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Abstract: Pichia pastoris, a methylotrophic yeast, is an 

efficient producer of recombinant proteins in which the 

heterologous gene is under the control of the methanol­

induced AOX1 promoter. Hence, the accepted produc­

tion procedure has two phases: In the first phase, the 

yeast utilizes glycerol and biomass is accumulated; in the 

second phase, the yeast utilizes methanol which is used 

both as an inducer for the expression of the recombinant 

protein and as a carbon source. Since the yeast is sensi ­

tive to methanol concentration, the methanol is supplied 

gradually to the growing culture. Three methanol addi­

tion strategies were evaluated for the purpose of opti ­

mizing recombinant endostatin production. Two strate­

gies were based on the yeast metabolism; one respond­

ing to the methanol consumption using a methanol 

sensor, and the other responding to the oxygen con­

sumption. In these two strategies, the methanol supply is 

unlimited. The third strategy was based on a predeter­

mined exponential feeding rate, controling the growth 

rate at 0.02 h- 1
, in this strategy the methanol supply is 

limited. Throughout the induction phase glycerol , in ad­

dition to methanol , was continuously added at a rate of 1 

g L h- 1
• Total endostatin production was similar in all 

three strategies, (400 mg was obtained from 3 L initial 

volume), but the amount of methanol added and the bio­

mass produced were lower in the predetermined rate 

method. This caused the specific production of end­

ostatin per biomass and per methanol to be 2 times 

higher in the predetermined rate than in the other two 

methods, making the growth control strategy not only 

more efficient but also more convenient for downstream 

processing. © 2003 Wiley Periodi ca ls, Inc. * Biotechnol Bioeng 

82: 438-444, 2003. 
Keywords: Pichia pastoris; growth strategies; methanol; 

endostatin 

INTRODUCTION 

Pichia pastoris is an efficient producer of recombinant pro­

teins (Cregg et al. , 2000). This microorgani sm is a methy­

lotrophic yeast (Faber et al. , 1995) that utili zes methanol as 

its carbon source and grows to very high cell density (above 

50% wet we ight concentrati on). In many cases it secretes 

Correspo11de11ce ro: Joseph Sh iloach 

the produced protein to the cultu re media. The reason for the 

effic iency of thi s yeast as a producer of recombinant protein 

is the biosynthesis of alcohol ox idase (AOX). AOX is the 

first enzyme in the methanol ox idation pathway. The en­

zyme is produced in response to the methanol presence in 

the growth media. Methanol initiates the enzyme biosyn­

thesis by activating the AOXJ promoter, causing the enzyme 

accumulation to about 30% of the total yeast proteins. 

Therefore, the gene of choice is introduced downstream to 

the alcohol ox idase promoter and is expected to express the 

des ired protein in an equi valent amount (Cereghino and 

Cregg, 2000). 

Three types of recombinant Pichia can be obtained (Hig­

gins and Cregg, 1998): Mut+ where the two methanol oxi­

dases genes AOXJ and AOX2 are intact; Mut5
, where only 

AOX2, which is responsible for 15% of the protein biosyn­

thesis, is intact; and MuC where both AOXJ and AOX2 

genes are di srupted. The Mut+ strain is the most responsive 

to methanol concentrati on and is the recombinant strain 

most commonl y used. 

Alcohol ox idase promoter is activated by methanol. but it 

is also repressed by carbon source such as glycerol or glu­

cose (Tschopp et al. , 1987). In addition, the microorganism 

is sensitive to methanol, and concentrations above 0.49'c 

inhibit growth and production (Katakuga et al. , 1998; Zhang 

et al. , 2000a) . Hence, the accepted production procedure 

fro m the Mut+ strai n has two phases. In the first phase, the 

yeast utilizes glycerol and biomass is accumulated. In the 

second phase, the glycerol supply is terminated or reduced 

(Brierley et al. , 1990; d ' Anjou and Daugulis, 1997), metha­

nol alone or in combination with lower concentration of 

glycerol (mi xed feed) is added and the biosynthesis of the 

recombinant protein is initiated. 

Since the yeast is sensitive to methanol concentration. 

methanol needs to be supplied continuously to the growing 

culture keeping its concentrati on below 0.4%. Several fed­

batch strategies for methanol addi tion have been established 

(Zhang et al. , 2000b). These strategies can be metabolism 

re lated, based on parameters such as methanol consum ption 

(Curvers et al. , 200 1; Guarna et al., 1997; Hell wig et al.. 

© 2003 Wil ey Periodi ca ls, Inc. * This article is a US Governm ent Work 

and, as such, is in th e publ ic domain in th e United States of America . 

knfuran
Copyright
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2000; Katakuga et al., 1998; Kobayashi et al. , 2000) , oxy­

gen consumption (Byrne et al. , 2000; Chung, 2000; Min­

ning et al. , 200 I), pH control or CO2 concentration. While 

implementing these strategies, the microorganism itself is 

controling the amount of methanol added as a response to its 

own metaboli sm , the methanol supply is practically unlim­

ited and its concentration can have any value, usually not 

more than 4 g/L- 1
• Growth strategies can also be based on 

predetermined methanol addition schemes at constant, lin­

ear, or exponential rates (Chauhan et al. , 1999; Freyre et al. , 

2000; lnan et al. , 1999; Marasugi et al. , 2000, Zhang et al. , 

2000a). In these strategies the methanol feeding rate and not 

the microorganism is controling the growth , the actual 

methanol concentration is zero and its supply is limited. 

It is very likely that the growth and production charac­

teristics of the culture such as growth rate, production yield, 

and methano l consumption would depend on the fed-batch 

strategy. It is therefore important to eva luate the various 

fed-batch methods when the production process of a recom­

binant protein is being evaluated. ln some cases , metabo­

lism-related method is preferred (Curvers et al. , 200 I), and 

in other cases, nonmetabolism-related method, in which the 

growth rate can be controlled, is preferred (Zhang et al. , 

2000a). However, detailed comparisons of various fed­

batch strategies for the production of a specific recombinant 

protein are very limited (Kupcsulik et al. , 2001; Minning et 

al., 2001; Zhang et al. , 2000b). Our purpose here is to evalu­

ate several growth strategies for the production of extracel­

lular murine endostatin . Endostatin , is a 20 KDa fragment of 

collagen XVIII, that had been shown to have an inhibitory 

effect on angionenesis and therefore can potentially be used 

as a tumor growth suppressor (Figg et al. , 2002; O 'Reilly et 

al., 1997). The compound is currently being tested in hu­

mans and different delivery strategies are being evaluated in 

mice. Gram quantities of the compound were needed and 

therefore efficient production procedure was required. 

The growth strategies evaluation performed in this work 

can provide information not only on growth and production, 

but also on the specific production values of biomass in 

relation to methanol , and the specific production values of 

protein in relation to biomass and methanol. 

MATERIAL AND METHODS 

Yeast Strain and Fermentation Processes 

Pichia pastoris strain GS I 15 His+ Mut+ expressing mouse 

endostatin was prepared as described earlier (Boehm et al. , 

1999). 

Bench-top fermentation was performed in a 7-L fermen­

tor (New Brunswick Scientific, Edison , NJ) The fermentor 

is interfaced to an MD-Biostat System (B. Braun Biotech 

USA, Allentown, PA) furni shed with an adaptive control 

algorithm (Hsiao et al. , 1992) that maintained dissolved 

oxygen at 30% saturation by adjusting the agitation and air 

or oxygen. The fe rmentor was also equ ipped with a metha-

nol sensor (Trinh et al., 2000; Wagner et al. , 1997). Three 

liters BMGY media (peptone, 2%; yeast extract, J %; YNB, 

1.34%; glycerol , 3%; biotin, 4 x I o-5%; and I 00 mM po­

tassium phosphate pH 6.0) was inoculated with I 00 mL of 

overnight culture (O .D. "' 20 at 600 nm). The culture was 

grown in batch mode for approximately 16 h (O.D. "' 60 at 

600 nm), after which fed-batch mode was started by adding 

a 50% glycerol solution at a flow rate of 18 mL L- 1 h- 1
; 

during this period, a dose of 0 .3% (w/v) methanol was also 

pumped into the fermentor to calibrate the methanol sensor. 

After stabilization of the sensor signal (around I h) , the 

glycerol feed rate was reduced gradually over a I-hour pe­

riod to 2 mL L- 1 h- 1
, allowing the culture to adapt smoothly 

to methanol. The reduced glycerol feed rate was kept con­

stant throughout the methanol induction period (mixed 

feed). After the adaptation period, methanol was added ac­

cording to the selected fed-batch strategy . The duration of 

the methanol addition phase was 48 h. During the fermen­

tation the pH was kept at 6.5 using 50% NH4OH solution, 

and foam was controlled by the addition of antifoam 289 

(Sigma Chemical Co., St. Louis, MO.)-this antifoam did 

not affect growth or endostatin production. 

Pilot-scale fermentation was performed in 80-L fermen­

tor (B ioflo 5000, New Brunswick Scientific, Edison , NJ) 
equipped with the same control and data acqui sition as the 

bench top. 

