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ABSTRACT  Particles with receptor activity for T5-phages were isolated from the outer
membrane of Escherichia coli B. We describe the interaction of these particles with
T5-phages as a two-step chemical reaction. The rate constants were estimated from the
inactivation kinetics. The transition-state theory permits the calculation of the entropy,
enthalpy, and Gibbs free energy of activation. In the absence of Triton X-100, the reaction can
be described with one set of thermodynamic constants for the temperature range from 10° to
40°C. The addition of Triton, which results in the splitting of receptor particles and in the
building of mixed micelles, causes a complicated dependence on temperature. In this case, a
subdividing of the temperature range measured into two parts yields two sets of thermody-
namic constants that permit a good description of experimental kinetics.

I. INTRODUCTION

The interaction between intact bacteria and bacteriophages has been studied intensively
(Puck et al., 1951; Garen and Puck, 1951; Stent and Wollman, 1952; Garen, 1954;
Christensen, 1965; Watanabe et al., 1980). However, very little is known about the reaction of
phages with isolated receptors. The first thermodynamic approach to the inactivation process
of TS-phages by isolated receptors was performed by Zarnitz and Weidel (1963) under the
assumption of a pseudo monomolecular irreversible reaction.

Zarybnicky et al. (1973) have shown that the whole DNA of the T5-phage is ejected in one
step after the adsorption to the receptor in vitro; this contrasts with a two-step injection
process in vivo, found by Lanni (1965). '

We had studied (Zarybnicky et al., 1980) the adsorption kinetics at incubation times up to
10 h, which result in high inactivation of phages (up to p/p, = 10~%), and found that the
phage titer decreases more slowly with time than expected for the ideal irreversible
bimolecular or pseudomonomolecular reaction. We explain this deviation by introducing a
reversible step similar to the model for the adsorption of T1-phages to bacteria as described by
Garen (1954) and Christensen (1965). A reversible inactivation step was also found by
Schwartz (1975) for the reaction between A\-phage and its isolated receptor.

Our model assumes the formation of a dissociable phage-receptor complex, which may
either decay back to free phage and receptor or proceed to an irreversible complex. The
formation of the irreversible complex is necessary for the ejection of the DNA. The
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ghost-receptor complex remaining after DNA ejection is stable as well. This means that the
receptor does not work like an enzyme and cannot inactivate several phages successively.

The time behavior of this process can be predicted from the system of differential equations
according to the reaction model. In general, this system can be solved only numerically.
However, an explicit solution can be found for the case that receptors are in great excess over
phages.

The rate constants, which determine the shape of the theoretically derived inactivation
curves, can be estimated with good accuracy by fitting these theoretical curves to the
experimental data using the mathematical method of least squares. A good conformity had
been found for different receptor-to-phage ratios, even for those lower than one (Zarybnicky
et al., 1980).

The present paper deals with the temperature dependence of the inactivation process
between intact receptor particles, prepared as described by Weidel (1954), and the T5-phage.
The rate constants of the reaction steps in the temperature range from 10° to 40°C were
estimated. We used the transition-state theory for reaction kinetics to determine the
thermodynamic data AH?, AS?, AG}, AH 12 AS), and AG,,. The inactivation curves that
were calculated directly from these thermodynamic constants coincide very well with the
experimental data. Additionally, the influence of Triton X-100 on the inactivation process and
on the splitting of the receptor particles is discussed.

II. MATERIALS AND METHODS

(a) Chemicals

Except for Triton X-100, which was from Packard Instrument Company, Inc. (Downers Grove, Ill.),
and the Good buffers, which were from Serva GmbH & Co. (Heidelberg, F.R.G.), all chemicals were
from Merck (Darmstadt, F.R.G.). All but Triton X-100 were analytical grade. Bio-Gel A-50m and
A-1.5m were from Bio-Rad Laboratories (Richmond, Calif.). [U-'*C] protein hydrolysate for the
labeling of T5-receptor was obtained from Amersham Buchler GmbH & Co. kG (Braunschweig,
F.R.G.).

(b) Bacteria and Bacteriophages

Escherichia coli B was originally a gift from Dr. Kellenberger. The phage T5st was from the collection
of the late Dr. Weidel. The phage stocks we used were prepared as described (Zarybnicky et al., 1973),
and purified by CsCl gradient centrifugation. Escherichia coli B for receptor preparations were grown in
a synthetic culture medium, containing 1.9 g/liter NaCl, 1.25 g/liter NH,Cl, 0.15 g/liter
MgSO,-7H,0, 0.075 g/liter CaCl,-2H,0, 10 g/liter sodium lactate, 4.25 g/liter glycerol, 1.875 g/liter
KH,PO,, 18.24 g/liter Na,HPO,-12H,0, 0.25 g/liter aspartic acid, and 0.25 g/liter glutamic acid, at
pH 7.4. For the preparation of radioactively labeled T5-receptors the two amino acids were omitted.

(c) Preparation of T5-Receptors

T5-receptor was isolated from E. coli B as described by Weidel et al. (1954), except that we used no
pancreatin treatment and no acetic acid precipitation. Additionally, the receptor was purified by
differential centrifugation in a Sorvall GSA rotor (Ivan Sorvall, Inc., Norwalk, Conn.) (twice at 10,000
g for 40 min and 16,300 g for 24 h, and once 10,000 g for 40 min, and 16,300 g for 60 h, at 4°C).
Residual membrane debris and contaminating low molecular weight components were separated
according to Braun et al. (1973) by two passages over a preparative Bio-Gel A-50m (100-200 mesh)
column (2.6 x 58.0 cm) which was equilibrated with 10 mmol/liter phosphate buffer of pH 7.4 and
0.02% NaN,. The fractions inactivating TS-phages and free from membrane debris were combined and
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concentrated by centrifugation in a Sorvall GSA rotor (4°C, 16,300 g for 60 h). The pellet was washed
once in a solution of 0.02% NaN; in bidistilled water, centrifuged (Spinco Type 35 rotor [Beckmann
Instruments, Spinco Div., Palo Alto, Calif.], 4°C, 100,000 g for 10 h), and redissolved in the washing
solution. From 70 g of E. coli B we got 14 ml of this receptor stock solution containing 0.55 mg/ml of
protein, determined according to Lowry et al. (1951) with a bovine serum albumin calibration curve, and
0.44 mg/ml of lipopolysaccharide, determined as 2-keto-3-deoxyoctonic acid according to Karkhanis et
al. (1978) against a lipopolysaccharide standard isolated from the bacteria strain used. The receptor
preparation had a specific activity of (1.0 + 0.1) 10" receptor units (RU)/mg protein (for definition and
estimation see Kinetic Experiments).

