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The folded chromosome or nucleoid of Escherichia coli was analyzed by low-
speed sedimentation in neutral sucrose gradients after -in vivo heat treatment.
Heat treatment of cultures at 50°C for 15, 30, and 60 min resulted in in vivo
association of the nucleoids with cellular protein. Structural changes, determined
by the increase in speed dependence of the nucleoids from heated cells, also
occurred. These changes were most likely due to the unfolding of the typical
compact nucleoid structure. The nucleoids from heated cells also had notably
higher sedimentation coefficients (3,000 to 4,500S) than nucleoids from control
cells (1,800S). These nucleoids did not contain greater than normal amounts of
membrane phospholipids or ribonucleic acid. We propose that the protein asso-

ciated with the nucleoids from heated cells causes the observed sedimentation
coefficient increases.

Thermally injured bacterial cells reportedly
suffer changes in most, if not all, of their mac-
romolecular components (1, 5, 11, 19). To deter-
mine the cellular events that must occur before
a thermally injured cell can resume normal
growth, it is necessary to elucidate the structural
and functional changes caused by heat.
One of the macromolecular structures that is

affected by mild heat treatments is the DNA
molecule. Induction of single-strand breaks in
the DNA of Escherichia coli after heat treat-
ment was demonstrated by Bridges et al. (2, 3).
Woodcock and Grigg (23) showed that single-
and double-strand breaks are induced in the
DNA of E. coli by heating the cells, and that
the viability of the culture is dependent on DNA
repair. Subsequently it was reported (6) that
heat treatments in the range of 50 to 60°C were
able to induce endonucleolytic breakage in E.
coli. Enzyme inhibitors, added before heat, sub-
stantially reduced the number of DNA breaks,
suggesting enzymatic induction by heat.
One of the problems in studying the effects of

heat or other damaging agents on specific mac-
romolecular structures such as DNA is that the
techniques generally available do not account
for the close relationship that exists between
macromolecules in vivo. The nucleoid or folded
chromosome of E. coli (13) is believed to resem-
ble closely the in vivo chromosome (16). It con-
sists of DNA closely organized with RNA and
protein in a compact structure (7, 14, 16, 18).
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Changes in the nucleoid structure are reflected
by changes in its sedimentation properties (8).
The folded chromosome system has been used
successfully to demonstrate the ability of E. coli
to repair double-strand breaks (22). Because the
nucleoid integrates the relationship between
DNA and other macromolecular components,
and because of the multitarget nature of heat,
the folded chromosome system seems ideal to
study the damaging effects of heat. This work
explores the effects that thermal damage has on
the nucleoid of E. coli.

MATERIALS AND METHODS
Chemicals and enzymes. Sarkosyl NL-95 (sodium

N-lauroylsarcosinate) was a gift of CIBA-GEIGY
(Dyestuffs and Chemicals Division, Greensboro, N.C.).
Fluorinert FC-48 was a gift of the 3M Co. (Commercial
Chemicals Division, St. Paul, Minn.). Angio-CONRAY
(sodium iothalamate) was purchased from Mallinck-
rodt, Inc. (Pharmaceutical Division, St. Louis, Mo.).
Sucrose was density gradient grade (RNase free), ob-
tained from Schwarz/Mann (Orangeburg, N.Y.). All
other chemicals were purchased from Sigma Chemical
Co. (St. Louis, Mo.). [Methyl-'H]thymidine (40 Ci/
mmol), [methyl-'4C]thymidine (47.5 mCi/mmol), L-
[4,5-3H]leucine (60 Ci/mmol), [2- 'H]glycerol (200
mCi/mol), [5-'H]uracil (30 Ci/mmol), Aquasol, and
mini-vials were all purchased from New England Nu-
clear Corp. (Boston, Mass.).

Egg-white lysozyme (EC 3.2.1.17; muramidase;
grade I; 3x crystallized; 38,500 U/mg) was obtained
from Sigma Chemical Co. Beef pancreas DNase I was
obtained from Miles Laboratories (Elkhart, Ind.).