Methanol Addition Strategies 

Fed-Batch Fermentation Based on On-Line 
Methanol Sensor 

After the adaptation period, the addition of methanol con­

taining 12 mL/L- 1 PTMI solution (per L: cupric su lphate-

5H2O 6.0 gm ; sodium iodide 0.08 gm; manganese su lphate­

H2O 3.0 gm ; sodium molibdate-2H2O 0.2 gm ; boric acid 

0.02 gm; cobalt chloride 0.5 gm ; zinc chloride 20.0 gm; 

ferrous sulphate-7H2O 65.0 gm; biotin 0.2 gm ; sulfuric acid 

5.0 gm) was initiated. Methanol concentration was con­

trolled at 3.0 g/L- 1 by an on- line monitoring and control 

device described previously (Trinh et a l. , 2000; Wagner et 

al., 1997). 

Fed-Batch Fermentation Based on Dissolved 
Oxygen Signal 

After the adaptation period, methanol so lution containing 

12 mL/L _, PTMI was added into the fermentor when the 

dissolved oxygen signal spiked I 0% above the set-point. 

Each time methanol was added to adjust the methanol con­

centration to 0.3 %. 

Fed-Batch Fermentation Based on Predetermined 
Exponential Feed Rate 

After the adaptation period, methanol was pumped to the 

cu lture by a ChemTec pump (Scilog, Middleton , WI) at a 
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rate based on the following relationship (Zhang et al. , 
2OOOa) , F = 0.962 µX 0 Y 0eµ 1 where F is the methanol flow 
rate (g/L- 1

), X0 is the biomass-wet weight at induction 
(gWCW/L- \ YO is culture volume at induction (L), µ is 
culture growth rate under methanol (h- 1

) . 

The methanol flow rate was ramped exponentially to 
keep the culture growth rate at 0.02 h- 1

• 

Analytical Methods 

Off-Line Measurements 

Off-line methanol measurements were made using YSI Bio­
chemistry Analyzer (Yellow Spring Instruments, Ye! low 
Spring, OH). 

Endostatin Determination 

Samples taken during the course of induction were centri­
fuged at 4000g for 40 min. The supernatant was diluted to 
adjust the conductivity to 5.5 mS/cm and the pH to 6.0 and 
was loaded on a 5 mL HiTrap® SP HP (Amersham Phar­
macia Biotech AB, Piscataway, NJ) at a ratio of 20 mg total 
protein per mL packed resin. The column was washed with 
10 column volumes of 20 mM phosphate buffer pH 6.0 
containing 50 mM NaCl buffer, and the endostatin was 
eluted with 3 column volumes of 20 mM phosphate con­
taining I .SM NaCl. Endostatin was analyzed by loading the 
various samples and increasing amount (0-8.6 µg) of 
known endostatin standard on 4-20% Tris-glycine SDS 
PAGE under reducing conditions and running at 125 volts 
for 90 min. After staining with Simply Blue® SafeStain 
(lnvitrogen, Carlsbad, CA) the amount of endostatin was 
determined by digitising and calculating with NIH image 
analysis software (NIH, Bethesda, MD). 

Dry Weight Determination 

Dry weight determination was done by drying cell paste in 
a moisture determination balance (Ohaus MB 200, NJ) for 
3 hat 95°C. 

Statistical Analysis 

Each of the methanol feeding strategies was tested in three 
repetitions. Standard deviation was calculated for the aver­
age values of the three experiments from each feeding strat­
egy. 

RESULTS 

Effect of the Various Fed-Batch Strategies on 
Growth Rate, Biomass Accumulation, and 
Methanol Supply 

Growth rate and biomass accumulation during the three dif­
ferent fed-batch strategies are shown in Figure I and Table 
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Figure l. Pichia pastoris growth in response to different methanol sup­
plies strateg ies. On line sensor (0 ), DO sig nal (e ), predetermined rate (6 ). 

(Time zero indicates the initiation of the methanol induction phase). (A) 

Growth rate, (B) Biomass accumulation. Fermentation was conducted in a 
7-L fermentor with initial volume of 3.0 L. Methanol addition was started 

when the biomass concentration was between I 00 and 120 gram pe r liter 
(wet weight). 

I. The growth rate during the predetermined methanol ad­
dition strategy was kept constant at a value of 0.02 h- 1

, but 
the growth rates during the DO control strategy and the 
methanol sensor control strategy followed different pat­
terns . The rate was 0.06 h- 1 and 0.05 h- 1

, respectively 10 h 
after the induction , and the rate continuous to decline 
throughout the induction phase which lasted 48 h. The bio­
mass accumulation rate was corresponded to the growth 
rate. It accumulated at a constant rate during the predeter­
mined addition strategy reaching a final level of 434 g DCW 
(dry cell weight). During the DO control strategy and the 
methanol sensor strategy, the biomass accumulation was 
much faster at the beginning of the induction phase, and 
slowed down towards the end of the induction period, reach­
ing a value of 986 and 988 gDCW, respectively, which is 
over 2 times as much as accumulated in the predetermined 
growth rate strategy. 

Methanol addition is described in Figure 2 and Table l. 
When the methanol concentration in the media was con­
trolled by an online sensor, the total amount added was 3.23 
L, compared with 2.25 Ladded in response to the dissolved 
oxygen concentration and to less than I L when the metha­
nol was added using the predetermined rate. 
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Table I. Comparison of the various methanol feeding strateg ies. Fermentati ons were conducted in a bench top fermentor with in iti al vo lume of 3 L, the 

numbers reflect the va lues after 48 h induction. 

Endostatin Biomass 
Final cu ltu re 
vo lume (L) (mg/L 

Methanol control strategy Y0 = 3.0 L cu lture) 

Fed-batch using D.O. signal 6.09 66 ±4 

Fed-Batch using online gas sensor 7.06 67 ± 19 

Fed-batch using predetermined feed rate 4.25 96 ± 16 

Effect of the Various Fed-Batch Strategies on 
Endostatin Production 

Total and volumetric endostatin productions during the dif­
ferent fed batch strategies are described in Figure 3 and 
Table I. The total amount of endostatin produced was simi­
lar in the fed-batch strategies using the di ssolved oxygen 
signal and the predetermined feed rate. Approximately 400 
mg were accumulated using these two strategies. Higher 
endostatin, 470 mg, was accumulated using the on-line sen­
sor fed-batch strategy. Endostatin concentration was higher 
in the predetermined methanol feeding strategy compared 
with the dissolved oxygen control and the methanol sensor 
strategies. Final concentration of 96 mg/L was detected with 
the predetermined feed rate, compare with concentrations of 
66 mg/L and 67 mg/L in the other two strategies . 

Specific Production Values, Specific Consumption 
Values, and Production Rates in the Three 
Different Growth Strategies 

Specific production of endostatin based on methanol utili ­
zation, biomass production based on carbon utili zation 
(methanol and glyce rol ), and spec ific production of end­
ostatin based on biomass are summarized in Table II. Spe-

3.5 

3.0 
.. -I 

8 
C: 2.5 
0 

i. 
E 

2.0 ::, ., 
6 
" 0 1.5 
C: 
SI 
-s 

G> 
1.0 :I!; 

5 

0 

0 10 20 30 40 50 

Induction time (hr) 

Figure 2. Methanol consumption in response to different supply strate­
gies. On line sensor (- - - -), DO signal (- - - -). predetermined rate 
(--). (Time zero indicates the initi ati on of the methanol induction phase). 

Total Total Methano l Base 
(mg) (gDCW/L) g DCW consumed (L) consumed (L) 

402 162 ± 2.6 986 2.25 ± 0.04 0.84 
470 140 ± 2.7 988 3.23 ± 0.15 0.83 
408 102 ± 1.7 434 0.90 ± 0. 11 0.34 

cific endostatin production on methanol with the predeter­
mined feed ing rate was much higher than it was with the 
two other fed-batch strategies. It was 489 mg/L of methanol 
with the predetermined feeding rate compared with 160 mg/ 
L, and 116 mg/L with the di ssolved oxygen controlled strat­
egy and the methanol sensor strategy, respectively. 0.72 mg 
endostatin per gram dry cell weight were produced with the 
predetermined feeding rate strategy compared with 0.3 1 and 
0.33 mg endostatin per gram dry cell weight with the two 
other feeding strategies. The specific biomass production 
was 1.67 gram dry ce ll weight per gram carbon used 
(methanol and glycerol) with the predetermined feeding rate 
and 1.34 and 0.96 gram dry cell weight per gram carbon 
used, at the di ssolved oxygen-controlled and the sensor­
controlled strategies, respectively. 
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Figure 3. Endostatin production in response to different methanol sup­
pli es strategies. On- line sensor (0 ), DO signal (e ), predetermined rate 
(L':.). (Time zero indicates the initiation of the methanol induction phase). 
(A) Total endostatin production. (B) vo lumetric endostatin production. 
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Table ll. Specific endoslatin and biomass production at different methanol feeding strategies. The 
yield constants reflect average values during the last 24 h of the induction phase. 