Radioactively labeled T5-receptors were prepared similarly. To 5 liters of a well-aerated culture of E.
coli B with a titer of 2.5 x 10° bacteria/ml, 0.05 mCi of [U-'*C]-protein hydrolysate were added. The
bacteria were harvested at a titer of 1.0 x 10° bacteria/ml. The final ['*C] T5-receptor stock solution
contained 0.7 mg/ml of protein and 0.56 mg/ml of lipopolysaccharide. The incorporated radioactivity
was 39,000 dpm/mg of protein.

(d} Analytical Methods

The Lowry method (Lowry et al., 1951) and the lipopolysaccharide determination (Karkhanis et al.,
1978) are heavily disturbed by the presence of Triton X-100 (Hartree, 1972; Gail and Holczinger, 1975;
Petterson, 1979). Our standard Triton X-100 concentration was 0.3%. In the Lowry method, an easily
sedimenting precipitate is formed during color development, and can be eliminated by centrifugation in
a tabletop centrifuge. The test remains linear up to 0.5 mg/ml of protein. The extinction of the blank
(compared with a blank without Triton) at a wavelength of 690 nm increases to 0.1 /cm.

Similarly, in the lipopolysaccharide determination method, the red-brown precipitate that is formed
after addition of the NaAsO, reagent, can be separated. In this case, the samples for the calibration
curve may remain without Triton X-100, as the specific color development does not change.

The radioactivity of the fractions of the analytical Bio-Gel separations was counted in Quickszint 402
scintillator solution (Zinsser, Frankfurt, F.R.G.) (1 ml sample plus 9 ml scintillator solution) with a
Packard 3320 Tri-Carb scintillation spectrometer.

{e) Kinetic Experiments

The receptor dilutions in incubation buffer with 0.3% and without Triton were prepared several weeks
before the experiment in order to equilibrate the dissociation of large receptor clusters.

For the kinetic experiments at different temperatures we added 0.1 ml of the appropriate receptor
dilution to 1.8 ml Tris-HC]1 buffer of pH 7.7 with 0.3% or without Triton. The mixture was preincubated
for 1 h before the addition of the phages. The addition of 0.1 ml of T5-phage stock suspension yielded 2.0
ml of sample with a receptor concentration of 3 x 10" RU/ml, a phage titer of 2 x 10° plaque forming
units (PFU)/ml, 10 mmol/liter buffer (pH 7.7), 10 mmol/liter of NaCl, and, if present, 0.3% Triton.
The final concentration of divalent cations was <10~ mol/liter. All solutions were prepared in
bidistilled water. Samples were taken every hour after the addition of the phages, up to 8 h. After
appropriate dilution in cold 0.01% gelatin, 100 mmol/liter NaCl, 1 mmol/liter MgCl,, | mmol/liter
CaCl,, 10 mmol/liter Tris-HC1 (pH 7.4) solution the surviving PFU were assayed as follows, in a
variation of the classical Adams method (Adams, 1966). A sample of 0.1 ml of the phage dilution plus
0.5 ml of E. coli B suspension (5 x 10°/ml) was added to 5 ml of soft agar at 46°C (0.1 mol/liter NaCl,
1 mmol/liter MgCl,, 1 mmol/liter CaCl,, 1% Difco Bacto-Tryptone (Difco Laboratories, Detroit,
Mich.), 0.44% Difco Bacto-Agar, pH 7.3), and the phage/bacteria/agar-mixture was plated on a
94-mm plastic petri dish after mixing (Zarybnicky et al., 1980). This method shows better reproducibil-
ity than the classical agar bilayer method described by Adams. For better accuracy, all samples were
plated four times; the mean values and the standard deviations were calculated.

The amount of receptor protein that can inactivate one phage is defined as one unit of specific receptor
activity (RU). RU was measured by incubating receptor at high concentration r, with an excess of
phages p, at 35°C. The optimum ratio of ro/p, was between 0.3 and 0.7. With the receptor
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concentrations used (~10'© RU/ml), the final phage titer was reached after ~2 h at 35°C. It did not
change for 24 h.

ITI. RESULTS

(a) Kinetics of Phage Inactivation

As described by Zarybnicky et al. (1980), the inactivation of T5-phages by isolated
T5-receptors in vitro differs from a bimolecular irreversible reaction for long incubation times
and high inactivations.

We explained this deviation successfully by introducing a reversible reaction step to a
dissociable phage-receptor complex (PR) followed by an irreversible step, yielding a
phage-receptor complex [PR] which can no longer dissociate to free phage and receptor. The
complex [PR] decays under certain conditions to a stable ghost-receptor complex [GR] and
free DNA (Zarybnicky et al., 1973):

kl k; k4
P+ R— (PR) — [PR]— [GR] + DNA. (1)

2

This reaction is described by the following system of nonlinear differential equations:

dp/dt = —k,-p-r+ ky- (pr) (2a)
d(pr)/dt =k -p-r— (ky+ ky) - (pr) (2b)
d[prl/dt = ks - {pr) — k, - [pr] (2¢)
dDNA/dt = k, - [pr] (2d)

where p, r, {pr), [pr], and DNA are the concentrations of phages, receptor units, dissociable
and irreversible phage-receptor complexes, and DNA, respectively.

This system has an explicit solution only if the receptor concentration r can be treated as
constant with time, and equal to the initial receptor concentration r,. This means that receptor
units have to be in great excess over phages. Under this assumption (r, >> p,), we obtain the
following equations as the solution of the system of Eqs. 2:

p/pO =A - e ™! + Az . e Mt (33)
(pr)/po= B -e™' + By.e™! (3b)
[P1/po=Ci - €™ 4 Cyo ™~ (C + Cy) - et (30)
1 1
DNA =1—k-(—-C-e"‘"‘+—.C.e“""’)
I W N (3d)
+ (C| + Cz) . e_k“’
where
1
Al-2 =5 [(kl < ry + kz + k3) + ‘/(kl N k2 + k3)2 — 4kl “ry - k:‘] (4)
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and the time-independent cofactors are given by

kl'ro—xz
A - NN A, =1 - A, (5a)
ki org—=X) (ky-ro—X
PRCELENEICEL B S 8 B, 5b)
O\ -
kyo(ky-rog—XN)«(ki-rg—»X\) ki — )\
C - Cy= — . C. 5¢
T R (e m ) - Oy = M) W (5¢)

The values calculated by means of these equations differ only slightly from the values that
were obtained by numerically solving the system of Eqs. 2 if 7,/p, > 10 RU/PFU. In the
experiments presented in this paper, a ratio of ro/p, = 150 RU/PFU was used.

(b) Determination of the Thermodynamic Constants

The mathematical analysis of the measured inactivation values enables us to estimate the rate
constants k,, k,, and k; with good accuracy.

