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ABSTRACT

DAY, L. E. (Chas. Pfizer & Co., Inc., Groton, Conn.). Tetracycline inhibition of
cell-free protein synthesis. I. Binding of tetracycline to components of the system.
J. Bacteriol. 91:1917-1923. 1966.-Tetracycline, an inhibitor of cell-free protein
synthesis, effected the dissociation of Escherichia coli 100S ribosomes to 70S particles
in vivo and in vitro, but was not observed to mediate the further degradation of
these particles. The antibiotic was bound by both 50S (Svedberg) and 30S subunits
of 70S ribosomes and also by E. coli soluble RNA (sRNA), polyuridylic acid (poly
U), and polyadenylic acid (poly A). The binding to ribosomal subunits was higher
at 5 X 10-4 M Mg++ than at 102 m Mg++. The binding to polynucleotide chains
was highest when Mg++ was not added to the reaction mixture.

The tetracycline antibiotics have been observed
to inhibit protein synthesis in Staphylococcus
aureus (7, 9) and in Escherichia coli (20), whereas
nucleic acid synthesis remained relatively un-
affected. The ribonucleic acid synthesized during
chlortetracycline inhibition of growing cells was
contained in ribosomelike particles which
sedimented more slowly than normal ribosomes
(11). Effects of the tetracyclines have also been
reported on cell-wall synthesis (2), oxidative
phosphorylation in heart tissue (8), nitroreductase
(23), reduced mammalian nicotinamide adenine
dinucleotide-cytochrome oxidoreductase (3), and
the enzymatic hydrolysis of poly-f-hydroxy-
butyrate (19). Many of these activities may be
due to the chelation of essential cations by
tetracycline. Morrison (12, 13) demonstrated
three modes of action of tetracycline against
Aerobacter aerogenes, one of which was the
interference with protein synthesis. It was postu-
lated (1) that all three modes were the result of
inhibition of hydrogen transfer reactions.
Shaposhnikov and Bakulev (24) support the
view that the inhibition of protein synthesis is
not the primary site of inhibition of growth of S.
aureus, but that the tetracyclines inhibit the bio-
synthesis of flavin adenine dinucleotide and the
cessation of protein synthesis is a secondary
event.
Work with in vitro systems, both bacterial and

mammalian (5, 6, 15, 21, 22), has established that
these antibiotics inhibit cell-free protein synthesis.
Hurwitz, Gold, and August (personal communica-

tion) could find no effect of tetracycline or
oxytetracycline on ribonucleic acid (RNA)-
dependent RNA polymerase (viral), deoxyribo-
nucleic acid (DNA)-dependent RNA polymerase
(Escherichia coli), DNA methylase, soluble RNA
(sRNA) methylase, or ribosomal RNA methylase.
Hartmann (personal communication) observed no
effect of several tetracycline analogues on the
DNA-dependent DNA polymerase. Hierowski
(10) and Suarez and Nathans (25) observed that
tetracycline antibiotics prevent the binding of
aminoacyl-sRNA to ribosomes in the presence of
polyuridylic acid (poly U), and this has led to
speculation that tetracycline might occupy some
sensitive site on the ribosome for the binding of
sRNA. Izaki and Snell (16) could not detect the
binding of tetracycline to ribosomes; however,
Connamacher and Mandel (4) reported that
tetracycline binds specifically to the 30S subunits
and also to poly U. In a seldom-mentioned report,
Yokota and Akiba (28) reported that tetracycline
effects the breakdown of E. coli ribosomes to
particles of less than lOS by chelation of Mg++
essential for ribosomal integrity.
The present work was initiated to investigate

the mechanism of action of tetracycline in the
cell-free protein-synthesizing system, and to
determine the extent of binding, if any, of
tetracycline to various nucleic acid components of
the system.

MATERIALS AND METHODS
Culture and cultural methods. E. coli W was culti-

vated in 9-liter volumes of nutrient broth (Difco) with
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added glucose (5 g/liter) in New Brunswick fermen-
tors. A 50-ml amount of a 16-hr shake-flask culture
was used to inoculate the fermentors, which were in-
cubated at 30 C, stirred at 400 rev/min, and aerated at
1 v/v per min. Growth was stopped at about 108 cells
per milliliter by adding cracked ice to the fermentors,
and the cells were removed from the growth medium
by centrifugation. The cells were washed twice with
0.02 M tris(hydroxymethyl)aminomethane (Tris)-HCl
buffer (pH 7.9) containing 0.2 M NH4CI, 0.01 M MgC92,
and 0.005 M mercaptoethylamine. The cells were sus-
pended in 2 volumes of the same buffer.

