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The effectiveness of the hoklsok plasmid stability locus 
and mechanism of cloned-gene loss was evaluated in 
shake-flask cultures. Addition of the hoklsok locus dra- 
matically increased apparent plasmid segregational sta- 
bility relative to the hoklsok- control. In terms of the 
number of generations before 10% of the population be- 
came plasmid-free, segregational stability was increased 
by 11- to 20-fold in different media in the absence of 
induction of the cloned-gene (hoklsok+ plasmid stable 
for over 200 generations in all media tested). With con- 
stant expression of p-galactosidase in the absence of an- 
tibiotic, the segregational stability of the plasmid con- 
taining hoklsok was increased more than 17- to 30-fold 
when p-galactosidase was expressed at 7-15 wt YO of 
total cell protein. Although the hoklsok system stabilized 
the plasmid well in four different media (Luria-Bertani 
(LB), LB glucose, M9C Trp, and a representative fed- 
batch medium), the ability of hoklsok to maintain the 
plasmid with induction of the cloned gene decreased as  
the complexity of the media increased. This result is bet- 
ter interpreted in terms of the influence of cloned-gene 
expression on plasmid maintenance; plasmid segrega- 
tional stability decreased linearly as specific p-galactosi- 
dase activity increased. 0 1994 John Wiley & Sons, Inc. 
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INTRODUCTION 

Plasmids have become common as carriers of genes whose 
products are of industrial imp~r tance .~  However, large- 
scale, commercial production of foreign proteins using re- 
combinant plasmid technology is often hampered by plas- 
mid instability (segregational or structural) ,8 and much 
work has been conducted in E. coli to combat plasmid seg- 
regational instability, including both physical means (novel 
reactor as well as genetic means (phage 
techniques and complementation of host auxotrophic mark- 
e r ~ ) . ~ ~ * ~ ~  

Another exciting and more general technique to combat 
segregational instability in E. coli and other Gram-negative 
hosts is to clone the 580-bp hoklsok stability locus (formerly 
parB) of the stable resistance plasmid R1 into an unstable 
plasmid. This stability locus prevents faster-growing, plas- 
mid-free cells from overtaking the plasmid-bearing cells by 
killing the plasmid-free cells as they arise.5322 The hoklsok 
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locus stabilizes plasmids by encoding a cell-killing gene 
(hok) whose mRNA is translated only when the cell loses 
the plasmid. Upon plasmid loss, the 52-amino-acid Hok 
protein is expressed, binds to the inner membrane, and col- 
lapses the transmembrane potential. This prevents cell res- 
piration and leads to cell death.6 The advantages of using 
this locus include ease of use (rapid addition of hoklsok to 
the expression ~ e c t o r ) , ~  no need for modification of the 
bacterial host (so the modified plasmid may be used in 
many different hosts), broad-host-range effectiveness (hokl 
sok is active in all Gram-negative strains tried, including 
Escherichia coli, Xanthomonas campestris, Pseudomonas 
putida, and Serratia m a r c e ~ c e n s ) , ~ ~ ~ ~ , ~ ~  and no medium 
constraints. 

Short-term, continuous-reactor experiments showing the 
effectiveness of the hoklsok stability locus (in conjunction 
with antibiotics and the recA mutation in the host chromo- 
some) for stabilizing the P-galactosidase-expression vector 
pMJR1750 were conducted previously by this 
Other r e s e a r c h e r ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~  have also shown the effective- 
ness of the hoklsok locus for plasmid maintenance; how- 
ever, none of these studies include a detailed investigation 
into the general factors which affect the ability of the hokl 
sok locus to maintain plasmids. 

Based on our prior encouraging results and the need to 
investigate further the suitability of stabilizing plasmids 
with the hoklsok locus in the absence of antibiotic-selection 
pressure, this shake-flask study was conducted. Since dif- 
ferent nutritional limitations (e.g., carbon, nitrogen, phos- 
phate, and magnesium) influence plasmid stability, l8 four 
different media (without antibiotics) were used to study the 
impact of medium on hoklsok. Along with LB complex 
medium, LB medium supplemented with glucose, and M9C 
Trp minimal medium, a semidefined medium used for high- 
cell-density, recombinant, fed-batch fermentations4 was 
evaluated. In addition, plasmid-based, cloned-gene expres- 
sion was varied to see its impact on hoklsok-enhanced, seg- 
regational stability. 