Using the transition-state theory, originally developed by Eyring (1935), we can express the
rate constants, k;, as functions of the absolute temperature, 7, the entropy of activation, AS?,
and the enthalpy of activation, A H?, in the following form

. T
k‘. - L . eAsf/R . e—AH}/R.r 6)

where k, h, R, and T are the Boltzmann, Planck, and the gas constants, and the absolute
temperature, respectively. Substituting

4 - % . ASHR (7)

into Eq. 6, yields

k,- . —AH?/R.T‘ . (8)

Application of the mathematical method of exponential regression (see Appendix) to the
values of k;/ T obtained by least-squares fits of Eq. 3a to the experimental inactivation values
allows the determination of AH? and AS*?.

Comparing d(In k;)/dT of the theoretical transition-state expression (Eq. 6) with
d(in k;)/dT of the empirical Arrhenius expression

ki=A.e B/RT 9
which neglects the linear dependence on the absolute temperature, gives
E,=AH}+R.T 10)

for the Arrhenius energy of activation. It varies with temperature to some extent in contrast to
the enthalpy of activation, which is temperature independent. In as much as R- T at room
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FIGURE 1 Time stability of T5-phages in dependence on pH at 35°C. The media contained 10 mmol/liter
of NaCl, and were buffered with 100 mmol/liter of Tris-MES, Tris-TES, Tris-TABS for the pH ranges
5.5t06.5, 6.5 t0 9.0, and 9.0 to 9.5, respectively.

FIGURE 2 pH dependence of the rate constants k, and k;, at 35°C for the same media as described in Fig.
1, in absence (O) and in presence (O) of 0.3% Triton X-100.

temperature is ~2.4 kJ/mol, there is only a small difference between the empirical activation
energy, E,, and the enthalpy of activation, AH,, of the transition-state theory.

(c) Influence of pH

To find an appropriate pH for our experiments, we incubated T5-phages at different pH at
35°C, and measured the decrease of the titer for up to 24 h. The media contained 10
mmol/liter NaCl, and were buffered within the pH-ranges of 5.0-6.5, 6.5-9.0, and 9.0-9.5
with 100 mmol/liter Tris-TES', Tris-TAPS, and Tris-MES, respectively. The concentration
of all divalent cations was 10~* mmol/liter. Fig. 1 gives the change in phage titer in the
absence of Triton X-100 at different pH and incubation times up to 24 h. The addition of 0.3%
of Triton caused no effect. In the pH range 7.5-9.5, the phage titer remained constant for 24
h. We also measured the inactivation of T5-phages by isolated receptor as a function of the
pH in the same buffers as described above for the stability measurement. The rate constants
k, and k, are shown in Fig. 2. The values of k, for pH < 7.0 are corrected for self-
decomposition due to the low pH (see Fig. 1). We used a pH of 7.7 for all further
experiments.

(d) Thermodynamic Studies of the Inactivation Kinetics

To determine the thermodynamic constants of the phage-receptor reaction, we measured the
inactivation between 10° and 40°C in steps of S°C. The temperatures during the preincuba-

'TES, 2-({Hydroxy-1,1-bis(hydroxymethyl)ethyl]amino)ethane sulfonic acid; TAPS, [2-Hydroxy-1,1-bis(hydroxy-
methyl)ethyl]amino)-1-propane sulfonic acid; MES: 2-[ N-Morpholino]ethane sulfonic acid.
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tion and the experiment were kept constant within 0.1°C. Phage and receptor stock
suspensions were pipetted with an accuracy better than 1%. We used a Tris-HCI1 buffer
concentration of 10 mmol/liter, pH 7.7. This concentration was sufficient to keep the pH
constant within +0.1, measured before and after the experiment. The ionic strength influences
the inactivation rate of the phage-receptor reaction (data not shown). Highest inactivation
rates were found for ionic strengths near zero, but the results were of poor reproducibility.
Therefore we chose a concentration of 10 mmol/liter of NaCl. To exclude the influence of
additional Mg?*, which decreases the inactivation rate much more than Na*, we used NaCl
of superpure grade.

The 0.1 ml samples taken at 1-h intervals were diluted and plated immediately to stop the
reaction. The measured relative survival of phages is given by the symbols in Fig. 3. Kinetics
in the absence of Triton X-100 were quite reproducible. Repeated experiments gave identical
results within the experimental errors.

Because the ratio ry/p, was high in all experiments (~150 RU/PFU), we could use the
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FIGURE 3 Inactivation of T5-phages by their receptors in absence of Triton X-100. The symbols in (a)
and (b) represent identical experimental values. (@) compares these values with curves calculated from the
rate constants k,.k,, and k, obtained by least-squares fitting for each temperature separately. (b) shows
curves calculated from the thermodynamic data AH}, AH3, AH3, ASH ASY, and AS? obtained by
exponential regression of the k; from (a). The data are given in Table 1a.
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FiGURE 4 Temperature dependence of the rate constants k; to k; calculated from the experiments
without (O) and with (O) 0.3% of Triton X-100.

explicit solution of the system of differential equations (Eq. 3a) for the least-squares fits of the
rate constants k; to the experimental results. The curves corresponding to the k; found by
fitting Eq. 3a separately for each temperature are given in Fig. 34. The k; obtained this way
are plotted vs. temperature in Fig. 4. Using the exponential regression (see Appendix) we

TABLE |
THERMODYNAMIC CONSTANTS OF TS-PHAGE ADSORPTION TO ISOLATED T5-RECEPTORS
IN ABSENCE AND IN PRESENCE OF 0.3% TRITON X-100

no Triton X-100 0.3% Triton X-100

(@) 10 — 40°C (4) 10 — 35°C (¢) 10 — 20°C (d) 25 - 35°C
AH? (kJ/mol) 37504 488 2.5 578 2.4 374+ 1.0
AHY (kJ/mol) ~729+14 ~79.7 + 22.9 —4.1+26 1945+ 8.4
AH,, (kJ/mol) 1104 + 1.7 128.5 + 20.5 61.9 + 0.1 2319 £ 9.5
AHY (kJ/mol) 0.5+ 08 303+ 69 14.5 « 15.3 0.1+24
ASt [J/(mol x K)] 87+13 523 + 8.4 83.6 « 8.3 14.6 + 3.4
AS} [J/(mol x K)]  —590.3 + 4.8 ~612.1 £ 175 3502 + 8.8 ~991.0 + 27.8
AS,, (J/(mol x K)] 599.0 + 5.6 664.5 + 69.3 4338 : 0.5 1005.3 = 31.3
AS} [J/(mol x K)]  —322.8 + 2.6 ~2237 £ 233 —279.1 £ 53.0 3228+ 177
AG! (kJ/mol) 348 + 0.8* 327 2 5.1* 32.1 = 5.0* 329 = 2.1*
350 + 0.8§ 33.5 + 4.9§ 333 » 4.9§ 33.1 = 2.0§
AG (kJ/mol) 109.1 + 2.9* 109.0 = 46.8* 103.8 + 5.3* 110.8 = 17.0*
100.2 + 2.8§ 99.8 + 45.6§ 98.6 + 5.3§ 96.1 = 16.6§
AG,, (kJ/mol) 742 : 34% ~76.3 + 41.9* ~71.8 + 0.3* 780+ 19.1*
—65.2 + 3.3§ —66.3 + 40.8§ —65.2 + 0.3§ —62.8 + 18.7§
AGY (kJ/mol) 99.9 = 1.6* 99.2 + 14.1* 100.5 = 31.6* 99.6 + 4.7*
95.1 + 1.5§ 95.9 + 13.7§ 96.3 + 30.8§ 94.7 + 4.6§