Microorganism. The bacterial strain used in this
study was a derivative of E. coli K-12 originating from
the culture collection of Howard Flanders and desig-
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nated AB1157 (arg, his, leu, pro, thr, thi) wild type
for repair abilities (9, 10); it was obtained from D.
Botstein, Biology Department, Massachusetts Insti-
tute of Technology, as strain D5608. The strain em-
ployed in this study was a thy derivative of D5608. A
trimethoprim selection (15) was used to obtain strain
KU105, capable of growing at a thymine concentration
of 2 tg/ml (low level thymine requirement).
Media and buffer solutions. M9 buffer contained

the following salts per liter: Na2HPO4, 7 g; KH2PO4, 3
g; NaCl, 0.5 g; NH4Cl, 1 g; MgSO4 * 7H20, 0.25 g. Luria
broth agar contained 10 g of Tryptone, 10 g of NaCl,
5 g of yeast extract, and 15 g of agar per liter. All of
these components were obtained from Difco Labora-
tories (Detroit, Mich.). Phosphate buffer (0.067 M; pH
7) contained 3.5 g of NaH2PO4 . H20 and 5.79 g of
Na2HPO4 per liter.

Culture conditions. A defined medium for over-
night growth of cultures was prepared by combining
the stock solutions immediately before use. The de-
fined medium was made by combining 10 ml of double-
strength M9 buffered salts, 10 ml of an amino acid
solution containing 2 x 10-3 M L-arginine, L-histidine,
L-leucine, L-proline, L-threonine, 0.15 ml of 40% glu-
cose, 0.1 ml of a thiamine solution (0.1 mg/ml filter
sterilized) and 0.2 ml of thymine solution (1 mg/ml).

Overnight cultures were prepared by inoculating 20
ml of defined medium from Luria broth agar plates
and incubating for 12 to 18 h at 370C with constant
shaking (220 rpm). They were subcultured (1:100) into
20 ml of defined medium, containing the appropriate
radiochemicals in a side-arm (Erlenmeyer) flask and
incubated at 370C with constant shaking (150 rpm).

Radioactive labeling of cultures. Cultures were
labeled in a medium similar to the overnight defined
growth medium except that it contained 0.25 ml of the
40% glucose solution and 10 td of the thymine solution.
For leucine-thymidine dual labeling, the culture me-
dium had 1/10 of the normal amount of unlabeled
leucine. The radiochemicals were added to the growth
medium when subcultured, and the labeling was con-
tinued for 4 h, by which time the culture had reached
early exponential phase.
The amounts of radiochemicals per 20 ml ofmedium

were: 200 ul (20 ILCi) of ['4C]thymidine; 50 1I (50 pCi)
of [3H]thymidine; 100 ILI (100 MCi) of [3H]glycerol; 200
,ld (200 uCi) of [3H]leucine; and 200 ,lI (200 uCi) of
[3H]uracil.
Heat treatment. When cultures had reached early

exponential phase (4 h at 37°C), the 300-ml side-arm
flask was shifted to a water bath equilibrated at 50°C
(±0.20C) (150 rpm; heating-up time was 2 to 3 min).
After heat treatment for various time periods, the
cultures were cooled in ice and harvested by centrifu-
gation (7,500 x g, 5 min; 4°C). Preliminary experi-
ments demonstrated that this procedure did not affect
the sedimentation behavior of nucleoids compared to
those obtained from cells that were not chilled. The
supernatant was decanted and the pellet was sus-
pended in solution A (composition given below) to
begin the treatment to isolate the nucleoids.

Isolation of folded chromosomes. In the normal
procedure, after harvesting the heated cells (-4 x 109
cells), the pellet was suspended in 3 ml of solution A
at 0°C. Solution A contained 20% (wt/vol) RNase-free

sucrose, 0.1 M NaCl, and 0.01 M Tris-hydrochloride
buffer (pH 8.2). Two-tenths of this cell suspension was
placed in glass test tubes (12 by 75 mm) and held at
00C. A 50-pl volume of solution B at 00C was then
added to the glass test tubes and mixed gently on a
Vortex-Genie. Solution B contained 0.12 M Tris-hy-
drochloride buffer (pH 8), 50 mM EDTA, and 4 mg of
egg-white lysozyme per ml that was freshly prepared
at least once a week. Solutions A and B were stored at
40C.