MATERIALS AND METHODS 

Bacterial Strain and Plasmids 

E .  coli strain BK624 was used for all the shake-flask exper- 
iments and has genotype A(lacIPOZ)C29, lacy+, hsdR, 
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galU, galK, strA', leuB6, trpC9830, A(srl-recA)306::Tn 
10, with the result that BK6 cannot produce 6-galactosidase 
due to the genetically-stable lacZ deletion while it still pro- 
duces p-galactosidase permease (Lac Y protein). Therefore, 
this strain can be used conveniently with MacConkey agar 
(Mac) plates to indicate cells harboring plasmids that pro- 
duce p-galactosidase. Plasmid-containing cells form red 
colonies, whereas plasmid-free cells form white colonies. 
The recA deletion of BK6 greatly decreases the possibility 
of homologous recombination between the plasmid and 
chromosome and between plasm id^.^,^ 

The P-galactosidase-expression vector pTKW 10624326 
(hok/sok+, KanR, l adQ+,  ptac::lacZ+, 9176 bp) was con- 
structed previously by cloning the hoklsok stability locus 
into the ampicillin-resistance gene of the unstable expres- 
sion vector pMJR175021 (AmpR, l a d Q + ,  ptac::lacZ+, 
7504 bp). Both plasmids produce P-galactosidase upon ad- 
dition of the noncleavable, lactose analog isopropyl-P-D- 
thiogalactopyranoside (IPTG), and are tightly regulated due 
to overexpression of the Lac1 repressor from the ladQ allele 
present on the plasmid. 

Sequential-Dilution Shake-Flask Studies 

Two sets of batch experiments were conducted using se- 
quential dilution of 20-mL, shake-flask cultures cultivated 
in 250-mL Erlenmeyer flasks. In the first set of experi- 
ments, the cloned gene (lacz) was not induced (0.0 mM 
IPTG); and in the second set, p-galactosidase was fully 
expressed26 by adding 2.0 mM IPTG to evaluate the hoklsok 
locus under the heavy metabolic burden of constant, cloned- 
gene expression. 

The four media used in this study were M9C Trp,17 LB 
medium, l7 semidefined medium,, and modified complex 
medium. The modified complex medium consisted of LB 
plus 60 g/L glucose, and the semidefined medium contained 
5 g/L glucose, 7 g/L K,HPO,, 8 g/L KH,PO,, 1 g/L 
MgSO, - 7H,O, 5 g/L (NH4),S04, 5 g/L yeast extract, and 
1 mL/L each of a concentrated stock solution of vitamins 
and trace metals. The stock vitamin solution4 contained 
0.42 g/L riboflavin, 5.4 g/L pantothenic acid, 6.1 g/L nia- 
cin, 1.4 g/L pyridoxine, 0.06 g/L biotin, and 0.04 g/L folic 
acid. The stock trace metals solution4 contained 27 g/L 
FeC1, 6H20, 2 g/L ZnC1, 4H20, 2 g/L CaC1, * 6H,O, 2 
g/L NaMoO, * 2H20, 1.9 g/L CuSO, . 5H20, 0.5 g/L 
H,BO,, and 100 mL/L concentrated HC1. 

To initiate the BK6/pTKW 106 shake-flask, plasmid- 
stability studies, a - 84°C frozen glycerol (20%) culture 
was streaked onto 37°C Mac-kanamycin (50 pg/mL, US 
Biochemical) plates to obtain a single red colony for each 
inoculation (100 pg/mL ampicillin plates were used for 
BK6/pMJR1750). To evaluate the hoklsok system in the 
absence of induction of ZacZ, after 14 to 18 h at 37"C, a 
single red colony of BK6IpTKW106 from the Mac- 
kanamycin plate was aseptically transferred to a 250-mL 
flask filled with 20 mL M9C Trp media (also LB, modified 
complex, or semidefined media). To evaluate the hoklsok 

locus under the constant stress of expression of p-galactosi- 
dase, the media were supplemented with 2 mM IPTG (di- 
oxane-free, US Biochemical). 

Zero time for all the batch fermentations in this study was 
the moment the red colony was transferred to the 250-mL 
shake-flask. Cultures were grown 12 h at 37°C and 250 rpm 
in a New Brunswick Series 25 rotary shaker. Every 12 h, 10 
pL were taken from the culture and aseptically transferred 
to another flask filled with 20 mL of the same medium for 
the next 12-h growing cycle. Fermentations were termi- 
nated as the fraction of plasmid-containing cells approached 
0%. A 0.5 mL broth sample was taken and diluted by 1/10 to 
obtain the optical density (600 nm) of the cells after each 
12-h growth cycle. Multiple fermentations were performed 
to confirm the results. 

Plasmid Stability and Specific Growth Rates 

To ascertain plasmid stability during the shake-flask fer- 
mentations, the fraction of plasmid-containing cells (as a 
function of time) was determined by obtaining a 5-500 pL 
broth sample (taken at the end of each shake-flask cycle), 
diluting, and spreading on Mac agar plates. The fraction of 
P-galactosidase-expressing colonies was found by averag- 
ing the fraction of red colonies from two plates (with each 
plate containing roughly 100-300 colonies). Plasmid seg- 
regational or structural instability (e.g., loss of lacz) was 
indicated by the appearance of white colonies on the Mac 
plates (and corroborated by analyzing the pDNA content as 
a function of time as described below). 

To discern whether there were any plating efficiency dif- 
ferences between BK6 (Lac-) and BK6/pTKW106 (Lac+), 
LB cultures of these two strains were sampled at OD,, = 
0.5, 1.1, and 2.1, diluted - lop7), and grown on 
six Mac plates for each OD. The number of colonies formed 
for each culture were then counted. 