Preparation of cell-free extracts and ribosomes.
Washed cells were broken in a precooled French Pres-
sure Cell at 18,000 psi. Ribosomes were prepared from
cell extracts according to Lengyel et al. (17) as modi-
fied by Szer and Ochoa (26), except that Lubrol was
not utilized in these preparations.

Ribosomal subunits (50S and 30S) were prepared
from 70S ribosomes by dialysis for 18 to 24 hr at 3 C
against two changes of 0.01 M Tris-HCl (pH 7.3) con-
taining 5 X 10-4 M MgCl2. The dissociated ribosomal
suspension was layered over 54-ml sucrose density
gradients (5 to 20%) containing 0.01 M Tris-HCI
(pH 7.3) and 5 X 10-4 M MgCl2. The gradients were
centrifuged at 2.5 X 104 rev/min for 10 hr in the SW-
25.2 rotor of the Spinco model L2-50 preparative ul-
tracentrifuge. Gradients were fractionated at 3 C into
1.0-ml fractions with a Buchler piercing unit in con-
junction with a Gilson LB-1 linear fraction collector.
A 0. l-ml volume of each fraction was diluted to 3.0 ml
for OD260 determinations. The fractions containing the
50S ribosomal subunits were pooled, as were those
containing the 30S subunits. Pooled fractions were
centrifuged in the 50 rotor of the L2-50 at 4.7 X 104
rev/min for 18 hr. The pellets were taken up in 0.01 M
Tris-HCl (pH 7.3) and 5.0 X 10-4 M MgCl2. The sus-
pensions were frozen in liquid nitrogen until used.

Binding of tetracycline to ribosomes, ribosomal sub-
units, and other components of the cell-free system. A
2.0-ml suspension of 70S ribosomes (60 mg) was incu-
bated with 16 Mic of 7-H3-tetracycline (sp. act.: 80 ,cl
Amole) at 37 C for 30 min, placed in 38-inch (0.95 cm)
dialysis tubing, and dialyzed for 20 hr at 3 C against 4
liters of 0.01 M Tris-HCI (pH 7.3) with 0.01 M MgCl2.
A 100-MAliter sample was removed from the reaction
mixture, layered over a 4.6-ml sucrose density gradi-
ent, and centrifuged at 3.5 X 104 rev/min in the SW-39
rotor of the L2-50 ultracentrifuge for 2 hr. The gradi-
ent was fractionated into 5-drop fractions, and alter-
nate fractions were used for OD260 determinations and
radioactivity assays. The remainder of the reaction
mixture was dialyzed against two changes of 0.01 M
Tris-HCI (pH 7.3) containing 5 X 10-4 M MgCl2 for
6 hr each at 3 C. This dialysate was placed on a 54-ml
sucrose gradient (5 to 20%) in the same buffer and
centrifuged at 2.5 X 104 rev/min for 10 hr in the
SW-25.2 rotor. The gradient was fractionated into
1.0-ml fractions; 50 MAliters was removed from each
fraction for OD260 determinations and 50 Mliters for
radioactivity assay. The fractions containing the 50S
subunits were pooled, as were those containing the
30S subunits. Both pools were then centrifuged in the

SW-39 rotor at 3.7 X 104 rev/min for 19 hr. The ribo-
somal pellets were taken up in 100 ,uliters of 0.01 M
Tris-HCI (pH 7.3) and 5 X 10-4 M MgCI2. The sus-
pensions were layered over 4.6-ml sucrose gradients
containing 5 X 10-4 M MgCl2 and centrifuged at
3.5 X 104 rev/min in the SW-39 rotor. The gradient
containing the 50S ribosomes was centrifuged for
2 hr; the 30S gradient for 4 hr. The gradients were
fractionated into 5-drop fractions and assayed for
radioactivity and OD260 as described.