If isolation of membrane-free nucleoids was sought,
the glass test tubes were transferred to a water bath
at 250C for 5 min with occasional swirling. If isolation
of membrane-associated nucleoids was sought, incu-
bation at 00C for 6 min was performed.

In the first case, after incubation at 25°C for 5 min,
the test tubes were returned to 00C for 1 min before
the addition of 0.25 ml of solution C at 00C. Solution
C contained 1% (wt/vol) Brij-58 (polyoxyethylene 20-
cetyl ether), 0.4% (wt/vol) sodium deoxycholate, 2%
(wt/vol) Sarkosyl NL-97 (sodium N-lauroylsarcosi-
nate), 2.0 ml of NaCl, and 10 mM EDTA (pH 8.2).
Solution C was prepared biweekly and stored at 40C.
In the second case, the solution employed was named
C' and was the same solution as solution C but without
Sarkosyl NL-97.

After the addition of solution C or C' at 00C, the
test tubes were swirled gently to mix the detergent
mixture with the spheroplasting suspension. The tur-
bid solution became clear after several seconds but
was held at 00C for an additional 15 min. A 0.1-ml
volume of the lysate was then gently layered on the
sucrose gradients with a Clay-Adams pipette fitted
with a wide-bore plastic tip. The plastic tips were
obtained by cutting 4-cm sections from the delivery
end of disposable 1-ml Falcon pipettes (inside diame-
ter 2.0 mm).
Treatment of nucleoids with DNase. After the

cells were treated with solutions A, B, and C, 0.4 ml of
the cell lysate was treated with 50 jug of DNase I per
ml for 2 h at 370C. A 0.1-ml volume of the lysate was
then gently layered on the sucrose gradients.

Sucrose gradient centrifugation. The 10 to 50%
(wt/vol) sucrose gradients were prepared with gra-
dient solutions containing 1.0 M NaCl, 0.01 M Tris-
hydrochloride buffer (pH 8.2), 1 mM EDTA, and
density gradient grade (RNase-free) sucrose. These 10
to 50% sucrose gradients were employed to be able to
observe the presence of membrane-free and mem-
brane-associated nucleoids. The gradients were made
individually at room temperature using a Buchler
gradient mixing chamber and pump. A 0.3-ml high-
density shelf composed of 50% (wt/vol) sucrose dis-
solved in 18% sodium iothalamate solution was placed
on the bottom of the centrifuge tubes before forming
the 4.8-ml, 10 to 50% sucrose gradients. All gradients
were made in untreated cellulose nitrate centrifuge
tubes (0.5 by 2 inch [1.27 by 5.08 cm]) and cooled to
40C for at least 2 h before use.

Sometimes, before the gradients were centrifuged,
10 pld of ['4C]thymine-labeled T4 phage was added to
the top of the gradients. The T4 phage served as a
sedimentation marker with a sedimentation coefficient
of 1,025S (4). Gradients were centrifuged in an SW50.1
swinging-bucket rotor in a Beckman L5-75 ultracen-
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trifuge at 4°C. To minimize any rotor-speed effects (8,
17), the rotor speed employed was usually 3,000 or A
4,000 rpm (except when the rotor speed effect itself 5
was being investigated). The final w2t was 6 x 109 rad2/
S.