To compare cultures with different specific growth rates, 
the absolute time at which 10% of the cell population had 
lost the plasmid (as determined by Mac plates) was con- 
verted into the number of generations of cell growth. This 
90% point was chosen because it was found easily from a 
plot of % plasmid-containing cells vs. fermentation time. 
To find the total number of generations, it was estimated 
that 8 h of exponential growth occurred during each 12-h 
shake-flask fermentation when the cloned-gene was not in- 
duced (based on observation of cellular OD), and it was 
estimated that 9 h of exponential growth occurred during 
each 12-h shake-flask fermentation when the cloned-gene 
was induced with 2 mM IPTG (based on observation of 
cellular OD). Hence, the total number of stable generations 
for experiments in which the cloned-gene was expressed (2 
mM IPTG) was calculated as 

total h of exponential growth - k(9 h) N =  - 
doubling time ln2~CLmax 

where N is the total number of generations up to the time 
90% of the population was plasmid-bearing, and k is the 
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number of 12-h shake-flask fermentations. For experiments 
in which the cloned-gene was not expressed (0 mM IPTG), 
8 h of exponential growthlcycle was used to determine the 
hours of exponential growth. 

In addition, by starting with 100% plasmid-bearing cells 
in the shake-flask experiments, the frequency of plasmid- 
free cells arising per cell division for the exponentially- 
growing batch population, p ,  was determined using the fol- 
lowing equation7: 

where F is the fraction of the total cellular population car- 
rying the plasmid, n is the number of cell generations at 
which F is measured, and a is the ratio of the maximum 
specific growth rate of the plasmid-free cell divided by the 
maximum specific growth rate of the plasmid-bearing cell. 
By quantifying the plasmid loss frequency, the hoklsok lo- 
cus may be evaluated more analytically. 

To calculate the number of stable generations and values 
of p ,  for maximum specific growth rates at 37°C for BK6 
and BK6lpTKW106 were determined for each medium sup- 
plemented with 0, 0.5, and 2.0 mM IPTG by following the 
increase in optical density at low OD,,, values (OD,,, less 
than 0.6) with a Cary 1 UVlVisible spectrophotometer 
(growth of BK6lpTKW106 at 30°C in M9C Trp was also 
determined). The maximum specific growth rates of BK6l 
pMJR1750 in LB and semidefined media were estimated 
using those of BK6lpTKW106 (because pMJR1750 was too 
unstable in BK6 to determine the growth rate directly). 

Plasmid Structure and Copy Number 

Plasmid instability was further characterized as segrega- 
tional or structural instability by examining the size of 
pTKW106 during the course of the fermentation using aga- 
rose gel electrophoresis (this data also verified the Mac- 
plate, plasmid-stability results by indicating the extent of 
the cell population that was plasmid-bearing). To check the 
size of the plasmid, a 2-mL sample was taken at the end of 
each fermentation and stored at -20°C for later analysis. 
The amounts of the thawed samples were adjusted to the 
same OD (0.5 mL at OD = 5.0) for all the fermentations. 
Plasmid minipreparations were conducted using the proto- 
col of Rodriguez and Tait,17 with the modification that an 
internal reference plasmid (pBR322) was used to gauge 
slight differences in plasmid isolation efficiency. The 
GM33lpBR322 cells were added (0.3 mL) to each fermen- 
tation pDNA sample and mixed thoroughly before the plas- 
mid isolation protocol. Isolated pTKW106 and pBR322 
pDNA were digested with EcoRI (NE Biolabs) for 1 h at 
37°C. The digested samples were analyzed using a 0.6 wt % 
agarose gel, and horizontal electrophoresis was conducted 
at 260 V-h. 

Relative copy number provided information regarding the 
plasmid content of the cells under different growth condi- 

tions, and was used to help interpret the SDS-PAGE and 
specific enzyme activity results. Relative copy number (for 
100% plasmid-bearing cells) was gauged by measuring rel- 
ative plasmid content for a constant amount of cell mass: the 
pDNA bands of photographs of the horizontal electropho- 
resis gels (which were used to determine the mechanism of 
plasmid instability) were scanned with a densitometer (Bio- 
Rad GS-670 with Molecular Analyst software). The internal 
pBR322 band served to make sure differences in copy num- 
ber were not due to differences in plasmid isolation effi- 
ciency. 

P-Galactosidase Activity and SDS-PAGE 

Specific P-galactosidase enzyme activity was measured us- 
ing D. M. Miller’s methodz6 for 100% plasmid-bearing cell 
populations. A 20-mL sample was placed on ice immedi- 
ately after removing the sample from the shake-flask (to 
avoid the degradation of the enzyme). Activity was calcu- 
lated based upon the conversion rate of uncolored o-nitro- 
phenyl-P-D-galactopyranoside (ONPG, Sigma) to yellow 
o-nitrophenol. 