The enthalpies of activation, the entropies of activation, and the Gibbs free energies of activation were calculated
from the rate constants k,, k,, and k,, using the exponential regression (see Appendix) in the given temperature range.
The rate constants were obtained by least-squares fitting of Eq. 3a to the experimental values. The thermodynamic
constants of the first reaction step, AH,,, AS,, and AG,,, were calculated from the corresponding equilibrium
constant K, , = k,/k,. The definition for the standard error is given in the Appendix.

*Values calculated for 35°C.

§ Values calculated for 20°C.
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FIGURE 5  Plots of In (k;/T) vs. 1/RT for experiments without and with Triton X-100. The symbols give
the values obtained from least-squares fits separately for each temperature. The solid lines on the left and
the dashed lines on the right give the linear regression of these values. The solid lines on the right give the
linear regression in the temperature ranges from 10° to 20°C and 25° to 35°C.

calculated the values for the enthalpies of activation and the entropies of activation from these
k; (see Table Ia). The values of the changes in the enthalpy (AH, ,), the entropy (AS, ,), and
the Gibbs free energy (AG, ,) for the first reaction step in Table I were calculated by using the
exponential regression from the equilibrium constants K, , = k,/k,. The inactivation curves
for these thermodynamic constants which were calculated from Egs. 3a and 6 are compared
with the measured values in Fig. 3B. A plot of In(k;/T) vs. 1/(R-T) (in contrast to In k; vs.
I/T in the Arrhenius plot) in Fig. 5 demonstrates that the reaction follows the kinetics
described by the eqs. 3a and 6 over the entire temperature range used.

fe) Effect of Triton X-100 on the Inactivation Process

As we found previously (Zarybnicky et al., 1980), the presence of 0.3% Triton X-100
increases considerably the initial relative inactivation rate k, x ry of T5-phages by receptors.
To learn something about the influence of Triton X-100 we studied the behavior of the
receptor by gel chromatography on Bio-Gel A-50m. In all runs described, the columns were
equilibrated with the elution buffer, and the samples were applied in the same buffer after a
preincubation at the appropriate temperature for at least 1 h. In the absence of Triton X-100,
the elution volume is independent of the buffer used (Fig. 6). Even the addition of 5
mmol/liter EDTA, which could result in the release of lipopolysaccharide (e.g. Leive et al.,
1968), did not change the elution volume of the protein peak. The addition of 0.3% Triton
X-100 results in disaggregation of the receptor particles (Fig. 7). The homogeneity of the
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FIGURE 6 Behavior of purified T5-receptor preparations on Bio-Gel A-50m columns (0.9 x 58.0 cm) at
15°C in different buffer systems in the absence of Triton X-100. The protein concentrations were
determined by the Fluram method (Udenfried et al., 1972) (a, b), or by liquid scintillation counting of
“C-labeled protein {c, d, e). In all cases 0.032 mg of protein was applied in 0.05 ml of elution buffer, and
0.02% of NaN; was present. The triangle mark indicates the void volume. (a) 10 mmol/liter of phosphate
buffer pH 7.4. (b) 10 mmol/liter of phosphate buffer pH 7.4, 5 mmol/liter EDTA. (¢) 10 mmaol/liter
Tris-HCl buffer pH 7.8, 5 mmol/liter EDTA. (d) 10 mmol/liter Tris—HCI buffer pH 7.8. (e) 10
mmol/liter Tris-HCI buffer pH 7.8, 50 mmol/liter NaCl. The elution rate was 2 ml/h.

FIGURE 7 The influence of the ionic strength on the behavior of purified T5-receptor preparations on
Bio-Gel A-50m columns (0.9 x 58.0 cm.) at 15°C in the presence of 0.3% Triton X-100. The amount of
protein was determined by liquid scintillation counting of "*C-labeled protein. In every run 0.032 mg of
protein was applied in 0.05 ml of elution buffer. All runs were performed in the presence of 10 mmol/liter
Tris-HC! (pH 7.8) and 0.02% of NaN, additionally to the additives given under (a) to (e). The triangle
mark indicates the void volume. (@) Without Triton X-100. (b): 0.3% of Triton X-100. (¢): 0.3% of Triton
X-100, 10 mmol/liter NaCl. (d): 0.3% of Triton X-100; 50 mmol/liter NaCl. (e): 0.3% of Triton X-100,
300 mmol/liter NaCl. The elution rate was 2 ml/h.

resulting particles is heavily dependent on the ionic strength. Surprisingly, in spite of the
enormous decrease of the particle size, no significant change in RU/mg of protein could be
detected. Therefore the increase of the initial reaction rate k; x r, x p,, caused by the
addition of 0.3% Triton, which is given by the initial slope of the inactivation curve, is due only
to an increase of k,, and not to an increase of r,. The influence of Triton on the rate constant k,
increases slightly with pH (Fig. 8). The rate constant of the back reaction, k,, is decreased to
about one half in the whole pH range measured (Fig. 8).
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FiGURE 8 Ratios between the rate constants k[, with 0.3% Triton X-100, and & without Triton as a
function of the pH, at 35°C. The buffers were the same as described in Fig. 1.

The results of the kinetic experiments in the presence of 0.3% Triton X-100, which were
performed under the same conditions as described in section IIId with exactly the same
receptor concentration and the same initial phage titer are shown by the symbols in Fig. 9.
The much higher inactivation rate under Triton influence becomes obvious by comparing the
experimental values in Fig. 3 and 9. In this case as well, the least-squares fits of Eq. 3a,
calculated for each temperature separately, agree well with the experimental results (Fig. 9a).
The rate constants thus obtained are plotted in Fig. 4. From Fig. 5 it follows that the
temperature dependence of the k; cannot be described by Eq. 6 throughout the whole
temperature range. The dashed lines in the right part of Fig. 5 would be obtained, assuming
that Eq. 6 is valid in the whole range, from 10° to 35°C. The correpsonding thermodynamic
constants are given in Table 15. These enthalpies and entropies yield inactivation curves with
poor agreement to the experimental data (Fig. 9b). The experimental values for In(k;/T) in
the presence of Triton, shown in Fig. 5, suggest a separate treatment for two temperature
ranges with a transition between 20° and 25°C. The values obtained from the exponential
regression under this assumption (solid lines in Fig. 5), are given in Table I ¢ and d. They
result in well-fitting curves in Fig. 9 c.