50S and 30S subunits. The binding of tetracycline to
the separated subunits was studied as a function of the
Mg++ concentration, and the reaction mixtures were
set up as follows. Each reaction mixture contained ap-
proximately 1.0 mg of either 50S or 30S ribosomes,
0.5 ,uc of 7-H3-tetracycline, and 0.01 M Tris-HCl (pH
7.3). The MgCl2 concentration was made to 10-2 M or
5 X 10-4 M. The tubes were incubated at 37 C for 30
min, layered over 4.6-ml sucrose gradients containing
the appropriate Mg++ concentration, and centrifuged
in the SW-39 rotor at 3.5 X 104 rev/min. The tubes
were fractionated 5 drops for OD260 and 5 drops for
radioactivity.

Poly U and poly A, and sRNA. E. coli sRNA was
prepared according to Zubay (29). A reaction mixture
of 1.0 mg of sRNA, 20 ug of 7-H3-tetracycline (3.2 Mc),
and 0.08 ,Mmole of Tris-HCl (pH 7.3) in a final volume
of 200,uliters was incubated at 37 C for 30 min and
placed on a Sephadex column (1.5 X 30 cm) contain-
ing Sephadex G-25 equilibrated with 0.01 M Tris-HCl
(pH 7.3). The elution was carried out with the same
buffer. One-ml fractions were collected, and 200 MA-
liters was used for radioactivity determination and 500
Muliters was diluted to 3.0 ml for OD260 assay. The reac-
tion was also carried out in 10-2 M and 5 X 10-4 M
MgCl2, with poly U and poly A as the RNA com-
ponent.

Effect of tetracyclinie oni growing cells anid intact
ribosomes. Two Fernbach flasks containing 300 ml of
the medium described were inoculated with 15 ml of
a 16-hr culture of E. coli W and incubated on a
rotary shaker at 37 C until the cell population was
108 per milliliter. To one flask was added 15 mg of
tetracycline, and incubation was continued for another
2 hr. The other flask was removed from the shaker and
refrigerated. Both cultures were then centrifuged to
remove the cells, washed twice in 0.01 M Tris-HCl
(pH 7.4) and 0.01 M MgCl2. The cells were suspended
in two volumes of the same buffer and broken in the
French Pressure Cell at 18,000 psi. Both suspensions
were centrifuged at 30,000 X g for 30 min. A portion
of each supernatant fraction was then layered on a
4.6-ml sucrose density gradient, and centrifuged at
3.5 X 104 rev/min for 2 hr in the SW-39 rotor. The
tubes were fractionated in 6-drop fractions, diluted to
3.0 ml, and the OD200 determined.
A suspension of crude ribosomes from cell-extracts

which contained a high per cent of I00S particles was
used to study the effect of tetracycline on these
particles. A reaction mixture containing 7.5 mg of
ribosomal protein and 200 ,ug of tetracycline in 0.01 M
Tris-HCl (pH 7.3) and 0.01 M MgCl2 was incubated
at 37 C for 60 min. The control contained no anti-
biotic. The suspensions were placed on 4.6-ml sucrose
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density gradients and centrifuged, fractionated, and
assayed as described in the preceding paragraph.

Assays. Radioactivity of density-gradient fractions
containing 7-H3-tetracycline was assayed in scintilla-
tion vials containing 15 ml of toluene and ethyl
alcohol (2:1) with 0.3% of 2,5-diphenyloxazole
and 0.01% of p-bis-12-(5-phenyloxazolyl)-1-benzene.
Counting was carried out in a TriCarb Liquid Scintil-
lation Spectrometer, and all counts were corrected
for background. OD260 determinations were made with
3.0-ml volumes in the Beckman DU spectropho-
tometer at 260 mu. Protein was determined by the
Lowry (18) method.

Materials. Poly U and poly A were purchased from
Miles Laboratories, Inc., Elkhart, Ind. The 7-H3-
tetracycline was obtained from the New England
Nuclear Corp., Boston, Mass., in the solid form at
80 mc/mmole, and was stored in 0.01 N HCl at 5 C.
The tetracycline HCl used in these experiments is
a working standard of Chas. Pfizer & Co., Inc.,
Brooklyn, N.Y.