SDS-PAGE was used to discern the fraction of P-galac- 
tosidase as a percentage of total cell protein by using stack- 
ing (3.5%) and separating (12%) polyacrylamide gels and 
the discontinuous buffer system of Laemmli. lo From 20-mL 
samples, the cellular proteins were isolated by forming a 
cell pellet at 10 krpm, resuspending in 0.3 mL 2X SDS 
buffer (10% SDS, 125 mM Tris pH 6.8, 15% sucrose, 10% 
P-mercaptoethanol, 1 mM EDTA, 0.05% bromophenol 
blue, 1 mM PMSF) and 0.3 mL of TE (10 mM Tris-HC1, 1 
mM EDTA). The samples were then heated at 95°C for 5 
min and sonicated for 30 sec at 35% (Fisher Sonic Dismem- 
brator Model 300). The individual bands of P-galactosidase 
in the continuous runs were quantified with a laser-scanning 
densitometer (Molecular Dynamics Personal Densitome- 
ter) . 

RESULTS 

Plasmid segregational stability of pTKW 106 and 
pMJR1750 in host BK6 was compared in different media 
with and without induction of the cloned gene (lacz) to 
evaluate the effectiveness of the hoklsok locus. 

Specific Growth Rates and Relative 
Plating Efficiency 

The maximum specific growth rates (p,& of BK6 and 
BK6lpTKW106 in the four kinds of media with 0, 0.5, and 
2 mM IPTG were measured and are listed in Table I. As 
expected, both the addition of pTKW106 to BK6 and ex- 
pression of f3-galactosidase from pTKW106 lead to a sig- 
nificant decrease in pmax. Adding pTKW106 to BK6 de- 
creased pmax by 22% in LB (1.18 + 0.92A-1) and by 34% 
in M9C Trp (1.05 + 0.69lh). These decreases reveal that 
plasmid replication and expression of plasmid genes other 
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Table I. Maximum specific growth rates (kmaX) of BK6 and BK6IpTKW106 in various media. 

Strain Temp. Medium ILmax, h-' 

BK6 

BK6/pTKW106 (hok/sok+) 

BK6 

BK6/pTKW106 (hok/sok+) 

BK6 

BK6lpTKW106 (hok/sok+) 

BK6 

BK6/pTKW106 (hok/sok+) 

37°C 

37°C 

37°C 

37°C 

37°C 

37°C 

37°C 

37°C 

30°C 

LB 

LB 
LBIO.5 mM IPTG 
LB12.0 mM IPTG 

LB/glucose (2 g/L) 
LB/glucose (60 g/L) 

LB/glucose (60 g/L) 
LB/glu (60 g/L)/2.0 mM IFTG 

Semidefined medium 

Semidefined medium 
Semidefinedl0.5 mM IPTG 
Semidefinedl2.0 mM IPTG 

M9C Trp 

M9C Trp 
M9C Trp/O.5 mM IPTG 
M9C Trpi2.0 mM IPTG 
M9C Trp 
M9C Trp/O.S mM IPTG 
M9C Trpl2.0 mM IPTG 

1.18 

0.92 
0.79 
0.75 

1.21 
1.03 

0.81 
0.73 

1.12 

0.61 
0.64 
0.58 

1.05 

0.69 
0.69 
0.65 
0.33 
0.32 
0.31 

than lac2 are a heavy metabolic burden. This burden in- 
cludes constitutive expression of the plasmid replication 
machinery, Lac1 repressor protein, KanR protein, and a 
P-lactamase deletion polypeptide. Additionally, I J . ~ ~ ~  is de- 
creased due to hoklsok killing of plasmid-free cells. Upon 
induction of lac2, the maximum specific growth rate was 
decreased another 18% (0.92 4 0.75/h) for BK6/ 
pTKW106 in LB medium supplemented with 2 mM IPTG 
and by 6% (0.69 3 0.65) in M9C Trp medium supple- 
mented with 2 mM IPTG. 

No significance difference in the plating efficiency of the 
BK6 and BK6/pTKW106 strains on Mac plates was found 
after growth in LB medium for the three cell densities 
checked. For example, at OD,, = 2.1, 1.42 k 0.06 X lo9 
BK6 colonies formed per mL compared to 1.41 * 0.05 X 

lo9 BK6/pTKW 106 colonies/mL. 

Plasmid Stability 

As shown in Figure 1, in the absence of cloned-gene ex- 
pression, the hoklsok system maintained pTKW 106 (hokl 
sok+) in BK6 for more than 300 h (on average) for all the 
media tested. However, plasmid pMJR1750 (hoklsok-) 
was only maintained in host BK6 for about 19 h in LB 
medium. Hence, plasmid-segregational stability in LB was 
increased by 14-fold (in terms of generations) after the ad- 
dition of the hoklsok locus. 

Plasmid stability is more readily compared at different 
conditions by converting absolute hours of stability to the 
number of stable generations; these are reported in Table I1 

along with the calculated plasmid loss frequency, p ,  for 
each fermentation. As listed in Table 11, p decreased on the 
order of 103'-fold upon addition of hoklsok to the unstable 
plasmid. This increase in segregational stability did not de- 
pend on the medium used, and it reveals dramatically the 
stabilization that hoklsok provides. It should be noted that 
very small values of p (less than lo-'*) are variable since 
they are calculated by solving nonlinear eq. (2) for p (e.g., 
Newton's method); therefore, the value of p depends on the 
tolerance selected (a tolerance of lo-' was used through- 
out). 