To explain the discontinuity of the inactivation behavior caused by Triton, we examined the
dependence of the size distribution of the receptor particles on temperature by gel chromatog-
raphy on Bio-Gel A-1.5m (Fig. 10). The given molecular weights of the reference proteins are
not corrected for bound Triton. On Bio-Gel A-1.5m, however, this binding should be
negligible. Bovine serum albumin, binds about five molecules of Triton per molecule of
protein, which would cause an error of about 3,000 mol wt (Sukow et al., 1980). Pure Triton
X-100 micelles in this buffer system are eluted at an apparent molecular weight of 95,000 at
20°C and of 150,000 at 30°C (Paradies, 1980).

At 40°C we found a wide peak with a maximum at about 150,000 mol wt (Fig. 10 ¢). At
15°C this peak splits into three sharper ones, the first in the exclusion volume of the column,
and the other two at ~300,000 and 80,000 mol wt, respectively (Fig. 10 b). This transition is
reversible. Samples, kept at 40°C for 1 h, and cooled to the column temperature of 15°C
before application, showed the same elution pattern as the 15°C run. As the percentage of
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relative amount of protein
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FIGURE 10  Behavior of purified TS-receptor preparations on Bio-Gel A-1.5m columns (0.9 x 58.0cm) in
dependence of the temperature and the presence of Triton X-100. The amount of protein was determined
by liquid scintillation counting of '*C-labeled protein. In every run 0.032 mg of protein in 0.05 ml of
elution buffer was applied. All runs were performed in the presence of 10 mmol/liter Tris-HCI buffer (pH
7.8), 0.02% of NaN,, 50 mmol/liter NaCl, and the additives given under (a) to (¢). (a) Without Triton
X-100, preincubation I h at 15°C, run temperature 15°C. () 0.3% of Triton X-100, preincubation | h at
15°C, run temperature 15°C. (¢) 0.3% of Triton X-100, preincubation 1 h at 40°C, run temperature 40°C.
The elution rate was 2 mi/h. The marks give the elution volumes of the following substances in the
presence of 0.3% Triton: (1) Dextran blue (main peak). (2) Thyroglobulin 669,000 mol wt. (3) Ferritin
440,000 mol wt. (4) Catalase 232,000 mol wt. (5) Lactate dehydrogenase 140,000 mol wt. (6) Bovine
serum albumin 67,000 mol wt. (7) Ovalbumin 43,000 mol wt.

protein in the void volume decreases with the applied protein concentration (not shown), Fig.
10 cannot reflect the real conditions in the reaction mixture for the kinetic studies, where the
concentration of protein is 1,000 times lower.

If we consider the poor resolving power of the column, the molecular weight of the right
peak in Fig. 10 b corresponds well to the molecular weight of the tonA gene product, the
receptor protein for the TS-phage (Braun et al., 1973), which has been estimated by SDS
polyacrylamide gel electrophoresis to be ~80,000 mol wt (Braun et al., 1976).

Each of the three peaks in the 15°C run showed almost the same specific activity in RU/mg
protein and almost the same rate constant k,, measured at 35°C in the presence of Triton
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X-100, as the input to the column. Also the LPS to protein ratio of all three fractions did not
change compared with the stock.

Dialyzing these fractions for 5 d against 0.02% NaN; at 10°C reduced the Triton
concentration to less than a hundreth. Using these purified fractions in kinetic experiments
without Triton (residual Triton concentration <10~* %) the same kinetic behavior was found
as in experiments performed with receptor which was directly diluted from the receptor stock
without Triton.

IV. DISCUSSION

(a) Influence of Heterogeneity of Phages on the Inactivation Process

The beginning of the reaction between T5-phages and its receptor, isolated from E. coli B, can
be described by a one step, irreversible, biomolecular reaction model (Zarnitz and Weidel,
1963). However, as the reaction proceeds, the experimental values deviate considerably from
the theoretical prediction. This discrepancy can be eliminated by introducing a reversible
reaction step, as described in Eq. 1. The explicit solution for the corresponding system of
differential equations, obtained under the restriction »,/p >> 1, is an expression which is the
sum of two exponential terms (Eq. 3a). Under the assumption that the rate constants k; and
k, are much smaller than k, x r,, which is the case for our experiments, we can simplify Eq.
Jato

plpo= A - ekt 4, 7Rt (11)

For our k;, the accuracy of the approximations of A; and A, is better than + 1%. A similar
equation for the inactivation can be derived, if two kinds of phages with different rate
constants k' and k" participate in a pseudomonomolecular, irreversible one-step reaction:

+ (ps/po) - 7K (12)

where p; and pj are the initial titers of the two phage types, and p, and p denote the sums of
the initial phage titers, and of the phage titers at time t, respectively. The exponent of the
second term in Eq. 12 depends on the initial receptor concentration #,, in contrast to Eq. 11 for
our model.

This difference must become obvious if a set of curves which differ only in 7, is calculated
for the two models. Curves calculated for ryequal to 1 /2 x Ry, 1 x Ry, 2 x Ry, and 4 x R, for
both models are compared in Fig. 11. The receptor concentration R, is the one used in our
experiments. The values of py/p,, po/po, k's and k” for the calculation of the curves in Fig. 11
b were chosen such that the curves for 1 x R, in Figs. 11 a and b become identical. The
resulting ratio between the two kinds of phages p;/p; would be about 1/1,000. Experimental
results already published (Zarybnicky et al., 1980) support our model.

—k'rget

P/Po = (Po/Po) + &

(b) The Inactivation Process in View of the Transition-State Theory

The transition-state theory allows for separation of the magnitude and temperature depen-
dence of a rate constant in terms of the energy it takes to break the necessary bonds (AH?¥)
and the change in ‘disorder’ of the reactants (AS*). By comparing the collision theory with the
transition-state theory the term with AS* in Eq. 6 can be interpreted as the probability of the

628 BIOPHYSICAL JOURNAL VOLUME 35 1981



m———ccc |
a
N

1ottt

W B M M MM

~N
-
(e}
V
N
T

FrrrrmmmTg
|

Ladat bl

N
Iy
[=]
1
(]
T

PSRN

[N
=
o
£
T

1. a0=4

5. 10-3

T

M TNNRN |

~N
=
(=}
[
u
T
L

relative survival

0 2 % 6 8 10 0 2 % 6 8 10
o time Ch]

FIGURE 11 (a) Comparison of theoretical curves calculated for our model, according to Eq. 3a, and (b)
for the assumption of a heterogeneity in the phage population, according to Eq. 12, in dependence on the
initial receptor concentration. The curves 1, 2, 3, and 4 were calculated for the receptor concentrations 7,
equal to'A x R, 1 x R, 2 x R, and 4 x R,, respectively. The concentration, R,, was the one used in all
experiments. (@) shows curves, calculated from the k; of our results for 35°C in the absence of Triton. The
variables for (b) were chosen such that the curves 2 in (a) and (b) become identical.

formation of the activated complex. It is obvious that the probability increases with increasing
AS*.