Specific endostatin production 
Speci f'ic biomass 

(mg Endostatin/ (mg Endostatin/ production 
Methanol control strategy I methanol) g DCW) (g DCW/g carbon)" 

Fed-batch using D.O. signa l 160 ± 6 0.3 I ± 0.03 1.34 ± 0.1 I 
116±15 0.33±0.09 0.96±0.07 Fed-batch using on-line gas sensor 

Fed-batch using predetermined feed rate 489±8 0.72±0.01 1.67±0.16 

"Specific biomass production was based on the total utili zation of carbon in the methanol and 
glycero l. 

Pilot production of endostatin using 
predetermined feeding rate 

Based on the above information, a pilot-scale production 
( 10 times bigger) was conducted using the preferred growth 
conditions. Typical process is shown in Figure 4; after 48 h 
induction 6.8 L of methanol were added, producing 2.7 g 
endostatin and 9.3 kg biomass (wet weight). Specific end­
ostatin production yield was 25% lower than the value ob­
tained in the bench-top fermentor, total consumption of 
methanol and total biomass production were also 25% 
lower. 

DISCUSSION 

Due to the sensitivity of P. pasroris to methanol concentra­
tion, production of recombinant proteins under the control 
of the AOX I promoter is done by implementing different 
fed-batch strategies controling the methanol concentration. 
Growth characteristics can be different at the various strat­
egies, and therefore, recombinant protein production can 
also be affected. In addition , different values of metabolic 
indicators (e.g., methanol concentration, dissolved oxygen 
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Figure 4. Pilo t scale production of e ndostat in using predetermined 

methanol addition strategy: Endostatin production (e ), methanol addition 
(■ ). biomass production (A). (Time zero indicates the initi at ion of the 
methanol induction phase). 

concentration) and different methanol feeding rates and pro­
files can be selected. These parameters can potentially affect 
growth and recombinant protein production within each 
strategy. Establishing optimal protein expression protocols 
should therefore include the evaluation of various growth 
and induction strategies in addition to other parameters such 
as pH and temperature. In this work, we examine the effect 
of three fed-batch strategies on the production of recombi­
nant murine endostatin, evaluating not only the amount of 
endostatin produced but also the methanol consumption. 
biomass production, and the specific production values. 
Two strategies were based on the metabolic activity of the 
yeast (methanol and oxygen consumption) and one was 
based on supplying methanol at a predetermined exponen­
tial rate (limited methanol supply). The total production of 
endostatin with the three growth strategies was simjlar. Ap­
proximately 400 mg of endostatin were produced from a 3 
L initial volume, but the amount of methanol used and the 
biomass produced were different, affecting final volume 
and specific production values of both endostatin and bio­
mass. 

Feeding the methanol at a predetermined exponential pro­
file and controling the growth rate at 0.02 h- 1 was more 
efficient than the other two strategies. The amount of metha­
nol used and the biomass produced were lower, causing the 
specific production of endostatin per biomass unit to be over 
2 times higher than the dissolved oxygen controlled strategy 
or the sensor-based controlled strategy. Endostatin produc­
tion per methanol used was almost 3 times higher in the 
predetermined strategy compared with the dissolved oxygen 
controlled strategy or the sensor strategy. A similar trend 
was observed with the specific biomass production. It was 
higher with the predetermined rate strategy than with the 
other two. 

Methanol, the main carbon source is used both for energy 
generation and anabolism (Jahic et al., 2002) . The higher 
efficiency of methanol utilization at the predetermined ex­
ponential rate suggests that the methanol is directed mainly 
towards energy generation, and that only a small portion is 
directed to biomass production. Since endostain biosynthe­
sis is controlled by the same promoter responsible for the 
synthesis of the methanol oxidase, the amount of endostatin 
produced should be related to the methanol oxidase pro­
duced and should not be affected by the low methanol uti-
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Jjzation . It was also mentioned (Cregg, 1999) that when 
cells are fed methanol at a growth- limiting rate, theAOX/ is 
induced to levels 3 to 5 times higher than in ce ll s growing 
in excess methanol. Methanol consumption and biomass 
production were lower in the dissolved oxygen-controlled 
strategy than in the sensor-controll ed strategy. This fact 
supports the above explanation s ince the methanol supply is 
not continuously unlimited as it is in the sensor controlled 

strategy. 
Throughout the induction phase glycerol was supp li ed 

continuously to the cu lture at the rate of I gram per liter per 
hour. At trus rate there was no glycerol accumu lation. This 
supplemental carbon source is channelled directly to anabo­
lism, (Jahic et al., 2002) and therefore compensate for pos­
sible shortage in carbon source as a result of methanol uti­
lization for energy. While the g lycerol supply may not be 
essential for the cu lture grown at excess methanol , it may be 
essential for the culture grown at limited methanol supply. 

The results obtained from this comparison indicate that a 
growth strategy based on predetermined exponential feed­
ing of methanol has an advantage for the production process 
of recombinant endostatin. The amount of methanol used 
and the biomass acc umulation are lower than the values 
obtained using the dissolved oxygen or the methanol sensor 
methods, simplifying the endostatin recovery. In addition, 
the controlled growth rate limited the oxygen consumption 
and the heat production. It seems that these advantages are 
not necessarily spec ific for recombinant endostatin produc­
tion. It is expected that any recombinant protein under the 
control of the AOXJ promoter should respond in the same 
manner. 

The high biomass concentration, above 50% wet weight, 
produced during the Pichia pastoris fermentat ion interferes 
with the recovery of the recombinant protein produced 
(Thommes et a l. , 2001; Trinh et al., 2000), especially when 
the protein is secreted to the media. In this aspect the pre­
determjned add ition methanol strategy offers another ad­
vantage, in addition to the high productivity , it simplifies 
the recovery process of the secreted endostatin due to the 
lower biomass produced and the lower overall volume. 
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Functional recombinant protein is present in the
pre-induction phases of Pichia pastoris cultures
when grown in bioreactors, but not shake-flasks
Zharain Bawa1,2, Sarah J Routledge1, Mohammed Jamshad3, Michelle Clare1, Debasmita Sarkar1, Ian Dickerson4,
Markus Ganzlin2,5, David R Poyner1 and Roslyn M Bill1*

Abstract

Background: Pichia pastoris is a widely-used host for recombinant protein production; expression is typically driven
by methanol-inducible alcohol oxidase (AOX) promoters. Recently this system has become an important source of
recombinant G protein-coupled receptors (GPCRs) for structural biology and drug discovery. The influence of diverse
culture parameters (such as pH, dissolved oxygen concentration, medium composition, antifoam concentration and
culture temperature) on productivity has been investigated for a wide range of recombinant proteins in P. pastoris.
In contrast, the impact of the pre-induction phases on yield has not been as closely studied. In this study, we examined
the pre-induction phases of P. pastoris bioreactor cultivations producing three different recombinant proteins: the
GPCR, human A2a adenosine receptor (hA2aR), green fluorescent protein (GFP) and human calcitonin gene-related
peptide receptor component protein (as a GFP fusion protein; hCGRP-RCP-GFP).

Results: Functional hA2aR was detected in the pre-induction phases of a 1 L bioreactor cultivation of glycerol-grown
P. pastoris. In a separate experiment, a glycerol-grown P. pastoris strain secreted soluble GFP prior to methanol addition.
When glucose, which has been shown to repress AOX expression, was the pre-induction carbon source, hA2aR and
GFP were still produced in the pre-induction phases. Both hA2aR and GFP were also produced in methanol-free
cultivations; functional protein yields were maintained or increased after depletion of the carbon source. Analysis
of the pre-induction phases of 10 L pilot scale cultivations also demonstrated that pre-induction yields were at least
maintained after methanol induction, even in the presence of cytotoxic concentrations of methanol. Additional
bioreactor data for hCGRP-RCP-GFP and shake-flask data for GFP, horseradish peroxidase (HRP), the human tetraspanins
hCD81 and CD82, and the tight-junction protein human claudin-1, demonstrated that bioreactor but not shake-flask
cultivations exhibit recombinant protein production in the pre-induction phases of P. pastoris cultures.

Conclusions: The production of recombinant hA2aR, GFP and hCGRP-RCP-GFP can be detected in bioreactor
cultivations prior to methanol induction, while this is not the case for shake-flask cultivations of GFP, HRP, hCD81,
hCD82 and human claudin-1. This confirms earlier suggestions of leaky expression from AOX promoters, which we
report here for both glycerol- and glucose-grown cells in bioreactor cultivations. These findings suggest that the
productivity of AOX-dependent bioprocesses is not solely dependent on induction by methanol. We conclude that
in order to maximize total yields, pre-induction phase cultivation conditions should be optimized, and that increased
specific productivity may result in decreased biomass yields.