Gradients were fractionated from the top using an 0
ISCO Model 640 density gradient fractionator. Fluor-
inert FC-48, a dense, nonmiscible chase solution, was a-
pumped into the centrifuge tube through the bottom u _
at a flow rate of 1 ml/min. Fractions (0.2 ml) were 5 '1/
collected into Beckman mini-vials and counted in a "0
Beckman LS-230 ambient temperature scintillation 0°-o
counter after adding 3 ml of Aquasol (plus 10% [wt/ 0 _--
vol] water) per fraction. 3H was counted at an effi- 2
ciency of 40% and 14C was counted at an efficiency of a-
90%. 15 B
At times, minor deviations from the procedures v.

stated above were introduced in the experimental ,, o
protocol. Where appropriate, these procedural > 1
changes are explained in Results. I 0

RESULTS 0 5

Survival curve. The survival curve for heat- 4 0 0 O

treated (5000) E. coli K-12 KU 105 is shown in t 0o-O o -0
i

Fig. 1. The rate of loss of colony-forming ability <
on Luria broth agar was exponential. a c
In vivo heat-treated nucleoids. Figure 2 1 5

shows the pattems obtained when exponentially z
growing cells were heated at 500C and lysed, and ,
their nucleoid sedimentation profiles were ana- 1O
lyzed. It was observed that heating for 15 and 30 0
min caused an increase in the sedimentation
coefficient of the nucleoids. The nucleoids from 5

0- .0-o--0o-0.-0-
I0v

_4 TOP .25 .50 75
FRACTIONAL DISTANCE SEDIMENTED

ix 8 FIG. 2. Gradientprofiles for nucleoids from heated
wIO0 *10-\ cells. The culture was labeled with [14C]thymidine

and [3H]leucine during the exponential phase and
then shifted to 50°C for different time periods, har-
vested by centrifugation at 40C, and lysed. Centrifu-

D \ gation of the lysate in 10 to 50% neutral sucrose
u o7_ gradients was performed at 4°C and 4,000 rpm for a
w* total w2t of 6 x 109 rad2/s. The total radioactivity
< recovered from the gradients was: (A) unheated cells
> \ (14C =6,400 cpm; 3H = 135,000 cpm); (B) 50°C, 15 min

(4C = 9,400 cpm; 3H= 211,000 cpm); (C) 50°C, 30 min
1661 l (14C = 7,800 cpm; 3H = 173,000 cpm). The arrows in
0 15 30 45 60 75 90 B and C indicate the position of the normal nucleoid

TIME (MIN) AT 500C peak. Symbols: 0, ['4C]thymidine; 0, [3H]leucine.

FIG. 1. Survival curve for heat-treated Esche-
richia coli K-12. Exponential-phase cultures were the unheated cells had a sedimentation coeffi-
heated at 500C for different timeperiods as described cient of approximately 1,800S at a rotor speed of
in the text. For each time, portions were removed, 4,000 rpm The profies of nucleoids from heated
diluted in phosphate buffer, and plated in duplicate

c rpm. ed o .
on Luria broth agar plates (0.1 ml per plate). The cells showed sedimentation coefficlents rangig
plates were incubated at 370C for 48 h before counting from those observed in normal nucleoids
colonies. Duplicate points at each time interval rep- (1,800S) to about 4,200S with a peak at 3,700S.
resent the results of two separate experiments. The fast-sedimenting nucleoids were also ac-
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companied by protein with high sedimentation
coefficients.

In Fig. 2B and C, the nucleoid profiles showed
maxima at fractional distances sedimented of
0.62 and 0.66, respectively. At these maxima the
ratios of 3H:'4C cpm were 9.5 and 10.2, respec-
tively. In contrast, in Fig. 2A, the 3H: 4C ratio at
the maximum of the nucleoid profile (fractional
distance sedimented = 0.33) was 2.3. This indi-
cated that the nucleoids from heated cells cosed-
imented with more protein than did nucleoids
from control (unheated) cells. The profiles of
DNA and protein obtained for nucleoids from
cells heated for 60 min at 50°C were identical to
those from cells heated for 30 min at the same
temperature.
The amount of 3H radioactivity in the first