The thermodynamic data AH, AS, and AG for the first two reaction steps, up to the second
activated complex, are depicted schematically in Fig. 12. The values were taken from Table
Ia, ¢, and d. For the incubation without Triton X-100 it is remarkable that the entropy of
activation for the first reaction step, AS}, is near zero, which makes the Gibbs free energy of
activation, AG}, practically independent of temperature. The enthalpy of activation, AH?, is
relatively low. This means that only weak interactions are involved. The corresponding energy
of activation E, (40 kJ/mol) differs only slightly from that found by Zarnitz and Weidel
(1963) (44.4 kJ/mol) for their irreversible, bimolecular, one-step approximation.

Proceeding from the activated complex (PR )*to (PR ), a further increase in the enthalpy
and a large increase in the entropy occurs. This makes the first reaction step entropy driven,
with a change in Gibbs free energy AG,, = —74.2 kJ/mol (35°C), yielding a value of 3.8 x
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FIGURE 12 Changes of AH, AS, and AG, in the course of the inactivation process up to the second
transition-state. (For symbols see Eq. 1).

10'? liter/mol for the equilibrium constant K, ,. For our receptor concentration this would
result in the equilibrium ratio {pr)/p = 1.93 x 10% which could only be reached in the
hypothetical case that k; is equal to zero. The maximal concentration of {PR), calculated
from our value of k; at 35°C, is found at 1.45 h with 68% of p,.

The change in free energy, AG}, needed to reach the second activated complex [PR]?, is
about three times larger than AG:. In contrast to the building of { PR )%, this transition seems
to be governed by structural changes of the complex to higher order, resulting in a decrease in
entropy, although the enthalpy does not change. Therefore the rate constant k; is only linearly
dependent on the absolute temperature. As the remainder of the inactivation reaction is
irreversible, AG for the whole reaction must be large and negative.

(c) Influence of Triton X-100

Triton X-100 is often used for the solubilization of membrane proteins. In former kinetic
experiments we found an increase of the initial inactivation rate due to the addition of Triton.
Therefore we studied the temperature dependence of the inactivation of T5-phages by
receptors in the presence of Triton, as well. The thermodynamic behavior, however, was much
more complex than in the absence of Triton. The reaction cannot be described by one set of
thermodynamic data (Table 15 and Fig. 9 b). At least two sets of thermodynamic data are
needed for a satisfying description (Table I ¢ and d). The division of the measuring range into

630 BIOPHYSICAL JOURNAL VOLUME 35 1981



the two temperature ranges, 10° to 20°C and 25° to 35°C, permits a good theoretical fitting of
the experimental curves (Fig. 9 ¢). Comparing the Gibbs free energy diagrams in Fig. 12, a
considerable similarity in all steps is evident. This means that no essential structural changes
in the binding sites of both reactants, the receptor protein and the phage tail, occur because of
the influence of Triton. The changes of enthalpy and entropy in the presence of Triton are
qualitatively comparable to those in the absence of Triton.

Between 25° and 35°C the addition of 0.3% Triton X-100 to the incubation buffer causes an
increase of the relative initial inactivation rate k, x ry by a factor between 2.13 and 2.19 (Fig.
13). Electron micrographs in the absence of Trition X-100 show that 95% of the large,
Bio-Gel A-50 m purified receptor particle are able to inactivate only one phage. This is true,
even if the phages are in large excess over the receptors, and after long incubation times. The
addition of Triton X-100 does not significantly influence the specific activity of the receptor
preparation, measured as receptor units per milligram of protein as described in Materials and
Methods (II e). The behavior of the receptors on Bio-Gel A-50m and on Bio-Gel A-1. 5m
columns show that the macroparticles are split by Triton to about a hundredth of their
original size (Figs. 7 and 10). The split particles are heterogeneous in size and may contain
other outer membrane proteins. Considering the fact that the specific activity is not enhanced
by the splitting of the receptor particles, the increase found in the initial reaction rate can be
interpreted as a true increase in the rate constant k.

Two explanations for the interaction of the phage and the split receptors are possible.
Either, (a) from one large particle only one small active particle is set free, or (b) the splitting
results in several active subparticles. In the latter case, several receptor subparticles must be
bound to the phage tail in order to inactivate the phage. Under this assumption our model for
the inactivation process should be extended by several steps before the complex (PR ) can be
built. These reaction steps may, however, be very fast and perhaps cooperative so that they are
immeasurable under our experimental conditions.

The diameter of a receptor particle without Triton and for a TS-phage head can be
approximated from electron micrographs to be ~30 and 65 nm, respectively. Because the

Thl
2 i/

ratio
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1t KKy

T,.0
k7%

10 20 30 40
temperature (°C)

FIGURE 13 Temperature dependence of the ratios of the rate constants k] (with 0.3% of Triton X-100) to
k§ (without Triton X-100).
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phage is asymmetrical, we assume a Stokes diameter of ~70 nm. The Bio-Gel A-1.5 m run of
the receptor in the presence of Triton at 40°C (Fig. 10 ¢) shows an average elution volume
corresponding to a Stokes diameter of ~9 nm.

The term g; in Eq. 8 can be interpreted in view of the collision theory as a product of the
collision frequency and a probability (steric) factor. Assuming that the probability factor did
not change, the increase of the rate constant k, for constant AH?} (see Table I), due to the
higher mobility of the Triton-treated particles, can be calculated by the following equation:

ki (DX + D§) - (ri+ri)
kS (DX+ DB) - (ra+ rd)

(13)

where D and r are the diffusion coefficients and the Stokes radii for the reacting components
A, (index A), and B, (index B), with (upper index T) and without (upper index 0) Triton
X-100, respectively. Eq. 13 is derived from the formula for the encounter rate constants of
diffusion-controlled reactions, given by Gutfreund (1972). Inasmuch as the viscosity, 4, of the
Triton buffer does not significantly differ (<0.5%) from that of the Triton-free buffer, the
introduction of D =& x T/(6 x ™ x 5 x r) where & is the Boltzmann constant and T is the
absolute temperature for the diffusion coefficient simplifies Eq. 13 to a form that only
depends on the Stokes radii:

T 0 0 T T
ki ra-rp (’A+rB)2

o= T T 0 0
ki ra-rg \ra+rp

(14)

Using the values above, a ratio for k{/k{ of 2.08 results. If we calculate the Stokes radii
from the diffusion coefficients for the T5-receptor, given by Weidel et al. (1954), for the
TS5-phage, given by Dubin et al. (1970), and for catalase (marker protein in Fig. 11), given by
Tanford (1961), we get a ratio of 2.45. Both values agree well with the experimental values
given above.