Keywords: P. pastoris, Methanol induction, Pre-induction expression, Bioprocess, Adenosine A2a receptor, GPCR, GFP,
CD81, CD82, Claudin-1, HRP, CGRP-RCP
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Background
P. pastoris is a simple eukaryote with a fully sequenced
genome [1,2], which can be cultured to high biomass
yields without incurring high costs [3]. In its most widely
used format, protein production is driven by a very
strong, methanol-inducible alcohol oxidase (AOX) pro-
moter, which is generally accepted to be tightly regulated
[4]. To take full advantage of its attributes, P. pastoris
must be cultured in controlled bioreactors, rather than
shake-flasks, in cultivations that typically comprise several
distinct phases. During the first or batch phase, cells grow
at their maximum growth rate (μmax) until the initial
carbon source, typically glycerol, has been depleted. In a
subsequent fed-batch phase, the same carbon source is
fed continuously with the objective of yielding high pre-
induction biomass; during this phase, growth is nutrient
limited and a constant specific growth rate, lower than
μmax, is achieved. A transition phase, when the glycerol
feed is stopped and the cells are monitored for glycerol
depletion, allows the cells to adapt to low concentrations
of inducer (typically methanol); in some cases temperature
changes are also applied to facilitate induction at a
temperature optimized for a given target protein. Finally,
in the induction phase, methanol is added in a controlled
manner [5,6] to induce AOX-driven recombinant protein
production.
Recently P. pastoris has become an important source

of recombinant G protein-coupled receptors (GPCRs) for
structural biology and drug discovery. Drugs targeting
GPCRs, which transmit a wide array of signals in different
cell types, underpin modern medicine [7]; they account
for about 40% of all prescription pharmaceuticals on the
market. Relevant structural results are exemplified by the
X-ray crystal structure of recombinant human histamine
H1 receptor bound to doxepin at 3.1 Å resolution [8] and
the 2.7 Å resolution structure of recombinant A2a adeno-
sine receptor (hA2aR ) in complex with an antibody Fab
fragment that stabilizes an inactive form of the receptor [9].
Numerous studies have examined the influence of

parameters such as the temperature and pH of the culture,
the amount of dissolved oxygen (DO) in the culture
medium and, specifically, the addition of chemical additives
and ligands for optimal GPCR production in the pre-
induction and induction phases of P. pastoris cultivations
[4,10–13]. Notably, Singh and colleagues observed active
hA2aR in bioreactor cultures prior to the methanol feed
[14], while this was not apparent in shake flasks [15].
These findings are especially noteworthy because glycerol,
glucose, ethanol and acetate have all been shown to sup-
port growth of P. pastoris cells without inducing the AOX
promoter [16]. For example, Hellwig and colleagues [17]
demonstrated glycerol in the culture medium inhibited
production of a recombinant single-chain antibody in
mixed feed bioreactor cultures, while Inan and Meagher

reported that ethanol and acetate repress AOX-driven
expression [16].
The first aim of our study was to specifically investi-

gate the pre-induction phases of P. pastoris bioreactor
cultivations producing recombinant hA2aR. We examined
a glycosylation-deficient hA2aR mutant designed by Fraser
[18], who had previously achieved a functional yield of 4
pmol mg−1 in shake flask cultures with no pre-induction
activity. Prior to methanol induction, we detected baseline
production of hA2aR confirming that expression driven
by the AOX promoter is leaky in a glycerol-containing
medium. In these cultures the baseline yield of hA2aR was
not substantially improved in the methanol induction
phase and pre-induction yields of hA2aR were maintained
even at cytotoxic levels of methanol. In order to assess
whether these observations were specific to hA2aR as the
recombinant target protein, two additional strains were
investigated; one that secretes the model protein, soluble
green fluorescent protein (GFP) and one that secretes
the peripheral membrane protein, human calcitonin
gene-related peptide receptor component protein (as a
fusion protein with GFP; hCGRP-RCP-GFP). When grown
on glycerol or glucose as the pre-induction carbon source,
GFP (as for hA2aR) was produced in the pre-induction
phases. Following methanol induction, yields were not
substantially improved for glycerol-grown cells, but were
increased by a factor of 4 without a corresponding increase
in biomass for glucose-grown cells. Pre-induction expres-
sion of hCGRP-RCP-GFP was detected in glycerol-grown
cells. In contrast, there was no pre-induction expression in
shake-flask cultures of strains producing GFP, horseradish
peroxidase (HRP), the human tetraspanins hCD81 and
CD82 or the tight-junction protein human claudin-1. These
data demonstrate that bioreactor but not shake-flask
cultivations exhibit recombinant protein production in
both glycerol- and glucose-grown pre-induction phases.
This highlights the importance of understanding the influ-
ence of pre-induction phase cultivation conditions on both
recombinant protein yields and P. pastoris biomass yields.

Results
hA2aR is produced in the pre-induction phases of
glycerol-grown P. pastoris bioreactor cultivations
Duplicate 1 L bioreactor cultivations of P. pastoris pro-
ducing a glycosylation-deficient hA2aR mutant [18] were
examined over a 91 h cultivation period. Since it is estab-
lished that lowering the temperature to 22°C during in-
duction increases the functional yield of hA2aR [13,14,18],
the cultivation temperature was lowered during phase III.
Figure 1 shows the glycerol batch (I), glycerol fed-batch
(II), transition (III) and methanol induction (IV) phases
analysed in this study together with the residual glycerol
measurements, dry cell weight (DCW) and Bmax estimates
for recombinant hA2aR binding activity, as measured
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by radio-ligand binding with the tritiated antagonist,
ZM241385. Residual glycerol peaked during phase II
at ~ 2 g L −1 and was not present during the transition and
induction phases (III and IV). Binding activity between 1.1
and 3.1 pmol mg−1 was measured during the batch and
fed-batch phases (I and II), indicating leaky expression.
During the transition phase (III), binding activity increased
to 4.1 pmol mg−1 and during the induction phase (IV) it
was 3.7 – 4.4 pmol mg−1. The specific yield from the 1 L
cultivation was 122.2 pmol g−1 and the total yield was
12,986.3 pmol. Notably, the impact of the methanol feed
was minimal since the pre-induction specific yield was not
substantially increased (Figure 1).

hA2aR is produced in glycerol-grown P. pastoris cultivations
in the absence of a methanol induction step, while
pre-induction binding activity is maintained at pilot scale,
even at cytotoxic methanol concentrations
hA2aR was also produced in all phases of a completely
methanol-free cultivation of glycerol-grown P. pastoris
(Figure 2). During the fed-batch phase (II), when glycerol
was present at 1.9 g L−1, the recombinant hA2aR yield was
1.1 pmol mg−1, reaching a final yield of 1.6 pmol mg−1 at
the end of the cultivation. The specific yield from the 1 L
cultivation was 90.3 pmol g−1 and the total yield was
5,598.3 pmol. This was lower than the yield achieved in the
corresponding induced culture (Figure 1; 122.2 pmol g−1

and 12,986.3 pmol at the end of phase IV) indicating

the positive impact of the methanol feed on total yield.
The DCW reached a maximum of 62.0 g L−1 in contrast
to that of 106.3 g L−1 for the corresponding induced
culture (Figure 1).
To examine whether these findings transferred to larger

vessels, two simultaneous pilot scale bioreactor cultivations
(10 L starting volume) of P. pastoris expressing hA2aR
were compared following the same batch, fed-batch and
transition feeding regimes (Table 1). During the induction
phase, different methanol feed profiles were applied: a low
methanol feed profile with methanol concentrations main-
tained below 5.0 g L−1 and a higher methanol feed profile
with methanol concentrations allowed to exceed 5.0 g L−1.
A total cultivation time of 91.2 h included the following
phases: batch (phase I), fed-batch (phase II), transition
(phases IIIA and IIIB) and induction (phase IV and V). An
identically-conducted batch phase (I) on 10 g L−1 glycerol
lasted for 19.1 h for both bioprocesses. At this point, the
characteristic DO spike indicated full consumption of the
glycerol carbon source and the stirrer speed decreased
as a result of the DO control. In the subsequent 20 h
fed-batch phase (II), the same exponential, growth rate-
limiting glycerol feed profile of 4 g L−1 h−1 was applied
to both bioprocesses, and increased exponentially at a
rate of 0.15 h−1 for 10 h and then 0.03 h−1 until the end of
this phase. The transition phase had two different sections
(IIIA and IIIB): in phase IIIA, no feed was applied to the
cultivations for 1 h; in phase IIIB a constant methanol feed

Figure 1 hA2aR binding activity is present in all phases of 1 L glycerol-grown P. pastoris bioreactor cultivations. Duplicate 1 L bioprocesses
were analysed for hA2aR binding activity (pmol mg−1; red circles), DCW (g L−1; white circles), residual glycerol concentration (g L−1; white triangles) and
residual methanol concentration (g L−1; black squares). hA2aR binding activity was measured in all the phases, including pre-induction phases I and II.
The residual glycerol concentration was at its highest during phase II, dropping to zero in phase II and for the duration of the cultivation. DCW
increased during phases I and II and plateaued during phases III and IV. Residual methanol ranged from 1.25 – 7.66 g L−1 during the induction phase.
Measurements were made in triplicate for each culture. The error bars represent standard error of the mean (SEM).
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of 4 g L−1 h−1 was applied. At the end of phase IIIB (47 h),
the cultivation temperature was lowered to 22°C and then
the induction phase commenced differently for the two
cultivations. For both cultivations, methanol was added in
an exponential manner. For the low methanol fed cultiva-
tion, a total of 2.2 kg of methanol was added and for the
high methanol fed cultivation, a total of 3.8 kg methanol
was added by the end of the cultivation.