100 

80 

60 

40 

20 

0 
0 100 200 300 400 500 600 

Time, hrs 

Figure 1. BK6/pTKW 106 and BK6/pMJR1750 hoklsok- shake-flask sta- 
bility in different media at 37°C without induction of lac2 (0.0 mM IFTG) 
and no antibiotics. Most fermentations performed twice. 
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Table 11. Shake-flask studies of BK6/TKW106 and BK6/pMJR1750 in various media without induction (0.0 mh4 IF'TG) at 37°C (no antibiotics). 

P 
Total time, hr N ,  Gen. no. Plasmid-loss (plasmid-loss 

Strain Medium (90% plasmid-bearing) (90% plasmid-bearing) mechanism frequency) 

- BK6/pTKW106 (hok/sok+) LB 192 170 
450 398 Segregationd 

Modified complex medium 324 254 Segregational 
Semidefined medium 384 224 Structural 

M9C Trp 384 255 Segregational < 
28 1 187 Segregational < 

366 214 Structural <low36 

BK6/pMJR1750 (hoklsok-) LB 19 20 Segregational 7 x 1 0 - ~  

Gen. no., generation number. 
Dual entries indicate that fermentation was performed twice 

To test the hoklsok locus under the most stringent con- 
ditions possible, P-galactosidase was expressed fully using 
2.0 mM IPTG.26 Under these conditions, the plasmid-free 
host grows 62% faster in LB and M9C Trp than the plas- 
mid-bearing cells (Table I); therefore, plasmid-free cells 
rapidly take over the fermentation if they are not killed by 
hoklsok. Plasmid stability is shown as a function of time for 
the shake-flask fermentations in the four media for BK6/ 
pMJR1750 and BK6lpTKW106 in Figure 2, and Table I11 
lists number of stable of generations up to the time at which 
10% of the population lost the plasmid. With high P-galac- 
tosidase expression, pMJR1750 is extremely unstable and is 
lost in two generations in both LB and semidefined media. 
In contrast, the hoklsok-stabilized pTKW 106 is stable for 
35-63 generations in the four media. This result is also 
reflected in the plasmid loss frequencies: for pMJR1750, p 
was 0.05 in LB compared to lop7 for pTKW106. There- 
fore, hoklsok stabilized the p-galactosidase-expression vec- 
tor even with high cloned-gene expression. 

The type of medium used appears to play a significant 
role in plasmid stability with high cloned-gene expression 
(Figure 2 and Table 111). Comparing Tables I1 and I11 shows 

u 
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8 
n 
I 

E 
4 0 L  ; : Defined =\L\= 
20 
?d LB LB 

0 

M9C 
LB 

.- 
0 30 60 90 120 150 

Time, hrs 

Figure 2. BK6/pTKW106 and BK6/pMJR1750 hoklsok-shake-flask sta- 
bility in different media at 37°C with induction of lac2 (2.0 mM IPTG) and 
no antibiotics. Duplicate fermentations shown for some media. 

that the number of generations until 90% of the cell popu- 
lation is plasmid-bearing were significantly decreased when 
2.0 mM IPTG was added to induce P-galactosidase. The 
average stable generations (gen.) of BK6lpTKW 106 were 
decreased by 88% in LB medium (284 + 35 gen.), 74% for 
semidefined medium (219 + 57 gen.), and 71% for M9C 
Trp medium (221 + 63 gen.). Clearly, plasmid segrega- 
tional stability was superior in M9C Trp (M9C Trp > 
semidefined medium > LB) for fermentations with constant 
cloned-gene expression. 

The effect of medium on the enhanced stability provided 
by hoklsok is best interpreted in terms of the extent of 
cloned-gene expression as indicated by specific P-galactosi- 
dase activity and fraction of total cell protein that was P-ga- 
lactosidase. Table IV lists both P-galactosidase-specific en- 
zyme activity and fraction of total cell protein (based on 
scanning densitometer results of the (3-galactosidase band 
on the SDS-PAGE gel, which is not shown) for the BK6l 
pTKW106 fermentations in LB, semidefined, and M9C Trp 
media. Although pTKW106 was least stable in LB 2 mM 
IPTG (35 gen.), P-galactosidase was 15% of total cell pro- 
tein. In M9C and semidefined media supplemented with 2 
mM IPTG, pTKW106 was more stable (63 gen. in M9C and 
57 gen. in semidefined); however, P-galactosidase was 7% 
and 6% of total cell protein, respectively. Analogous results 
were obtained for (3-galactosidase-specific activity and the 
number of generations in which the plasmid was maintained 
stably: highest P-galactosidase activity and least stability 
occurred in LB 2 mM IPTG medium (Table IV). Good 
agreement was obtained between the P-galactosidase spe- 
cific activity and fraction of total cell protein results: the 
2.5-fold increase in the P-galactosidase cell-protein fraction 
in LB IPTG media relative to semidefined IPTG medium is 
reflected in a 2.2-fold increase in specific activity (Table 
IV) . 