fraction is not shown in Fig. 2 because the
amount of radioactivity in this fraction is very
large and would fall off the scale shown in the
ordinate. This amount of 3H is due to unincor-
porated [3H]leucine. In experiments in which
unincorporated material was chased to poly-
meric form, the radioactivity in the first few
fractions became negligible. These comments
also apply to Fig. 3, 4, and 5. The same experi-
ment was performed at a rotor speed of 3,000
rpm. The resulting profiles, obtained from cells
heated for 30 min at 500C, are shown in Fig. 3.
At this lower rotor speed, the nucleoids (3H
radioactivity) appeared heavier than those ob-
served at a rotor speed of 4,000 rpm. At 3,000
rpm, the peak of the profile was 4,200S. In
addition, the population of nucleoids from
heated cells obtained at 3,000 rpm appeared
more homogeneous than those obtained at 4,000
rpm. That is, the broadness of the peak de-
creased at the lower sedimentation speed. It was
also evident that the protein (3H radioactivity)
distribution at 3,000 rpm was different from that
observed at 4,000 rpm. At 3,000 rpm, the protein

u a 15 .*0

0-

cr 10 0

0O.
~ .5

_ 0--oLiJ 0

Top

.-Qs .72V {

FRACTIONAL DISTANCE SEDIMENTED

FIG. 3. Gradient profiles of nucleoids from cells
heated at 50°C for 30 min. Protocol and symbols are
the same as in Fig. 2 except that centrifugation ofthe
gradient was done at 3,000 rpm for a total W2t of 6 x
109 rad2/s.

profile was sharper than at 4,000 rpm.
The 3H:14C cpm ratio at the maximum of the

profile (fractional distance sedimented = 0.74)
was 8.0. It should also be mentioned that the
profiles of nucleoids from control cells were
found not to be a function of the rotor speed in
the range of 3,000 to 4,000 rpm. This finding
demonstrated that the speed dependence of the
nucleoids from heated cells was greater than
that of the nucleoids from control cells.
Association of nucleoids from heated

cells with different macromolecules. The
results presented in Fig. 2 and 3 indicated that
nucleoids from heated cells cosedimented with
proteins. Furthermore, it was evident from Fig.
2 that the relative amount of protein cosedi-
menting with nucleoids increased after heat
treatment. It thus became necessary to deter-
mine if the protein simply cosedimented with
the nucleoids or if it was actually associated with
the nucleoids. Accordingly, cells were heated at
500C for 30 min, as before, and after lysis of the
protoplasts the lysate was treated with DNase
before sedimentation analysis. The profile ob-
tained from this preparation (results not shown)
not only showed no large-molecular-weight
DNA, but also no high-sedimentation-coefficient
proteins. All radioactive materials remained at
the top of the gradient. This indicated that
indeed the protein was associated with the nu-
cleoids.
We also checked to see if membrane associ-

ated with the nucleoids from heated cells was
present. [3H]Glycerol was used to label phos-
pholipids in the membrane, and a lysis proce-
dure, which resulted in both membrane-free and
membrane-associated nucleoids from control
cells, was employed (12). We determined that
the protein-associated nucleoids from heated
cells isolated using Sarkosyl during lysis did not
contain any significant amount of membrane
phospholipids (Fig. 4A) compared to the amount
of phospholipids found in the membrane-asso-
ciated nucleoids of control cells lysed without
Sarkosyl (Fig. 4B). The membrane-associated
nucleoids from control cells ('IC; Fig. 2B)
showed a maximum at a fractional distance sed-
imented of 0.62 and the membrane-free nu-
cleoids sedimented at 0.29. The profile of nu-
cleoids from heated cells ('IC; Fig. 2A) had a
maximum at 0.64. The 3H:14C cpm ratios at the
maxima in Fig. 2A (fractional distance sedi-
mented = 0.64) and in Fig. 2B (fractional dis-
tance sedimented = 0.62) were 0.97 and 9.9,
respectively. Furthermore, when the heated cells
were lysed without Sarkosyl (Fig. 4C), the profile
obtained showed a peak at 6,000S. The 3H:14C
ratio at this maximum was 4.6. These nucleoids
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FIG. 4. Gradient profiles of membrane-free nu-