Table 1 shows Bmax estimates, residual glycerol and
methanol concentrations and the amount of biomass
generated (DCW and total membrane protein) for both
cultivations during the transition and induction phases.
The low methanol cultivation produced the highest total
and specific yields of hA2aR. Even in the absence of
methanol, hA2aR binding activity was 4.4 pmol mg−1 for
both the low (SEM = ± 0.1 pmol mg−1) and high methanol

Table 1 Pre-induction yields of hA2aR are maintained at pilot scale even in the presence of cytotoxic methanol
concentrations

Phase Age (h) Residual
glycerol
(g L−1)

Residual
methanol
(g L−1)

DCW (g L-1) Total membrane
protein yield in
1 L culture (mg)

Bmax estimate
(pmol mg−1)

Total hA2aR
yield in 1 L
culture (pmol)

Specific yield
(pmol g−1)

Low methanol
cultivation

IIIA 42.2 0 (0) 0 (0) 41.91 (0.6) 764.4 4.4 (0.1) 3363.6 80.3

IIIB 44.4 1.1 (0.2) 0.5 (0.1) 42.10 (0.4) 2791.1 7.1 (0.6) 19816.9 470.7

IV 66.4 0 (0) 1.0 (0.1) 50.53 (0.5) 4084.4 4.5 (0.2) 18380.0 363.7

IV 89.0 0 (0) 0 (0) 71.82 (0.2) 7704.4 5.0 (0.2) 38522.2 536.4

High methanol
cultivation

IIIA 42.2 2.9 (0.1) 0 (0) 46.71 (0.5) 813.3 4.4 (0.2) 3578.7 76.6

IIIB 44.4 4.2 (0.2) 2.1 (0.2) 46.66 (0.7) 3060.0 4.0 (0.0) 12240.0 262.3

IV 66.4 1.1 (0.2) 39.1 (9.0) 45.76 (0.5) 3277.8 3.8 (0.1) 12455.5 272.2

V 88.9 0 (0) 84.7 (0.5) 37.64 (0.8) 1797.8 3.1 (0.1) 5573.1 148.1

The total yield of hA2aR (pmol) and the specific yield of hA2aR per gram of DCW (pmol g−1) were derived from the Bmax and total membrane protein
measurements, as described in the Methods section. Values are calculated per L of culture for the transition and induction phases of the low and high methanol
cultivations and are the mean of triplicate determinations, with the standard error of the mean in parentheses. Triplicate measurements were from three different
membrane preparations and standard error of the mean is shown in parentheses.

Figure 2 hA2aR binding activity is present in all phases of 1 L methanol-free cultivations. Duplicate 1 L bioprocesses for the same strain
cultured previously (Figure 1) were analysed for hA2aR binding activity (pmol mg−1; red circles), DCW (g; white circles) and residual glycerol
concentration (g L−1; white triangles) in the absence of methanol induction. hA2aR binding activity was measured in all the phases: glycerol batch
phase (I); glycerol fed-batch phase (II) and carbon source starvation phase (III). The residual glycerol concentration was at its highest during phase
I, dropping to zero in phase II and for the duration of the cultivation. DCW increased during phases I and II and plateaued during phases III.
Measurements were made in triplicate. The error bars represent the SEM.
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(SEM = ± 0.2 pmol mg−1) cultivations (Table 1). For the
low methanol cultivation, in phase IIIB, where a constant
methanol feed was initiated and glycerol was still present
at 1.1 g L−1, functional receptor was detected. In phases
IV and V of the low methanol cultivation, no glycerol
was present and binding activity was present. For the
high methanol cultivation during the transition and
induction phases (IIIB and IV), glycerol was present in
the culture medium and binding activities were 4.0 and
3.8 pmol mg−1, respectively. In phase V, there was no
residual glycerol in the culture medium and binding
activity was 3.1 pmol mg−1.

GFP is produced in the pre-induction phases of
glycerol-grown P. pastoris bioreactor cultivations
In order to assess whether pre-induction expression was
specific to hA2aR as the recombinant target protein, we
examined the production of recombinant soluble GFP.
Figure 3 shows the data for duplicate 1 L bioreactor culti-
vations with glycerol as the pre-induction carbon source.
The residual glycerol concentration was at its highest
during phase I, eventually dropping to zero in phase II:
during the batch phase (I), glycerol was present at 3.0 g
L−1 and the recombinant GFP yield was 2.6 mg L−1 prior
to methanol addition. The GFP yield increased from 2.7
to 3.5 mg L −1 in the fed-batch phase (II; the glycerol
was consumed 3 h into this fed-batch phase), reaching a
final yield of 4.7 mg L−1 in the induction phase (IV).

Residual methanol ranged from 3.01 to 8.52 g L−1 and
DCW reached a maximum of 175 g L−1.

hA2aR and GFP are produced in the pre-induction phases
of glucose-grown P. pastoris bioreactor cultivations
While glycerol de-represses AOX expression, glucose has
been shown to repress AOX expression [19] even in the
presence of methanol [20]. Duplicate cultivations were
therefore analysed in which glucose replaced glycerol as
the pre-induction carbon source in the recombinant
production of both hA2aR (Figure 4) and GFP (Figure 5).
For the production of hA2aR (Figure 4), the residual glucose
concentration ranged from 0.01 to 0.04 mM; glucose was
not fully consumed by the cells during the cultivation.
However, when the residual glucose was very low during
the fed-batch phase (phase II; 0.012 mM), the Bmax was
1.2 pmol mg−1 which was similar to Bmax values during
methanol induction (phase IV; 1.17 to 1.46 pmol mg−1).
The residual glucose also remained above zero during the
transition phase (III, no glucose added). The hA2aR yield
decreased between 26 and 46 hours (phase II and III) and
then increased to 1.17 – 1.46 pmol mg−1 when methanol
was added for the induction phase (IV). Methanol levels
reached cytotoxic levels rapidly (99.76 g L−1) by the end of
the cultivation which enabled us to confirm our earlier
findings at pilot scale for glycerol-grown cultures (Table 1):
we observed that for the glucose-grown cultures in
Figure 4, pre-induction yields could be at least maintained
after methanol induction, even in the presence of

Figure 3 Recombinant GFP is produced in the pre-induction phases of 1 L glycerol-grown P. pastoris bioreactor cultivations. GFP yield
(mg L−1; green squares) was measured in the culture supernatant in all phases of duplicate 1 L glycerol-grown P. pastoris cultures. The residual
glycerol concentration (g L−1; white triangles) was at its highest during phase I, eventually dropping to zero in phase II. The DCW (white circles)
for this cultivation reached a maximum of 175 g L−1. Residual methanol (g L−1; black squares) ranged from 3.01 to 8.52 g L−1. All measurements
were made in triplicate and error bars represent the SEM.
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cytotoxic concentrations of methanol. The DCW reached
a maximum of 21 g L−1 by the end of the cultivation.
These results differed from the glycerol grown cells
(Figure 1): the DCW weight produced by the glucose-
grown cultivation was only 21 g L−1 when compared to

greater than 100 g L−1 for the glycerol-grown cultivation.
The hA2aR levels also differed: better yields were produced
from the glycerol-grown cultivation (a maximum of 4.4
pmol mg−1 compared to a maximum of 1.46 pmol mg−1

at cytotoxic methanol levels, respectively).

Figure 4 Recombinant hA2aR is produced in the pre-induction phases of 1 L glucose-grown P. pastoris bioreactor cultivations. hA2aR
binding activity (pmol mg−1; red circles) was measured in the culture supernatant in all the phases of a 1L glucose-grown P. pastoris cultivation. The
residual glucose concentration (mM; white inverted triangles) ranged from 0.01-0.04 mM during the cultivation was not consumed completely by
the cells. The residual methanol (g L−1; black squares) ranged from 0.20 to 99.76 g L−1. The DCW (g L−1; white circles) for this cultivation reached a
maximum of 21 g L−1. All measurements were made in triplicate and error bars represent the SEM.

