table 2 reveals, that large positive as well as large
negative enthalpy values have been determined for reactions of proteins with a
variety of other molecules.

A comparison of the molar quantities, useful as they are for other purposes does
not seem to be appropriate to detect possible differences or similarities of the
binding reactions. Therefore enthalpy values have been listed in column 8 of
Table 2 calculated on the basis of an average molecular weight per amino acid
of 115.

Although this procedure has its weaknesses too in that it could cover up pre-
dominant energetic contricutions of specific reactive groups, like ionization
reactions, hydrogen bond formation etc., it appears to be more apt to character-
izing gross conformational changes as they are reflected in the temperature
coefficient of the enthalpy.

Column 9 of Table 2 shows heat capacity changes per amino acid residue
(M = 115) calculated from the experimentally determined values given in column
7. It seems to be worth mentioning that in those cases where two macromolecules
of comparable molecular weight are involved in the reaction, substantially higher
heat capacity decreases occur, indicating major conformational rearrangements.
Unfortunately without additional information it is not possible to specifically
apportion the heat capacity changes to either the reversal of hydrophobic hydra-
tion or a general decrease in vibrational and rotational degrees of freedom.
The large negative reaction enthalpy at 25 °C determined for the flagellin polymer-
ization in this calorimetric investigation is evidently not of extraordinary magni-
tude. However, this result is incompatible with a value of + 40 keal per mole of
flagellin as reported by Gerber ef al. (1973) for polymerization of Salmonella

flagellin.

Acknowledgements. W. B. is much obliged to Professor R. Huber for his critical interest in
this research. A. B. thanks Professor Th. Ackermann for financial support and stimulating
discussions. H. J. H. and R.J. are grateful to the Deutsche Forschungsgemeinschaft and
the Fonds der Deutschen Chemischen Industrie for their grants.

References

Abram, D., Koffler, H.: In vitro formation of flagella-like filaments and other structures from
flagellin. J. molec. Biol. 9, 168—185 (1964)

Adams, E. C., Weiss, M. R.: Calorimetric studies of the hemoglobin-haptaglobin reaction.
Biochem. J. 115, 441 —447 (1969)

Asakura, S.: Polymerization of flagellin and polymorphism of flagella. Advan. Biophys.
(Tokio) 1, 99--155 (1970)

Asakura, 8., Eguchi, G., Jino, T'.: Reconstitution of bacterial flagella ¢n witro. J. molec. Biol.
10, 4256 (1964) :



Calorimetric Studies on the Polymerization of Flagellin 63

Asakura, S., Eguchi, G., Jino, T.: Salmonella flagella: in vitro reconstruction and overall
shapes of flagellar filaments. J. molec. Biol. 16, 302—316 (1966)

Asakura, 8., Eguchi, G., Jino, T.: Unidirectional growth of Salmonella flagella in witro. J.
molec. Biol. 85, 227236 (1968)

Baugh, R. J., Trowbridge, C. G.: Calorimetry of some trypsin-trypsin inhibitor reactions.
J. biol. Chem. 247, 7498—7501 (1972)

Bjurulf, C., Suurkuusk, J., Wadso, J.: Thermochemistry of some specific protein binding
reactions. In: Proceedings of First European Biophysics Congress (Broda, E., Locher, A.,
Springer-Lederer, H., Eds.) pp 347—349. Wien: Verlag der Wiener Medizinischen Aka-
demie 1971

Bode, W.: Physikalisch-chemische und biochemische Charakterisierung der Flagella und des
Flagellins des Bakteriums Pr, mirabilis. Dissertation, Univ. Minchen 1971

Bode, W.: Angew. Chem. 85, 731 —741; Internat. Edit. 12, 683—693 (1973)

Bode, W., Blume, A.: Thermal transitions of Profeus mirabilis flagellin as studied by circular
dichroism and adiabatic differential calorimetry. FEBS Letters 36, 318—322 (1973)