cleoids from heated cells and of membrane-associ-
ated nucleoids from control and heated cells. (A)
Heated cells (50°C, 30 min). Lysis procedure was
done with Sarkosyl. Total 14C in gradient = 20,000
cpm; total 3H in gradient = 70,00X cpm. (B) Control
cells. Lysis procedure resulted in a mixture of mem-
brane-free and membrane-associated nucleoids. To-
tal 14C in gradient = 22,000 cpm; total 3H in gradient
= 93,000 cpm. (C) Heated cells (50°C, 30 min). Lysis
procedure as in B. Total 14C in gradient = 17,000
cpm; total 3H in gradient = 63,000 cpm. Centrifuga-
tion of the lysates was at 4,000 rpm for a total W2t
of 6 x 109 rad2/s. Symbols: *, ['4C]thymidine; 0,

[3H]glycerol.
were heavier than both the nucleoids from
heated cells isolated with Sarkosyl (membrane-
free nucleoids) and the nucleoids isolated from
control cells without Sarkosyl (membrane-asso-
ciated nucleoids). This finding indicated that the
increase in sedimentation coefficient of the nu-

cleoids due to heat treatment was above and
beyond that which could be due to the presence
of membranes. Thus, we concluded that the
increase in the sedimentation coefficient due to
heat treatment is not the consequence of the
presence of membrane in the nucleoids from
heated cells.

The presence ofRNA in heated nucleoids was
also investigated. Cultures labeled with [3H]ura-
cil and ['4C]thymidine were subjected to heat
treatment, and the nucleoid profiles were ana-
lyzed. We were not able to detect any significant
increases in the amount of 3H radioactivity as-
sociated with nucleoids isolated from the heated
cells (results not shown).
Reconstruction experiments. To deter-

mine if the interaction between the nucleoids
and cellular proteins from heated cells occurred
as a result of the lysis procedure, or if it was a

prelysis event, reconstruction experiments were
conducted. Figure 5A shows the nucleoid gra-

dient profiles obtained when control cells (not
heated) were mixed with heated cells and then
lysed together. No interaction between nucleoids
from heated cells and nucleoids from control
cells was seen. Figure 5B and C show that there
was no interaction between the proteins from
control cells and nucleoids from heated cells,
and vice versa, when the cells were mixed before
lysis.

DISCUSSION
The data presented in the previous section

show that nucleoids from heated cells exhibited
a higher sedimentation coefficient than nu-
cleoids from control cells. In addition, the nu-
cleoids from heated cells appeared to be closely
associated with cellular protein. That is, heat
treatment caused an increase in the amount of
protein found associated with the nucleoids.
The fact that the treatment of nucleoids from

heated cells with DNase resulted in loss of both
high-sedimentation-coefficient DNA and pro-
tein indicated that the protein did not simply
cosediment with DNA but rather that it was
closely associated with it. The experiments with
cells labeled with [3H]uracil and [3H]glycerol
showed that the nucleoids from heated cells did
not contain larger amounts of RNA associated
with them than nucleoids from control cells and
also that they did not contain membrane frac-
tions.
The reconstruction experiments demon-

strated that neither the protein nor the DNA
from control cells interacted with the same com-
ponents from heated cells during lysis. This find-
ing indicated that the association of cellular
protein occurs in vivo during heating.
The increase in sedimentation coefficient of

nucleoids from cells after heat treatment was
probably due, in part, to the increase in mass
which the protein causes.

The sedimentation coefficients of nucleoids
from heated cells were also shown to be more
speed dependent than nucleoids from control
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cells. This conclusion, drawn from the data
shown in this paper (for speeds of 3,000 to 4,000
rpm), is also supported by experiments not
shown here, in which the nucleoid profiles of
control and heated cells were also analyzed at
6,000, 7,000, 17,000, and 30,000 rpm. As the rotor
speed was increased, the nucleoids from heated
cells showed progressively lower sedimentation
coefficients than control cells. At 7,000 rpm,
nucleoids from cells heated at 50°C for 30 min
had a very sharp profile with a peak at approx-
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FIG. 5. Reconstruction experiments. (A) Control
cells labeled with [3HJthymidine (-4-) were mixed
with heated cells (30 min at 50°C) labeled with
['4C]thymidine (---0---). The mixture was lysed
and subjected to sedimentation analysis. Normal
lysisprocedure, yielding membrane-free nucleoids ex-