Plasmid Structure Examination and Relative 
Copy Number 

To determine the mode of plasmid instability (segregational 
vs. structural), the plasmid size (structure) was analyzed as 
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Table 111. Shake-flask studies of BK6IpTKW106 and BK6/pMJR1750 in various media with induction (2 mM IPTG) at 37°C (no antibiotics). 

Total time, hr Gen. no. Plasmid-loss p (plasmid-loss 
frequency) Strain Mediud2 mM IPTG (90% plasmid-bearing) (90% plasmid-bearing) mechanism 

BK6/pTKW106 (hok/sok+) LB 39 

Modified complex medium 77 
48 

Semidefined medium 90 
99 

101 
M9C Trp 77 

33 
36 
62 
52 
62 
55 
71 

BK6IpMJR1750 (hoklsok-) LB 
Semidefined medium 

2 
2 

2 
2 

Segregational 
Segregational 
Segregational 
Segregational 
Segregational 
Segregational 
Segregational 

Segregational 
Segregational 

1.4 x 10-7 

2.7 x l o r 7  
4.2 X lo-' 

3.2 X lo-'' 
1.4 X 

3.7 x 10-12 
3.9 x 1 0 - 1 5  

5.1 X lo-' 

Gen. no., generation number. 
Dual entries indicate fermentation was performed twice. 

a function of time by isolating pDNA from fermentation 
samples during the course of the experiments and using 
agarose gel electrophoresis. By loading pDNA from the 
same amount of cells (constant OD), adding a constant 
amount of an internal standard (pBR322), and restricting 
the pDNA with EcoRI, pTKW106 band intensity could be 
used to gauge the relative amount of the original plasmid 
pTKW 106 present at any time and the formation of struc- 
tural deletions in this plasmid could be observed (if they 
occurred). 

Figure 3 is a representative horizontal electrophoresis gel 
which shows segregational loss of plasmid pTKW106 for 
fermentations conducted at 37°C in LB and M9C media 
with 2 mM IPTG. As shown, the two pTKW106 bands 
(from EcoRI digestion) decrease gradually over the course 
of the fermentations (the pBR322 internal standard band 
migrates with the sixth MW band and is constant); this 
indicates the plasmid was completely lost during the fer- 
mentation and a plasmid-free cell overtook the cell popula- 
tion. These results also corroborate the independent deter- 
minations of the fraction of plasmid-bearing cells obtained 
from red/white colony formation on Mac plates. 

Figure 4 is a representative gel that shows that for one of 
the semidefined fermentations conducted without IPTG at 
37"C, P-galactosidase activity decreased as a result of srruc- 
rural instability. In this fermentation, a new, 3.8 kb pDNA 

band (just below the internal standard band) forms and be- 
comes the dominate plasmid as the fermentation continues. 
This new band is a deletion derivative of pTKW106 and 
was found for both of the long (average, 219 h), semide- 
fined fermentations that lacked IPTG. After analysis 
through restriction enzyme digestions (BarnHI, EcoRI, 
PstI, HindIII, SrnaI, and NdeI) and horizontal gel electro- 
phoresis, the deletion derivative was found to contain both 
the hoklsok locus and kanamycin resistance gene, but prob- 
ably none of lacZ gene and only part of the ladQ gene, as 
shown in Figure 5. Hence, it appears lacZ and ladQ are 
deleted from pTKW106 (based on the disappearance of the 
BamHI and EcoRI sites in this region). 

Tables I1 and 111 summarize the results of this analysis in 
terms of the plasmid-loss mechanism for each of the shake- 
flask fermentations conducted with and without IPTG. For 
all the batch fermentations except the two conducted in 
semidefined medium without IPTG, the plasmid loss mech- 
anism was segregational instability (plasmid completely lost 
without structural modification). 

By scanning the pTKW106 band intensities on these gels 
relative to the constant pBR322 internal standard band, rel- 
ative copy number was determined for the fermentations. 
These results are listed in Table IV (and can be roughly 
estimated from Figs. 3 and 4) for LB, semidefined, and 
M9C media supplemented with 2 mM IPTG. It appears that 

Table IV. 
relative copy number of BK6/pTKW106 batch cultures. 

Fraction of P-galactosidase from SDS-PAGE, specific P-galactosidase activity, and 

P-gal. specific 
Medium P-gal. activity, nmol Relative 

(2 mM IPTG) (% total cell protein) ONPG/(min AU) Copy no. 