This means that the increase of the rate constant k, in the upper temperature range, caused
by the addition of Triton, is only due to the higher mobility of the split particles. In terms of
the transition-state theory this must result in a corresponding small increase of the entropy,
which determines the probability of the formation of the activated complex { PR ), whereas
AH? should remain constant. Qur data (Table I a and d) coincide very well with this
hypothesis. This result and the fact that we found no visible receptor particles at phage tails on
electron micrographs in the presence of Triton support the assumption that only a small
fraction of the originally large particles must be bound to the phage for its inactivation.

Proceeding from the activated state ( PR )* to the intermediate complex ( PR ) in the upper
terhperature range, the high increase of the enthalpy is compensated by a comparably high
increase of the entropy, yielding nearly the same AG} as without Triton (see Fig. 12). The high
increase of enthalpy AH? results in a much higher temperature dependence of k, (Fig. 4). The
decrease of k, together with the increase of k, with temperature results in a faster decrease of
the reversibility of the first reaction step than in experiments without Triton. The equilibrium
constant K, (liter/mol) in the presence of Triton rises from 162 at 25°C to 3,368 at 35°C,
compared with an increase from 181 at 25°C to only 770 at 35°C in the absence of Triton. The
rate constant of the second reaction step, k;, seems, at least in the upper temperature range, to
be independent of the influence of the detergent.
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On account of the far-reaching similar behavior of the reaction under both experimental
conditions above 25°C, we can conclude that the detergent does not significantly change the
conformation of the receptor protein. This could be explained by the incorporation of the
receptor protein into a Triton micelle, which simulates a membranelike environment. Under
the assumption that in the 40°C Bio-Gel A-1.5m run (Fig. 10¢) all protein molecules are
separated from each other, such mixed micelles would fit the elution volume of the receptor
activity.

There are two reasons that the reliability of the results is restricted for the lower
temperature range in the presence of Triton. First, the receptor material is highly heteroge-
neous in size as can be seen from Figure 10b. Second, the inactivation curves obtained for the
experimental parameters depend only weakly on k, and k,, yielding a large uncertainty in the
mathematical approximation of these rate constants. To show the grade of reliability of the
thermodynamic data for the lower temperature range we calculated the values of the error, E
(see Appendix), for theoretical curves, obtained from thermodynamic constants in the vicinity
of our result, given in Table I ¢. Table II gives the ranges of thermodynamic constants which
result in curves with E between 0.068 and 0.069. This error corresponds to a deviation of the
single measured value from the theoretical curve of < + 12%, which is a usual accuracy for
the plating of phages. No set of curves with an error of <0.068 could be found. Qutside the
limits given in Table 11, the value of E increases steeply. As expected, the width of the ranges
for AHY, AHE, AS% and AS% are about ten times larger than those for AH} and ASH,
respectively. From Table II, it follows that AH} and AS? between 10° and 20°C differ
significantly from the values between 25° and 35°C. In the lower temperature range, AH}
is ~20 kJ/mol and AS} is ~70 J/(mol x K) higher. The incomplete splitting of the
Triton-treated particles below 25°C seems to make necessary a greater AH? to force the
receptor protein into a conformation capable to bind the phage. This structural change might
be accompanied by a higher increase of the entropy as in the upper temperature range.

The influence of Triton X-100 on the second reaction step, from (PR ) to [PR], is small in
all cases. For the lower temperature range, the value near zero found for AH?} for the reaction
without Triton and between 25° and 35°C for the reaction with Triton, is included in the

TABLE I1
RANGES OF THE THERMODYNAMIC CONSTANTS OF T5-PHAGE ADSORPTION TO
ISOLATED TS5-RECEPTORS IN PRESENCE OF TRITON, IN THE TEMPERATURE RANGE
FROM 10°C TO 20°C

Minimum Maximum
AH} (kJ/mol) 57.1 59.5
AHY (kJ /mol) -22.0 +1.7
AH,, (kJ /mol) 51.4 71.5
AH}E (kJ/mol) —0.6 15.9
ASt [3/(mol x K)] 75.8 89.7
AS3 [J/(mol x K)] —411.5 -3108
AS,, {J/(mol x K)] 398.4 487.3
AS [J/(mol x K)] —336.9 —145.3

The given limits include all thermodynamic constants found with an error, E (see Appendix), of <0.069. This error
corresponds to a value of E calculated for usual experimental errors of phage-titer estimation.
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experimental standard error in Table [ ¢, as well as in the limits in Table I1. Only the entropy
change, ASE, below 25°C and in presence of Triton, was found to be slightly smaller. This
causes a decrease of the rate constant k, (Fig. 4). The insensitivity to Triton suggests that this
irreversible reaction step occurs in the phage tail. It should be involved in conformational
changes in the phage tail, preparing its opening for the ejection of the DNA.

APPENDIX

Numerical Methods

Inasmuch as the receptor in all our experiments is in large excess over phages, we could use the explicit
solution (Eq. 3a) for the system of nonlinear differential equations (Egs. 2a—d). The rate constants k; of
this solution were fitted to the experimental results by the method of least squares for each temperature,
separately. This was done on a TR440 computer at the Zentrum fiir Datenverarbeitung der Universitat
Tibingen. The least-squares fit was performed by a Fortran bibliothek subroutine’ using a finite
difference Levenberg-Marquardt algorithm (Brown and Dennis, 1972). Since the experimental values
vary over a range of ~10*, we used for the deviation, D, the relation

chp - Xcalc

= 15
chp + Xcalc ( )

for the least-squares fits. The subroutine minimizes the sum of the squares of these deviations
by varying the rate constants k;.

The calculated results were controlled graphically by comparing the plots of measured and
calculated values and numerically by the error, E:

E- L .S p (16)
n—m i

where n and m are the numbers of measured values and of variables, respectively. If we apply
the transformations

1

4 lnki and X =
T "R-T

to Eq. 8, we obtain the linear regression function Z = a + b . x, where

AS}
a=ln%+T' and b- —AHL
Applying the formulae for regression coefficients a and b derived from general theory of
least-squares method (Rektorys, 1969), we obtain for enthalpy and entropy of activation the
foltowing relations:

AHY¥= —R . an

2Subroutine ZXSSQ, International Mathematical And Statistical Libraries, Inc., Houston, Texas 77036, U. S. A.
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The corresponding estimates of standard errors are

Z ki.n 2 l - ki.n 2
-y [Z(mge) -5 (Zm ]
Su=R- . (19)

(n-12)- "Z”_l:( ")2_%‘(,,2_,:%.)2]

n s (1Y
“‘"‘)'Z(rn)

N|—

S¢ =R - 2] 20
BV O T Y N -
nel Tn n n=1 Tn ]
where r; is the Pearson Bravais correlation coefficient defined as:
(1 Kk 1 < | "ok,

—In=}--. —1- In =21

Z(T " T") n (Z Tn) (Z. i Tn)
r; 21)

ER D B LB

n=~1

Replacing k,,/ T, in formulae 17-21 with K, , we obtain the corresponding relations for AH | ,,
AS) 5, Sy, ,and S .