Figure 5 Recombinant GFP is produced in the pre-induction phases of 1 L glucose-grown P. pastoris bioreactor cultivations. GFP yield
(mg L−1; green squares) was measured in the culture supernatant in all phases of duplicate 1 L glucose-grown P. pastoris cultivations. The residual
glucose concentration (mM; white inverted triangles) was at its highest during phase I, eventually dropping to zero in phase II. The residual
methanol (g L−1; black squares) ranged from 2.83 to 8.69 g L−1. The DCW (g L−1; triangles) for this cultivation reached a maximum of 30 g L−1. All
measurements were made in triplicate. The error bars represent the SEM.
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For the production of GFP (Figure 5), the residual glucose
concentration was at its highest during phase I, eventually
dropping to zero in phase II: during the batch phase (I),
when the glucose concentration was 6 mM, the yield of
recombinant GFP was 2.5 mg L−1 prior to methanol
addition. This increased from 2.5 to 3.5 mg L−1 in the
fed-batch phase (II; the glucose was consumed 3 h into
this fed-batch phase), reached a plateau in the transition
phase (III) and then increased during the induction phase
(IV) to a maximum value of 13.6 mg L−1. The residual
methanol concentration ranged from 2.83 to 8.69 g L−1

and the DCW reached a maximum of 30 g L−1. Once
the pre-induction carbon source was depleted, DCW
values for glycerol-grown cells (Figure 3) were approxi-
mately 5 times higher than for glucose-grown cells in
the equivalent phase. However, glucose-grown cells
exhibited a higher specific productivity than glycerol-
grown cells, producing 3 times the yield of GFP at the
expense of their biomass yields.

GFP is produced in both glycerol- and glucose- grown
P. pastoris cultivations in the absence of a methanol
induction step
Since GFP was present in the pre-induction phases of
both glycerol- and glucose-grown P. pastoris bioreactor
cultivations (Figures 3 and 5), its production was analyzed
in the absence of a methanol induction step (Figure 6).
GFP yield was measured in the culture supernatant in all
phases of two 1 L P. pastoris cultivations, one grown on
glycerol and one grown on glucose (Figure 6). In these
cultivations, the transition phase (III) was extended from
2 h to 30 h. During the batch phase (I) of the glycerol-
grown culture (Figure 6; upper graph), glycerol was
present at 2.9 g L−1 and the recombinant GFP yield was
2.1 mg L−1 in line with the earlier glycerol-grown cultiva-
tions (2.6 mg L−1 prior to methanol addition, Figure 3).
The total GFP yield remained stable in the fed-batch phase
(II) and reached a final yield of 8.4 mg L−1 at the end of
the cultivation. This was higher than the yield achieved
in the corresponding induced cultures (4.7 mg L−1 at the
end of phase IV; Figure 3) indicating the negative impact of
the methanol feed on total yield. The DCW for the metha-
nol free cultivation reached a maximum of 92.5 g L−1

(Figure 6; upper graph) in contrast to that of 175 g L−1 for
the corresponding induced culture (Figure 3).
During the batch phase (I) of the glucose-grown culture

(Figure 6; lower graph), glucose was present at 3.4 mM
and the recombinant GFP yield was 1.8 mg L−1, which was
lower than that for the earlier glucose-grown cultivation
(2.5 mg L−1; Figure 3). The total GFP yield increased in the
fed-batch phase (II), remained stable in the transition
phase and reached a final yield of 5.6 mg L−1 at the end of
the cultivation. This was lower than the yield achieved in
the corresponding induced culture (13.6 mg L−1 at the end

of phase IV; Figure 3) indicating the positive impact of
the methanol feed on total yield. The DCW reached a
maximum of 46.5 g L−1 in contrast to that of 30 g L−1

for the corresponding induced culture (Figure 5).

hCGRP-RCP-GFP is also produced in pre-induction phases
of glycerol-grown P. pastoris bioreactor cultivations, while
pre-induction yields of five proteins are not detected in
shake flask cultivations
To examine whether these findings were applicable to
other target proteins, we examined the pre-induction
phases of glycerol-grown bioreactor cultivations producing
hCGRP-RCP-GFP [21]: hCGRP-RCP-GFP was detected in
the pre-induction phases (Table 2, Additional file 1). In
contrast, shake-flask cultivations of GFP [22], HRP,
hCD81 [23], hCD82 [23] and human claudin-1 [23] showed
no recombinant protein production in the pre-induction
phases (Table 2, Additional file 1).

Discussion
It is established that both the concentration and rate of
addition of methanol to P. pastoris cultures can sub-
stantially affect recombinant protein yields [20,24–28].
In contrast, the impact of the pre-induction phases of P.
pastoris cultures on yield has not been examined system-
atically in either bioreactor or shake-flask formats.
A significant finding emerging from this work is that

an integral membrane protein (hA2aR), a soluble protein
(GFP) and a peripheral membrane protein (hCGRP-RCP-
GFP) are produced prior to induction with methanol in
bioreactor cultivations of P. pastoris. This is consistent
with a previous report by Singh and colleagues who noted
pre-induction hA2aR binding activity in glycerol-grown
bioreactor cultivations of P. pastoris, an observation
that was not further elaborated upon [14]. In a different
bioreactor study by Çelik and colleagues, recombinant
hEPO appeared to be produced prior to the onset of the
methanol feed, but this was not discussed by the authors
[24]. In contrast, pre-induction hA2aR binding activity
was not apparent in shake-flasks using complex
medium in studies by Singh and colleagues [15] or by
Fraser [18]. In agreement with this, we show that GFP,
HRP, hCD81, hCD82 and human claudin-1 are not de-
tected in the pre-induction phases of shake-flask cultiva-
tions. The reason for this is currently unknown; we suspect
it may be a function of the different oxygenation of cul-
tures in the two formats and/or the different media used
(complex in shake-flasks and minimal in bioreactors) [29].
The demonstration of recombinant protein synthesis

prior to induction is especially noteworthy because gly-
cerol, glucose, ethanol and acetate have all been shown
to support growth of P. pastoris cells without inducing
the AOX promoter [19]; our systematic study demon-
strates that recombinant hA2aR and GFP can be detected
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Figure 6 (See legend on next page.)
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in both glycerol- and glucose-grown bioreactor cultivations
prior to methanol induction, confirming earlier suggestions
of leaky expression from AOX promoters. Our data there-
fore suggest that the productivity of AOX-dependent bio-
processes is not solely reliant on induction by methanol
and that in order to maximize total yields, the impact on
specific productivity of pre-induction phase cultivation
should be optimized.
Our data demonstrate that methanol induction does

not necessarily increase the pre-induction specific yield,
measured in the transition phase, for cells initially cul-
tured on glycerol. The total yield of hA2aR was at least
maintained once the methanol feed commenced during
the induction phase (Figure 1, Table 1), but the increase in
total yield was not substantial, being only approximately
double that of the pre-induction yield (Figure 1, Table 1).
A subsequent glycerol-grown P. pastoris cultivation also
produced recombinant GFP in the pre-induction phases,
with similar results following induction with methanol
(Figure 3). These increases in yield are similar to those seen
by Çelik and colleagues in their hEPO cultivations [24].
Pre-induction hA2aR yields were maintained even under

cytotoxic methanol concentrations (Table 1 and Figure 4).
Cunha and colleagues [30] and Schenk and colleagues
[31] demonstrated that residual methanol concentra-
tions between 2 g L−1 and 3.5 g L−1 were optimal for

soluble protein production, while methanol concentra-
tions between 3.7 g L−1 and 20 g L−1 were cytotoxic and
inhibited growth [30,31], consistent with our findings.
We previously reported that residual methanol levels
below 2.98 g L−1 gave optimal yields of recombinant
GFP (3.74 g) when following a mixed 60% methanol and
40% sorbitol induction regime. In contrast, a 100%
methanol induction regime, where the residual metha-
nol reached a maximum level of 182.25 g L−1, gave a
poor recombinant GFP yield (0.09 g) [27].
Previously, we have demonstrated that high yields of

recombinant GFP (3.74 g) but low biomass yields
(OD595 = 64) were produced when P. pastoris was grown
at a low induction phase growth rate (μ = 0.006 h −1). In
contrast, a higher induction phase growth rate (μ = 0.015
h −1) resulted in a higher biomass yield (OD595 = 74), but
a lower total GFP yield (0.98 g) [27]. Çalık and colleagues
[32] applied three different growth rates in the methanol
induction phase of P. pastoris cultures expressing soluble
human growth hormone: 0.02, 0.03 and 0.04 h −1 using a
mixed sorbitol and methanol feed. The highest biomass
yield (48 g L−1) was obtained at a growth rate of 0.04 h −1,
but the highest yield of recombinant human growth hor-
mone (270 mg L−1) was produced at 0.03 h −1. The authors
suggested that this might be due to the lower growth rate
producing lower biomass and therefore fewer extracellular

Table 2 Functional recombinant protein is present in the pre-induction phases of P. pastoris cultures when cultivated
in bioreactors, but not in shake-flasks

Protein Bioreactor Shake-flask

Pre-induction expression
in glycerol-grown cells?

Pre-induction expression
in glucose-grown cells?

Pre-induction expression
in glycerol-grown cells?

Pre-induction expression
in glucose-grown cells?