LB, 100% plasmid-bearing 14.9 9,076 1.2 
Semidefined, 100% plasmid-bearing 6.0 4,118 1 .o 
M9C Trp, 100% plasmid-bearing 6.9 3,512 1 .o 

P-gal. P-galactosidase. 
Cultures sampled at 24 h in various media supplemented with 2.0 mM IPTG at 37°C (no antibi- 

otics). 
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- MWstandards 
pTKW 106/EcoRI (control) 

- LB IPTG (A), 37 hr, 96% stability 
LB IPTG (A), 60 hr, 20% 

- LB IPTG (A), 105 hr, 0% 
LB IPTG (B), 45 hr, 93% 

- LB IPTG (B), 92 hr, 10% 
- LB IPTG (B), 140 hr, 0% 
- M9 IPTG (A), 37 hr, 100% 
- M9 IPTG (A), 105 hr, 35% 
- M9 IFTG (A), 220 hr, 4.5% 

M9 IPTG (B), 71 hr, 98.9% 
- M9 IFTG (A), 140 hr, 67% 

MW standards 

- 

- 

- 

- 

- 

Figure 3. Examination of BK6/pTKW106 shake-flask broth as a function of time to determine the 
mechanism of plasmid pTKW106 instability in M9C Trp with induction (2.0 mM IPTG) and LB with 
induction (2.0 mM IPTG) at 37°C. DNA molecular weight standards from NE Biolabs (lambda 
BstEII digest, from top right: 8454, 7242, 6369, 5686, 4822, 4324, 3675, 2323, 1929 bp). The 
pBR322 internal standard (4363 bp) migrates with the sixth MW marker (4324 bp). A and B 
distinguish duplicate fermentations. 

copy number was slightly higher (approximately 20%) for 
BK6lpTKW106 in LB medium; however, the most signif- 
icant result is that copy number is relatively constant for 
these fermentations. 

DISCUSSION 

This study indicates that the hoklsok locus has excellent 
potential for maintaining plasmids in the absence of antibi- 
otic selection pressure. The insertion of the hoklsok locus 
resulted in more than a 14-fold increase in plasmid segre- 
gational stability both for conditions in which P-galactosi- 
dase expression was not induced (LB, 284 vs. 20 gen.) and 
when it was induced fully (LB 2 mM IPTG, 35 vs. 2 gen.). 
Therefore, the hoklsok stability locus dramatically increases 
plasmid segregational stability, even when the cloned gene 
is constantly expressed at 15% of total cell protein in media 
that lack antibiotics. 

Based on the shake-flask results conducted in the absence 
of induction of the cloned-gene, there appear to be no media 
effects on the hoklsok system. The hoklsok locus maintained 
the plasmid in the three primary media with almost the same 
efficiency (LB, 284 gen.; semidefined medium, 219 gen.; 
M9C Trp, 221 gen.) compared to 20 stable generations for 
the hoklsok- plasmid. This suggests hoklsok can be a reli- 
able and general tool to stabilize plasmids regardless of the 
medium type used before induction of the cloned gene. 

However, media type and extent of cloned-gene expres- 
sion influenced plasmid stability during growth with con- 
stant induction of lac2 (2 mM IPTG). Cells grown in the 
minimal medium (M9C Trp) had 1.8-fold greater stability 
(63 gen.) than cells grown in the rich medium (LB, 35 
gen.); however, cells grown in the rich medium expressed 
260% more P-galactosidase (based on specific activity). 
Similar results were found with defined media. Therefore, 
the effectiveness of the hoklsok locus for stabilizing the 

P-galactosidase-expression vector pMJR1750 is linearly re- 
lated to the extent of cloned-gene expression. For the three 
media used, the number of stable generations is inversely 
proportional to the specific P-galactosidase activity (Table 
IV, regression coefficient of 0.99). Hence, it appears that 
the most important parameter for stabilization with hoklsok 
is the extent of cloned-gene expression. 

This linear relationship between the extent of cloned- 
gene expression and hoklsok-mediated plasmid maintenance 
also suggests why the hoklsok locus is less effective during 
high cloned-gene expression. Our hypothesis is that a short- 
age of ribosomes exists in the plasmid-bearing cell due to 
high-level expression of the cloned gene (which requires 
ribosomes); therefore, cells that lose the plasmid (but have 
been expressing the cloned gene) are unable to synthesize 
sufficient amounts of the killer protein, with the effect that 
some plasmid-free daughter cells escape the killing process 
(hoklsok efficiency is decreased) and take over the fermen- 
tation. This scenario is likely because efficient translation of 
the Hok killer protein is completely dependent on transla- 
tion of the upstream mok reading frame that is present on the 
killer mRNA. 22 It appears that the translation initiation re- 
gion (TIR) of the hok gene may be sequestered in a stable 
secondary structure of the mRNA which prevents ribosomes 
from translating the killer message; translation of the up- 
stream mok reading frame may open the hok TIR so that the 
killer protein may be translated.22 Therefore, efficient 
translation of each Hok polypeptide requires two ribosomes: 
one translating the Mok polypeptide (and relaxing the 
mRNA secondary structure) and another translating the Hok 
killer message. 