We wish to thank Miss E. Blocher for her accurate performance of the experiments; Miss J. Rehbronn and Mr. K.
Boller for their help in the preparation of the petri dishes and the counting of more than one million plaques. We also
thank Dr. U. Schwarz for critical reading.

This work is dedicated to Professor Wolfgang Beermann on the occasion of his sixtieth birthday.

Received for publication 24 March 1981 and in revised form 5 May 1981.

REFERENCES

Adams, M. H. 1966. Bacteriophages. Interscience Publishers, Inc., John Wiley & Sons, Inc. New York. 29.

Braun, V., K. Schaller, and H. Wolff. 1973. A common receptor protein for phage T5 and colicin M in the outer
membrane of Escherichia coli B. Biochim. Biophys. Acta. 323:87-97.

Braun, V., R. E. W. Hancock, K. Hantke, and A. Hartmann. 1976. Functional organization of the outer membrane
of Escherichia coli: Phage and colicin receptors as components of iron uptake systems. J. Supramol. Struct.
5:37-58.

Brown, K. M., and J. E. Dennis. 1972. Derivative free analogues of the Levenberg-Marquardt and Gauss algorithms
for nonlinear least squares approximation. Num. Math. 18:289-297.

Christensen, J. R. 1965. The kinetics of reversible and irreversible attachment of bacteriophage T1. Virology.
26:727-737.

Dubin, S. B, G. B. Benedek, F. C. Bancroft, and F. Freifelder. 1970. Molecular weights of coliphages and coliphage
DNA I1.' Measurement of diffusion coefficients using optical mixing spectroscopy, and measurement of sedimenta-
tion coefficient. J. Mol. Biol. 54:547-556.

Eyring, H. 1935. The activated complex and the absolute rate of chemical reactions. Chem. Rev. 17:65-77.

Gail, D. and L. Holezinger. 1975. Effect of detergents and sucrose derivates on the modified protein determination of
Lowry. Acta Biochim. Biophys. Acad. Sci. Hung. 10:201-206.

ZARYBNICKY ETAL. Interaction between T5-Phages and their Receptor 635



Garen, A., and T. T. Puck. 1951. The first two steps of the invasion of host cells by bacterial viruses. 11. J. Exp. Med.
94:177-189. ’

Garen, A. 1954, Thermodynamic and kinetic studies on the attachment of T1 bacteriophage to bacteria. Biochim.
Biophys. Acta. 14:163-172.

Gutfreund, H. 1972. Enzymes. Physical Principles. Wiley Interscience, London. 159.

Hartree, E. F. 1972. Determination of protein: a modification of the Lowry method that gives a linear photometric
response. Anal. Biochem. 48:422—427.

Karkhanis, J. D., J. Y. Zeltner, J. J. Jackson, and D. C. Carlo. 1978. A new and improved microassay to determine
2-keto-3-deoxyoctonate in lipopolysaccharide of gram-negative bacteria. Anal. Biochem. 85:595-601.

Lanni, Y. T. 1965. DNA transfer from phage TS5 to host cells: dependence on intercurrent protein synthesis. Proc.
Natl. Acad. Sci. U. S. A. 53:969-973.

Leive, L., V. K. Shovlin, and S. E. Mergenhagen. 1968. Physical, chemical and immunological properties of
lipopolysaccharide released from Escherichia coli by ethylenediaminetetraacetate. J. Biol. Chem. 243:6384-6391.

Lowry, O. H., Rosebrough, N. J., A. L. Farr, and R. J. Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

Paradies, H. H. 1980. Shape and size of a nonionic surfactant micelle. Triton X-100 in aqueous solution. J. Phys.
Chem. 84:599-607.

Petterson, G. L. 1979. Review of the Folin phenol quantitation method of Lowry, Rosebrough, Farr and Randall.
Anal. Biochem. 100:201-220.

Puck, T. T., A. Garen, and J. Cline. 1951. The mechanism of virus attachment to host cells I. The role of ions in the
primary reaction. J. Exp. Med. 93:65-88.

Rektorys, K. 1969. Survey of Applicable Mathematics. lliffe Books Ltd., London. 1283-1301.

Schwartz, M. 1975. Reversible interaction between coliphage Lambda and its receptor protein. J. Mol. Biol.
99:185-201.

Stent, G. S. and E. L. Wollman, 1952. On the two-step nature of bacteriophage adsorption. Biochim. Biophys. Acta.
8:260-269.

Sukow, W. W, H. E. Sandberg, E. A. Lewis, D. J. Eatough, and L. D. Hansen. 1980. Binding of the Triton X series
of nonionic surfactants to bovine serum albumin. Biochemistry. 19:912-917.

Tanford, C. 1961. Physical Chemistry of Macromolecules. John Wiley & Sons, Inc., New York.

Udenfried, S., S. Stein, P. Béhlen, W. Dairman, W. Leimgruber, and M. Weigele. 1972. Fluorescamine: a reagent for
assay of amino acids, peptides, proteins, and primary amines in the picomole range. Science (Wash., D.C.).
178:871-872.

Watanabe, K., S. Takesue, K. Ishibashi, and S. Nakahara. 1980. Simulation of the process of PL-1 phage adsorption
to its host bacterium, Lactobacillus casei ATCC 27092. Agric. Biol. Chem. 44:869-875.

Weidel, W., G. Koch, and K. Bobosch. 1954. Uber die Rezeptorsubstanz fiir den Phagen T5. 1. Extraktion und
Reindarstellung aus E. coli B. Physikalische, chemische und funktionelle Charakterisierung. Z. Naturforsch.
95:573-579.

Zarnitz, M. L., and W. Weidel. 1963. Uber die Rezeptorsubstanz fiir den Phagen T5. VI. Mitt.: Die Thermodynamik
der Kontakthildung zwischen Phage und Rezeptor sowie deren mdgliche Bedeutung als morphogenetischer
Modellmechanismus. Z. Naturforsch. 185:276-280.

Zarybnicky, V., A. Zarybnicka, and H. Frank. 1973. Infection process of TS phages. 1. Ejection of TS DNA on
isolated TS5 receptors. Virology. 54:318-329.

Zarybnicky, V., M. Reich, and G. Wolf. 1980. A mathematical model for the reversible two-step interaction between
the T5 phage and its receptor in vitro. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Lett. 7:29-33.

636 BIOPHYSICAL JOURNAL VOLUME 35 1981