clusively, was used. Centrifugation was at 3,000 rpm
for a total of 6 x 109 rad2/s. (B) Control cells labeled
with ['4CJthymidine (-0*-) were mixed with heated
cells (30 min at 50°C) labeled with [3H]leucine
(--- -). The mixture was lysed and subjected to

sedimentation analysis as in A. (C) Heated cells (30
min at 50°C) labeled with ['4C]thymidine (-*-)
were mixed with control cells labeled with [3HJleu-
cine (--- ---). The mixture was lysed and sub-
jected to sedimentation analysis as in A.

imately 1,100S. Above 7,000 rpm, the nucleoids
from heated cells aggregated and were found in
one or two fractions, the apparent sedimentation
coefficient being 1,OOOS or less. This strong de-
pendence of sedimentation coefficient on rotor
speed of nucleoids from heated cells indicated
unfolding of the structure.

Heat-induced DNA breakages in E. coli are
well documented in the literature (5, 19, 20, 23).
It is also known that whereas DNA breakage
decreases the sedimentation rate in the nu-
cleoids (18), it does not increase speed depend-
ence (8). It is very likely that nucleoids from
cells heated for 15, 30, and 60 min contained
DNA breaks, and any effects that these may
have had on sedimentation were masked by the
unfolding of the nucleoid structure and the pro-
tein associated with it.
The sedimentation coefficients of nucleoids

from heated cells are dependent on at least two
effects. The first is the association of cellular
protein with the nucleoids, which will increase
their mass and therefore their sedimentation
coefficients. The second is the destabilization of
the nucleoid structure, resulting in an increased
speed dependence. The latter will result in lower
sedimentation coefficients as the centrifugation
speed is increased. As for the cause of the speed
dependence, we cannot rule out the possibility
that the protein associated with the nucleoids is
the factor responsible for the speed dependence
and that unfolding of the structure is not in-
volved. The overlapping of these two opposite
driving forces for sedimnentation rate (protein
association and structural destabilization) would
result in nucleoids containing similar amounts of
protein but different degrees of unfolding sedi-
menting at different sedimentation coefficients
(Fig. 2B and C). The ratios of leucine to thymi-
dine in fractions spanning sedimentation coeffi-
cients from 2,360S to 3,970S in Fig. 2B and C
are quite similar (Table 1).

In conclusion, we have shown that the struc-
ture of the nucleoids from heated E. coli is
modified in such a way that their sedimentation
coefficient becomes extremely speed dependent
and also is greater than those observed in nu-
cleoids from control cells. The increase in sedi-
mentation coefficient is most likely due, in part,
to the cellular protein that associates with the
nucleoids as a result of the heat treatment. The
speed dependence could be due either to the
protein itself or to the unfolding of the structure.
At any rate, these changes are probably incom-
patible with viability and would have to be re-
versed if a cell is to survive. The ability of cells
to repair these damages and recover their via-
bility will be the subject of future studies.
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TABLE 1. Ratios of leucine to thymidine in the
sedimentation profiles of cells heated at 50°C for 15

and 30 min

Ratio of [ 3H]leucine
Fractional (cpm) to ['4C]thymi-

distance sedi- Sb dine (cpm)
mented

15 min 30 min

0.41 2,360 11.7 13.3
0.45 2,590 10.9 13.4
0.49 2,800 10.7 13.8
0.53 3,040 10.4 13.0
0.57 3,260 10.2 11.9
0.61 3,490 9.5 11.2
0.65 3,740 10.1 10.2
0.69 3,970 11.9 11.4

a See Fig. 2B and C.
b Sedimentation coefficient calculated as described

in Ulmer et al. (22).
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