RESULTS

The 100S ribosomes of E. coli is a dimer of the
70S particle and is formed as a function of the
Mg++ concentrations of the environment.
Tissieres et al. (27) demonstrated that when E.
coli cells are ruptured in a buffer containing
0.01 M Mg++, the main ribosomal component has
the 100S characteristic; and when the Mg++
concentration is lowered to 0.001 M, the major
component consists of 70S ribosomes. Fig. 1A is
the sedimentation profile of a crude extract of
log-phase E. coli prepared in 0.01 M Mg++
showing the lOOS and 70S peaks. The effect of 50
Ag/ml of tetracycline incubated for 2 hr with a
log-phase culture is shown in Fig. 1B. There is a
pronounced shift of the 100S ribosomes to the
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FIG. 1. Effect of tetracycline on the ribosomal sedi-
mentation profile of Escherichia coli. (A) Control (no
tetracycline). (B) Culture incubatedfor 2 hr with tetra-
cycline (50 g/ml).

slower sedimenting 70S particles and an increase
in UV-absorbing material remaining near the
top of the gradient. A similar experiment was
carried out with the extract prepared in
5 X 10-4M Mg++ to obtain the sedimentation
profile of the 50S and 305 subunits. The tetra-
cycline-treated cells contained ribosomal sub-
units that sedimented slightly more slowly than
50S and 30S particles, and there was an increase
in the low molecular weight UV-absorbing
material at the top of the gradient. This observa-
tion (not shown here) is in agreement with that
recently reported by Holmes and Wild (11).
The effect of tetracycline on ribosomes isolated

from exponentially growing cultures is illustrated
in Fig. 2. The lOOS ribosomes are effectively
dissociated to single 70S units in the presence of
tetracycline. Higher levels of tetracycline (400'
Ag) did not result in further dissociation of the
70S ribosomes. This is not in agreement with the.
report (28) that tetracycline at 50 ,ug/ml caused
the breakdown of E. coli 70S ribosomes to
particles of 1OS or less, although the ratio of
tetracycline to ribosomes used in those experi-
ments was not stated.

Binding of tetracycline to ribosomes and
ribosomal subunits. The recent report of Conna-
macher and Mandel (4) that tetracycline binds
specifically to the 30S subunits of E. coli ribo-
somes had also been observed in this laboratory.
Studies of the binding of the antibiotic to the 70S
ribosomes were of necessity carried out in 102 M
Mg++ to maintain the integrity of this structure.

10 20 30 40 50 60

FRACTION No.

FIG. 2. Effect of tetracycline (26.6 ,ug/mg of ribo-
somal protein) on a suspension ofEscherichia coli ribo-
somes. Solid line, control; broken line, tetracycline-
treated.
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The binding of 7-H3-tetracycline to 70S ribosomes
in this Mg++ concentration was not so extensive
that it was readily apparent when analyzed by
the technique of sucrose density-gradient centrif-
ugation (Fig. 3). Therefore, the reaction mixture
was dialyzed against 5 X 1O-4 M Mg++ to dis-
sociate the 70S ribosomes. Figure 4 depicts the
OD260 sedimentation profile of the SOS and 30S
ribosomal subunits of this reaction mixture, and
the radioactive peak indicates that the tetra-
cycline does bind to the 30S ribosome. It is also
apparent that a significant amount of the radio-
activity sediments to the lower regions of the
gradient. To analyze the reaction further, the
fractions containing the 50S subunits were
isolated, pooled, centrifuged, and again subjected
to sucrose density-gradient analysis. This was
also carried out with the 30S fractions. The
results (Fig. 5A and B) indicate that the anti-
biotic is bound by both of the ribosomal sub-
units. The reason for the double radioactive peak
with the 30S particles is not clear, although only
a single peak was observed when a similar experi-
ment was carried out.
The binding of the radioactive tetracycline was

also investigated by use of the separated individual
subunits. Figure 6 shows the binding of the
antibiotic to 50S ribosomes in 5 X 10-4 M Mg++
(Fig. 6A) and 10-2 M Mg++ (Fig. 6B). The
binding is less in the presence of the higher con-
centration of Mg++. The same result was ob-
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FIG. 3. Binding of 7-HP-tetracycline to 70S ribo-
somes ofEscherichia coli. Solid line, OD260; broken line,
radioactivity.
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FIG. 4. Binding of 7-H3-tetracycline to 50S and 30S
subunits of Escherichia coli 70S ribosomes. Solid line,
OD260; broken line, radioactivity. The 70S ribosomes
contained in the reaction mixture shown in Fig. 2 were
dissociated andfractionated by sucrose density-gradient
centrifugation. Fractions 19 to 28 were pooled and cen-
trifuged to resediment the 50S subunits. This was also
carried out with fractions 33 to 43 to isolate 30S sub-
units. Both types were then analyzed on sucrose density
gradients (Fig. 5).
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FIG. 5. Sucrose density-gradient profiles ofribosomal
subunits isolatedfrom the reaction mixture, as described
in Fig. 3 and 4. (A) 50S subunits. (B) 30S subunits.
Solid line, OD260; broken line, radioactivity.

served with separated 30S subunits (Fig. 7A
and B).