The idea that there may be a shortage of ribosomes within 
the recombinant-protein-producing cell has been suggested 
before.25326 For expression of cloned genes, specialized ri- 
bosomes have been shown to enhance productivity by sup- 
plying an alternative pool of ribosomes specific for the 
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- MW standards 
- pTKW106/EcoRI (control) 
- Semi-Defined (B), 240 hr, 100% stability 

Semi-Defined (B), 337 hr, 97.4% 
- Semi-Defined (B), 382 hr, 83.7% 

Semi-Defined (B), 430 hr, 24.3% 
- Semi-Defined (B), 501 hr, 2.3% 

MW standards 
- Semi-Defined IPTG (B), 59 hr, 100% 
- Semi-Defined IPTG (B), 72 hr, 100% 
- Semi-Defined IPTG (B), 84 hr, 99% 
- Semi-Defined IPTG (B), 90 hr, 92% 

- 

- 

- 

pTKW106/EcoRI (control) 
MW standards 

- 
- 

Figure 4. Examination of BK6/pTKW106 shake-flask broth as a function of time to determine the mechanism 
of plasmid pTKW106 instability in semidefined medium with induction (2.0 mM IPTG) and without induction 
(0.0 mM IPTG) at 37°C. DNA standards as in Figure 3. B indicates the second of duplicate fermentations. 

cloned gene.11227 Furthermore, Birnbaum and Bailey have 
shown that as copy number increases from 0 to 240 (and 
constitutive expression of p-lactamase on the plasmids in- 
creases), the ribosome content, translational proteins, and 
free 30s and 50s ribosomal subunit pools decrease.' 

From the current work, the evidence (indirect) that sup- 
ports inefficient translation (or transcription) of the hok 
mRNA as the cause of eventual segregational instability is 
based on the change in specific growth rates (k+ and p-). 
For BK6/pTKW 106 cells that constantly produce P-galac- 
tosidase (2 mM IPTG), the relative reduction in p upon 

adding the plasmid to the host is approximately the same for 
cells grown in either LB or M9C (p-/p+ = 1.57 for LB 
and 1.62 for M9C). However, there is a substantial differ- 
ence in the number of stable generations for which the plas- 
mid is maintained in LB vs. M9C (35 gen. for LB vs. 63 
gen. for M9C). This indicates that there must be a signifi- 
cant difference in the rate the cells lose the plasmid and 
survive (i.e., the killing efficiency of hoklsok as measured 
here by p ) ,  since there is very little difference in the ratio 
p-/p+ [from eq. (3), the number of generations required 
for plasmid-free cells to become 10% of the population is a 

laclQ Drall 

pTKW 1 06A(lacZ-laclQ) 

4003  

OR1 
4427  

Figure 5. Plasmid maps of the P-galactosidase-expression vector pTKW106 (9134 bp) and the 
3800-bp deletion derivative of pTKW106, pTKW 106A(lucZ-lucZQ). The inner black curve indi- 
cates the DNA of pTKW106 that is contained in pTKW106A(lucZ-lucIQ). 
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function of only p-/p+ and the plasmid loss frequency, p ] .  
Since gene dosage does not vary very much (copy number 
is approximately constant for growth in LB and M9C at 
37"C), the difference in stability seems to be related to the 
amount of expression of P-galactosidase (15% total cell 
protein for LB vs. 7% for M9C). 

This conclusion is supported by comparing the stability 
of BK6lpTKW106 cells in M9C medium. Without IPTG, 
the relative growth rate for plasmid-free and plasmid- 
bearing cells is again about 1.5; yet, the cells with hoklsok 
are much more stable than those with hoklsok that produce 
P-galactosidase in M9C Trp (221 vs. 63 gen.). Hence, it 
appears that P-galactosidase expression may decrease the 
availability of free ribosomes (since gene dosage is again 
approximately constant), and this leads to inefficient trans- 
lation of Hok proteins as a result of strong competition for 
the finite energy pool and translational machinery of the 
cell. 

The increase in stability due to addition of the hoklsok 
locus suggests that the hoklsok locus may be used to prevent 
plasmid loss in many commercial batch and fed-batch fer- 
mentations operated without antibiotic. The hoklsok locus 
in this study ensured at least 200 generations of growth of 
100% plasmid-containing cells without induction, so a 
100% plasmid-containing seed should be maintained easily 
for 30 generations of growth for the pre-seed tank and seed 
tank (as long as a tightly regulated promoter of the cloned 
gene is used). Since hoklsok has been shown to stabilize 
fully-induced cells from 35-63 generations (depending on 
the medium), the population should be plasmid-bearing 
throughout the production period. In practice, cells would 
increase in number slowly during the period of cloned-gene 
induction in a fed-batch fermentation and not undergo as 
many generations of exponential growth as the hok/sok- 
containing cells in this study. 

CONCLUSIONS 

The hoklsok locus has great potential for increasing the 
segregational stability of recombinant plasmids in fed-batch 
fermentations conducted without antibiotic. We have shown 
that adding the hoklsok locus to the unstable, P-galactosi- 
dase-expression vector pMJR1750 dramatically increases 
plasmid segregational stability both for the case of no in- 
duction of the cloned gene lacZ (200 vs. 20 gen.) and with 
constant, full expression of P-galactosidase at &15% of 
total cell protein (33-63 vs. 2 gen.). The number of gen- 
erations for which the plasmid was stable was found to be 
linearly dependent on the extent of cloned-gene expression 
(specific P-galactosidase activity), and the mechanism of 
plasmid loss for BK6/pTKW 106 in these shake-flask exper- 
iments was primarily segregational instability. 
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