Bode, W., Glossmann, H.: Polymerization behaviour of carboxy peptidase B treated Proteus
mirabilis flagellin. Hoppe-Seylers Z. physiol. Chem. 851, 1285—1288 (1970)

Bode, W., Engel, J., Winklmair, D.: A model of bacterial flagella based on small-angle X-ray
scattering and hydrodynamic data which indicate an elongated shape of the flagellin
protomer, Europ. J. Biochem. 26, 313 —327 (1972)

Gerber, B. R., Noguchi, H.: Volume change associated with the G-F transformation of flagellin.
J. molec. Biol. 26, 197—210 (1967)

Gerber, B. R., Asakura, 8., Oosawa, F.: Effect of temperature on the in witro assembly of
bacterial flagella. J. molec. Biol. 74, 467—487 (1973)

Glossmann, H., Bode, W.: Cyanogen bromide cleavage of Proteus mirabilis lagellin. Hoppe-
Seylers Z. physiol. Chem. 853, 298 —306 (1972)

Goldammer, E. v., Hertz, H. G.: Molecular motion and structure of aqueous mixtures with
nonelectrolytes as studied by nuclear magnetic relaxation methods. J. phys. Chem. 74,
3734—3755 (1970)

Green, N. M.: Thermodynamics of the binding of biotin and some analogues by avidin,
Biochem. J. 101, 774—780 (1966)

Hearn, R. P., Richards, F. M., Sturtevant, J. M., Watt, G. D.: Thermodynamics of the binding
of S-peptide to S-protein to form ribonuclease S. Biochemistry 10, 806—817 (1971)

Hinz, H. J., Shiao, D. D. F., Sturtevant, J. M.: Calorimetric investigation of inhibitor binding
to rabbit muscle aldolase. Biochemistry 10, 1347 —1352 (1971)

Holtzer, A., Emerson, M. F.: On the utility of the concept of water structure in the rationaliza-
tion of the properties of aqueous solutions of proteins and small molecules. J. phys. Chem.
73, 26—33 (1969)

Jaenicke, R., Lauffer, M. A.: Polymerization-depolymerization of TMV-protein. Biochemistry
8, 3083 —3092 (1969)

Kauzmann, W.: Some factors in the interpretation of protein denaturation. Advan. Protein
Chem. 14, 1—62 (1969)

Klein, D., Yaguchi, M., Foster, J. F., Koffler, I.: Conformational transitions in flagellins
J. biol. Chem. 243, 4931 —4935 (1968)

Klug, A.: The design of self-assembling systems of equal units. In: Formation and fate of cell
organelles (Warren, K. B., Ed.) pp 1—18. New York: Academic Press 1967

Kuroda, H.: Polymerization of Salmonella, Proteus and Bacillus flagellins in vitro. Biochim.
biophys. Acta (Amst.) 285, 253 —267 (1972)

Sturtevant, J. M.: Methods in enzymol. (Colowick, S. P., Kaplan, N. 0., Eds.). Calorimetry
26, 227—253 (1972)

Tanford, C.: Protein denaturation, Part C. Theoretical models for the mechanism of denatura-
tion. Advan, Protein Chem. 24, 1—95 (1970)



64 W. Bode et al.

Uretani, Y., Asakura, S., Imahori, K.: A Circular dichroism study of Salmonella flagellin.
Evidence for conformational change on polymerization. J. molec. Biol. 67, 85—98 (1972)

Velick, S. F., Bagott, J. P., Sturtevant, J. M.: Thermodynamics of nicotinamide-adenine
dinucleotide addition to the glyceraldehyde 3-phosphate dehydrogenases of yeast and of
rabbit skeletal muscle. An equilibrium and calorimetric analysis over a range of tempera-
tures. Biochemistry 10, 779—786 (1971)

Prof. Dr. Rainer Jaenicke
Biochemie IT, Fachbereich Biologie
Universitit Regensburg

D-84 Regensburg

Federal Republic of Germany