Binding of tetracycline to polynucleotides.
Kohn (14) reported that tetracyclines bind to
macromolecules through metal chelates, and he
studied specifically the interaction between sperm
DNA and human serum albumin and the anti-
biotic. The binding of tetracycline to poly U was
observed by Connamacher and Mandel (4) by
use of a technique of dialysis binding. A reaction
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FIG. 6. Binding of7-H3-tetracycline to 50S ribosomal
subunits. (A) Reaction carried out in 5 X 10-4 M Mg++,
and the gradient centrifuged in S W-39 rotorfor 120 min
at 3.5 X 104 rev/min. (B) Reaction carried out in 10-2 M
Mg++, and the gradienit centrifuged for 105 min at 3.5
X 104 rev/min. Solid line, OD260; broken line, radio-
activity.
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FIG. 7. Binding of7-H3-tetracycline to 30S ribosomal
subunits. (A) Reaction carried out in 5 X 10-4 M Mg++,
and the gradient centrifuged in S W-39 rotorfor 210 min
at 3.5 X 104 rev/min. (B) Reaction carried out in 10-2
M MgI+ and the gradient centrifugedfor 120 min at 3.5
X 104 rev/min. Solid line, OD260; broken line, radio-
activity.

mixture of sRNA and 7-H3-tetracycline was

passed through a G-25 Sephadex column, and the
elution profile of UV absorbance and radio-
activity indicated that the tetracycline was bound
by the sRNA (Fig. 8). This mixture contained no
added Mg++. The technique of Sephadex filtra-
tion was used to study further the binding of the
antibiotic to sRNA, poly U, and poly A under
various Mg++ concentrations. These results are
tabulated in Table 1. The specific activity (count/
min of tetracycline per OD260 polynucleotide)

ELUTION VOLUME. ml.

FIG. 8. Binding of 7-H3-tetracyclinie to sRNA in Tris-
HCl buffer (pH 7.3). Reaction mixture applied to col-
umn containing Sephadex G-25 and eluted with 0.01 M
Tris-HCI (pH 7.3). V0 (void volume) ofcolumn was 15
ml. Solid line, OD260; broken line, radioactivity.

TABLE 1. Effect of Mg+ concentrationi on
the binding of 7-H3-tetracycline to

polynucleotides

Mg++ concn
Polynucleotide

0 5 X 10-4 10-2M

sRNA........... 4,204* 1,468 356
Poly U.......... 243 119 174
Poly A.......... 518 235 t

* Values tabulated are expressed as the radio-
activity per OD unit at 260 mMA (counts/min
per OD260) at the polynucleotide peak eluted
from a Sephadex G-25 column.

t Poly A precipitated from solution in the
presence of 10-2 M MgCl2 and tetracycline.

was found to decrease as the Mg++ concen-
tration was increased, although the binding to
poly U was much less than to sRNA at all Mg++
concentrations.

DIscussIoN

The chelation properties of tetracycline are
sufficient to cause the dissociation of 100S
ribosomes to the two constituent 70S monomers.
However, the bonds holding the 50S and 30S
subunits together appear to be stronger, since the
antibiotic has no effect on the intact 70S ribo-
somes. The observation of Yokota and Akiba
(28) that tetracycline brings about an almost
complete breakdown of the 70S ribosomes was
not demonstrated during this study. The organism
that they have used may be a mutant type which
shows altered characteristics of association
between ribosomal subunits and allows easier
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separation of the two by chelating agents. How-
ever, they pointed out that 50 ,ug/ml of tetra-
cycline was much more effective in this regard
than ethylenediaminetetraacetic acid (EDTA) at
2 mg/ml, indicating that tetracycline exerts an
effect more specific than chelation. It is also
significant that the resulting particles observed
by Yokota and Akiba were less than 105, which
indicates that the RNA chains of the ribosomes
have been digested to molecules of a size less than
that normally encountered in the ribosome, i.e.,
23S and 16S. This breakdown of ribosomes was
not observed by others whose studies with
tetracycline antibiotics in cell-free systems would
make this phenomenon apparent (10, 11, 25).
From the data accumulated in these experi-