Integral membrane proteins

hA2aR Y (Figures 1 and 2) Y (Figure 4) N [18] –

CD81 – – N (Additional file 1: Figure S1) –

CD82 – – N (Additional file 1: Figure S1) N (Additional file 1: Figure S1)

Claudin-1 – – N (Additional file 1: Figure S1) N (Additional file 1: Figure S1)

Peripheral membrane protein

hCGRP-RCP-GFP Y (Table S1) – – –

Soluble proteins

GFP Y (Figures 3 and 6A) Y (Figures 5 and 6B) N (Additional file 1: Table S2) N (Additional file 1: Table S2)

HRP – – N (Additional file 1: Table S3) –

The presence (Y) or absence (N) of recombinant protein was determined in bioreactor and shake-flask cultivations for glycerol- and glucose-grown cells as
indicated; the evidence supporting these designations is given in parentheses and refers to figures within the text or in supplementary files; “–” indicates that the
experiment was not done.

(See figure on previous page.)
Figure 6 Recombinant GFP is produced in methanol-free cultivations of P. pastoris grown on either glycerol or glucose as the sole
carbon source. GFP yield (mg L−1; green squares) was measured in the culture supernatant in all phases of two 1 L P. pastoris cultivations, one grown
on glycerol (upper graph) and one grown on glucose (lower graph). The residual glycerol concentration (upper graph; g L−1; white triangles) was at its
highest during phase I, eventually dropping to zero in phase II. The DCW (upper graph; g L−1; white circles) for this cultivation reached a maximum of
92.5 g L−1. The residual glucose concentration (lower graph; mM; white inverted triangles) eventually dropped to zero in phase II. The DCW (lower graph;
g L−1; white circles) for this cultivation reached a maximum of 46.5 g L−1. All measurements were made in triplicate the error bars represent the SEM.
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proteases being present in the cultivation. Similar trends
were also observed for GFP, hEPO, human serum albumin,
heavy-chain fragment C of Botulinum neurotoxin serotype
A and avidin [24,26,27,33].
Glucose has previously been shown to support growth

of P. pastoris, but at a lower specific growth rate and
yielding lower amounts of biomass than that achieved
by cells grown on glycerol [34]. Following induction with
methanol, DCW values for glycerol-grown cells produ-
cing GFP were approximately 5 times higher than for
glucose-grown cells in the equivalent pre-induction
phase (Figures 3 and 5), although the glucose-grown
cells produced 3 times the GFP yield of the glycerol-
grown cells (Figures 3 and 5). Notably, the methanol
feed had a positive impact on yield for glucose-grown
cells, but a negative impact on yield for glycerol-grown
cells (Figures 3, 5 and 6). For hA2aR produced in
glucose-grown cultures (Figure 4), methanol also had a
positive impact on yield. However, the yields compared
to the glycerol-grown cells were lower, which was in
contrast to GFP yields produced in glucose-grown cells.
At pilot scale, the methanol feed influenced the biomass

yield and particularly increased the total hA2aR yield in
the low methanol cultivation compared to the high
methanol cultivation (Table 1). Notably, a similar increase
in total membrane protein yield has previously been
reported to increase total volumetric yields of GPCRs in
a respiratory yeast strain of Saccharomyces cerevisiae [35].
As a consequence of increased total membrane protein
yield, the yield per unit volume of the low methanol culti-
vation was approximately 40 times higher than shake flask
cultivations of the same hA2aR construct [18]; total mem-
brane protein yields from shake flasks are 200 mg [18]
compared with almost 8,000 mg in bioreactors (Table 1).
This yield improvement compares very favourably with
that achieved by Singh and colleagues using an optimized
hA2aR construct under broadly similar bioprocess condi-
tions to our study [15]: on transferring from shake flasks
to bioreactors a yield improvement of approximately 25
times was achieved on account of both an increase in
specific productivity (25 pmol mg−1 in a shake flask; 100
pmol mg−1 in a bioreactor) and biomass yield (OD600 = 13
in a shake flask; OD600 = 80 in a bioreactor). Overall, our
data suggest that specific productivity may not necessarily
be solely dependent on methanol induction and can be in-
creased at the expense of improvements in biomass yields
in the methanol induction phase.

Conclusions
Production of hA2aR, GFP and hCGRP-RCP-GFP was
detected in bioreactors prior to methanol induction in
glycerol- and glucose-grown cells; in contrast, GFP, HRP,
hCD81, hCD82 and human claudin-1 were not detected
in the pre-induction phases of shake-flask cultivations.

In bioreactors, the transition phase yield was not neces-
sarily increased following methanol induction and was
maintained even at cytotoxic methanol concentrations.
Using glucose as a pre-induction carbon source, specific
productivity could be increased at the expense of im-
provements in biomass yield, with methanol having a
positive impact on these cells. These data provide a plat-
form to further optimize the production of recombinant
proteins, and especially GPCRs [7] as part of modern drug
discovery programmes.

Methods
Yeast strains and culturing conditions
P. pastoris strains X33 hA2aR [18], X33 GFP [22,29],
SMD1163 hCGRP-RCP-GFP [21], CBS 7435 Muts HRP,
X33 hCD81 [23], X33 hCD82 [23] and X33 human
claudin-1 [23] were used in all experimental procedures
using previously-described culture conditions. To generate
a seed culture for the bioreactor studies or to establish a
shake-flask culture, a single, freshly-streaked colony was
used to inoculate 5 mL YPD medium (2% peptone, 1%
yeast extract, 2% glucose), and this was incubated at
30°C in a shaking incubator for 2 days. The 5 mL YPD
pre-culture was then used to inoculate 50 mL YPD in a
250 mL baffled shake-flask, and this was incubated at
30°C in a shaking incubator overnight to an OD600 of
15. For bioreactor cultivations, these cells were then
used to inoculate 200 mL FM22 minimal medium, which
was composed of (g L−1) KH2PO4, 42.9; (NH4)2SO4, 5;
CaSO4·2H2O, 1.0; K2SO4, 14.3; MgSO4·7H2O, 11.7; and
glycerol, 10 with Pichia trace minerals 4 (PTM4) salt
solution composed of (g L−1) CuSO4·5H2O, 2.0; NaI,0.08;
MnSO4·H2O, 3.0; Na2MoO4·2H2O, 0.2; H3BO3, 0.02;
CaSO4·2H2O, 0.5; CoCl2, 0.5; ZnCl2, 7; FeSO4·7H2O, 22;
biotin, 0.2; 1 ml of concentrated H2SO4 . These bioreactor
seeder flasks were incubated at 30°C and 220 rpm over-
night to an OD600 of 30.

1 L bioreactor cultures
For the glycerol cultivations, 1 L FM22 medium supple-
mented with 0.5 mL J673A (Struktol), 4 mL PTM4 salts,
0.8 mL 10 g L−1 biotin and 10 g 100% glycerol was trans-
ferred to a 2 L (total volume) jacketed glass bioreactor
(Applikon Biotechnology Ltd). Culture temperature was
maintained at 30°C and pH at 5. The maximum agitation
rate was 1,250 rpm. The air flow rate was 2 L min−1 and
the DO set point was 30%. The end of the glycerol batch
phase was indicated by a spike in DO to 100%. A glycerol
(50% v/v aqueous glycerol) fed-batch phase was main-
tained for 40 h at a flow rate of 14 mL min−1. For the
methanol induced cultivations, the transition phase was
maintained for 2 h and the temperature was lowered to
22°C for cultivations producing hA2aR but remained at
30°C for the GFP cultivations. The induction phase
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comprised feeding 50% (v/v) aqueous methanol at 2.04
mL min−1 for 40 h. For the glucose cultivations, 1 L
FM22 medium supplemented with 0.5 mL J673A (Struktol),
4 mL PTM4 salts, 0.8 mL 10 g L−1 biotin and 10% glu-
cose was transferred to a 2 L (total volume) jacketed
glass bioreactor (Applikon Biotechnology Ltd). Culture
temperature was maintained at 30°C and pH at 5. The
maximum agitation rate was 1,250 rpm. The end of the
glucose batch phase was indicated by a spike in DO to
100%. A glucose (10%) fed-batch phase was maintained
for 40 h at a flow rate of 14 mL min−1. For the
methanol-free cultivations, the conditions remained
the same as in the methanol induced cultivations for
the batch and fed-batch phases. At the transition phase,
the glycerol or glucose feed was stopped, the temperatures
changed (22°C for the hA2aR cultivation and 30°C for the
GFP cultivation) and the cultivations were allowed to run
for a further 26 h without any methanol feed or any other
carbon source. Bioreactor control was via an Applikon
ADI1010 control unit.

10 L bioreactor cultures
10 L FM22 medium supplemented with 1 mL P2000
(Sigma-Aldrich), 40 mL PTM4 salts and 8 mL 10 g L−1

biotin were transferred into each of two 30 L (total
volume) jacketed steel bioreactors (Biostat C, Sartorius
Ltd). Culture temperature was maintained at 30°C and
pH at 5. The maximum agitation rate was 1,500 rpm.
For both cultivations, the end of the glycerol batch phase
(phase I) was indicated by a spike in DO to 100%. A gly-
cerol fed-batch phase (phase II) was then maintained for
40 h by employing an exponential feed rate of 50% aque-
ous glycerol (v/v) at 4 g L−1 h−1 increasing exponentially
first at a rate of 0.15 h−1 for 10 h and subsequently at a
rate of 0.03 h−1. The first section of the transition phase
(phase IIIA; starvation), during which no further carbon
source was fed into the bioreactor, was maintained for 1 h.
The second section of the transition phase (phase IIIB)
comprised a further 1 h, where a constant methanol
feedstock (50% (v/v) aqueous methanol) was applied at
8 g L−1 h −1. The culture temperature was lowered to
22°C and an exponential methanol (50% (v/v) aqueous
methanol) feed profile was applied by exponentially in-
creasing the feed rate at 0.01 h−1 (low methanol cultivation)
or 0.03 h−1 (high methanol cultivation). The induction
phase continued for 40 h.