ments, calculations were made to determine the
extent of binding of the antibiotic to the ribosomal
subunits. These calculations were based on the
following assumptions and facts: (i) 1.0 mg of
ribosomes = 16 OD260 units; (ii) 50S ribosomal
subunit molecular weight = 1.8 X 106; (iii)
30S ribosomal subunit molecular weight =
.9 X 106; (iv) specific activity of 7-H3-tetracycline
= 80 ,uc/,Amole; (v) efficiency of the liquid
scintillation counter = 6%; (vi) 1.0 ,Ac of radio-
activity = 2.2 X 106 dpm. A sample calculation
is presented here with use of the data from Fig.
6A. At the coincident radioactive peak and
OD260 peak, there is a ratio of 350 count/min per
.300 OD260. To convert the radioactivity to micro-
moles of tetracycline:

350 counts/min 5833 dpm
.06 (efficiency)

5833dpm _3
2.2 X 106 dpm//Ac -2.7 x 10A3yc

80 X// l=-3.4X0l-5 ,umoles of tetracycline

To convert the .300 OD260 units to micromoles of
ribosomes:

.300 OD26o/m'lOD2.o/ml = 18.8 Ag of ribosomes per ml16 0D260/Mg
Since total fraction was diluted to 3.0 ml for
OD260 assay, multiply x 3 = 56.4 ,ug of total
ribosomes.

56.4 ,ug
1.8 X 106 ,g//Amoles

= 3.1 X 10-5 ;umoles of 50S ribosomes
Ratio of tetracycline to 50S ribosomes: 3.4

/Amole/3.1 ,umole. To both the 50S and 30S

ribosomes, approximately 1 molecule of tetra-
cycline was bound per subunit in 5 X 10-4M
Mg++. At Mg++ concentrations of 10-2 M, the
binding was about 50% less, or one tetracycline
per two ribosomes. When the tetracycline was
bound originally to the 70S ribosome, followed
by dialysis to remove excess unbound antibiotic,
dialysis to dissociate the ribosomes, and frac-
tionation and separation to isolate the subunits,
the binding was calculated to be 1 mole of
tetracycline per 2 moles of ribosomal subunits.
This binding is of the order of magnitude ex-
pected if a sensitive site of inhibition exists on
either one or both of the ribosomal subunits.
The binding of tetracycline to the homopoly-

mers poly A and poly U, to sRNA, and to
ribosomal subunits decreased as Mg++ concen-
tration increased. At 102 M g++, the ratio of
the cation to tetracycline in the reaction mixture
was of the order of 100:1, and at this ratio an
extensive complexing between the two takes place
(Gordon, personal communication). This un-
doubtedly prevents much of the tetracycline from
binding with the available sites on the poly-
nucleotides and ribosomes. At 10-4 M Mg++, the
Mg++: tetracycline ratio was more nearly 1 :1 and
the binding was more extensive, particularly with
sRNA. Whether Mg++ is required for binding is
not known, since it is difficult to ascertain that
Mg++ is being completely excluded from nucleic
acid preparations. With ribosomes, the binding
studies must include Mg++ at concentrations of
at least 10-4 M to preserve structural integrity of
the subunits.
That tetracycline binds to several macro-

molecules through metal chelates has been re-
ported before (14); however, the binding to
ribosomes and other cellular nucleic acid species
has not been investigated thoroughly. The only
two reports dealing with ribosomal binding
(4, 16) were in disagreement. Connamacher and
Mandel (4) did indicate the binding of the
antibiotic to poly U and to the 30S subunit of
the ribosome, but they did not pursue the matter
further. This report demonstrates that tetra-
cycline does bind firmly to ribosomes, since the
tritium label sediments with 50S and 30S sub-
units after three dialyses and three centrifuga-
tions. The role of this binding of the antibiotic
to these structures and to other species of nucleic
acid which serve a function in protein synthesis
will be the subject of a second paper.
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