Sampling
Samples (1 mL) were taken for optical density measure-
ments at 600 nm (OD600). For dry cell weight measure-
ments, 1.5 mL culture was sampled in triplicate, placed in
pre-weighed tubes and centrifuged at 5,000 × g for 5 min.
The supernatant was removed and stored at −20°C for
residual glycerol and/or residual methanol analysis and

the tubes were placed in a 100°C oven with the lids open
and dried overnight. The dried tubes were moved to a
desiccator for 2–3 days and then weighed on a microbal-
ance. The dry cell weights were reported as g L −1 (g DCW
per L of culture).

Residual glycerol analysis
Residual glycerol in the culture supernatants was analysed
spectroscopically at 340 nm using a glycerol quantitation
kit (r-biopharm, Roche) according to the manufacturer’s
protocol. Triplicate determinations were performed for
each sample.

Residual glucose analysis
Residual glucose in the culture supernatants was analysed
using an Accu-Chek Active Glucose analyser (Roche Diag-
nostics) or by Amplex® Red Glucose/Glucose Oxidase
Assay Kit (Life Technologies) according to the manufac-
turer’s protocol. Triplicate determinations were performed
for each sample.

Residual methanol analysis
Residual methanol in the culture supernatants was ana-
lysed using a Thermo Scientific FOCUS Gas Chromato-
graph. Appropriately-diluted culture supernatants (1 μL)
were injected in duplicate and the methanol peaks inte-
grated using QuanLab® software. The mean value of the
integrated peak area was used to estimate the residual
methanol within the sample by comparison with metha-
nol standards. Triplicate determinations were performed
for each sample.

Preparations of membrane fractions
Harvested cells producing recombinant hA2aR, hCD81,
hCD82 or human claudin-1 were re-suspended in 2 mL
breaking buffer (50 mM Na2HPO4, 2 mM EDTA, 100
mM NaCl, 5% glycerol w/v, pH 7.4) per gram of wet cell
weight and disrupted at 30,000 psi for 20 min using an
Avestin® C3 pressure homogeniser. Breaking efficiency
was typically > 90% as determined by light microscopy.
The samples were clarified by centrifugation at 10,000 × g,
4°C for 30 min and total membranes recovered from the
supernatant at 100,000 × g, 4°C for 1 h. Total membranes
were re-suspended in 10 mL Buffer A (20 mM HEPES, 50
mM NaCl, 10% glycerol, pH 7.0) per gram of total mem-
brane. Protein concentration was determined using a BCA
assay (Sigma-Aldrich) using BSA as a protein standard. 0.5
mL aliquots of membrane fraction were stored at −80°C
prior to further analysis. Analysis by immunoblot was done
as described previously [23].

Radio-ligand binding assays
Membrane bound hA2aR was analysed using a single-
point saturation radio-ligand binding assay. Membranes
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(0.5 mg mL−1) supplemented with 0.1 U of adenosine
deaminase (Sigma-Aldrich) were incubated with 10 nM
[3H]-ZM241385 (American Radiolabelled Chemicals UK
Ltd) for 1.5 h at 30°C. 10 nM of [3H]-ZM241385 is
expected to saturate the receptor [18]. To assay non-
specific binding, 1 μM ZM241385 (Tocris) was added to
the incubations. Assays were terminated by centrifugation
at 14,000 rpm in a bench-top centrifuge for 5 min at 4°C.
The supernatant was discarded and the pellets were
washed with water and then solublilised with Soluene®
(PerkinElmer) overnight. Solubilised pellets were added
to scintillation fluid and counted in a scintillation coun-
ter (Packard 1600TR Liquid Scintillation Analyser) to
determine the amount of bound radio-ligand. Triplicate
determinations were performed for each sample. Bmax

values were calculated from the Langmuir occupancy
equation and reported as pmol hA2aR per mg of total
membrane protein [18], as determined by BCA assay.

Recombinant GFP analysis
Supernatants (100 μL) from cultures secreting GFP were
assayed for GFP fluorescence using a Spectramax Gemini
XS® plate reader with an excitation wavelength (λexe) of 397
nm and emission wavelength (λem) of 506 nm at 25°C.
Triplicate determinations were performed for each sample.
All samples and blanks were buffered to pH >7.0 using
50 μL 1 M potassium phosphate pH 8.0. To determine
the concentration of GFP in each of the samples, a recom-
binant GFP standard (Vector Laboratories Ltd) was used
to construct a standard curve relating GFP fluorescence to
protein concentration, as previously described [22].

Recombinant CGRP-RCP-GFP analysis
Recombinant CGRP-RCP-GFP was analysed from culture
supernatants by immunoblot as described previously [23].

Recombinant HRP analysis
Supernatants (25 μL) from cultures secreting HRP were
assayed for HRP using a 2 Component ABTS Peroxidase
Substrate system (Kirkegaard Perry Laboratories) contain-
ing ABTS [2,2′-azino-di-(3-ethylbenzthiazoline-6-sulfon-
ate)] substrate and hydrogen peroxide. This liquid
substrate system produces a blue-green coloured prod-
uct when reacted with peroxidase present in the test
samples. 25 μl of culture supernatant was mixed with
150 μl of ABTS-H2O2 in a 96 well plate and the increase
in absorbance of the end product (after 10 minutes of
incubation at room temperature) was read at 405 nm
using a spectrophotometer (Multiskan GO, Thermo Sci-
entific). To determine the concentration of HRP in each
of the samples, a purified HRP standard (Sigma-Aldrich)
was used to generate a standard curve relating peroxidase
activity to protein concentration.

Graphical presentation
Graphs were constructed using OriginPro 9.1® software.

Additional file

Additional file 1: Supplementary data for bioreactor and shake-flask
cultivations. Table S1. hCGRP-RCP-GFP is present in all phases of 1 L
glycerol-grown P. pastoris bioreactor cultivations. Table S2. GFP is not
produced in the pre-induction phases of glycerol- or glucose-grown
P. pastoris shake-flask cultivations. Table S3. HRP is not produced in the
pre-induction phases of glycerol-grown P. pastoris shake-flask cultivations.
Figure S1. hCD81, hCD82 and human claudin-1 are not produced in the
pre-induction phases of P. pastoris shake-flask cultivations as determined
by immunoblot.
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I 
Heme Synthesis 
G C Ferreira, University of South Florida, Tampa, FL, USA 

© 2013 Elsevier Inc. All rights reserved. 

Glossary 
Erythroblast Erythroid cell precursor; nucleated cell in bone 
marrow that develops into an erythrocyte. 
Erythrocyte A red blood cell; non-nucleated, disk-shaped 
blood cell that contains hemoglobin. 
Erythroid Erythrocyte related. 

Introduction 

Heme, a four-ring organic compound with a central iron atom, 
plays multiple roles in cellular processes. For example, it is the 
crucial component in hemoglobin, a red blood cell protein 
responsible, in vertebrates, for the transport of oxygen from 
the lungs to the different tissues and the transport of carbon 
dioxide from the tissues to the lungs. It is heme that gives the 
characteristic red color to blood. Given its importance in many 
vital functions in organisms ranging from bacteria to man, it is 
not surprising that most cells synthesize heme. However, in 
humans, differentiating erythrocytes represent the major site of 
heme production due to the synthesis of hemoglobin, which 
accounts for ~85% of the total heme. 

Heme Structure 

The observation that hemoglobin can be split into two 
components, with the smaller unit corresponding to the com­
pound which today is recognized as heme, was made by L R 
LeCanu in 1837. While the correct structure of heme was 
initially proposed by Kuster in 1912, it only received general 
acceptance 16 years later upon its chemical synthesis. The 
Nobel prize-winning organic chemist Hans Fischer developed 
syntheses leading to the assembly of four rings, or pyrroles, 
into a macrocyclic structure with a purple-red color, which he 
appropriately named 'porphyrin' (from the Greek porphuros, 
meaning purple). The chemically synthesized porphyrin, 
which had properties identical to those of the natural porphy­
rin ( derived from heme upon the release of the iron atom), was 
designated protoporphyrin IX. Thus, heme consists of four 
rings (pyrroles), composed of carbon, nitrogen, and hydrogen 
atoms, linked together in a cyclic array and containing an atom 
of iron in its center (Figure 1). 

Heme is now recognized as a member of a large family of 
metalated tetrapyrroles, which are essential for life on Earth. 
They include chlorophylls, cobalamin (vitamin B12 ), siro­
heme, and coenzyme F4 3 0 . Chlorophylls trap the light energy 
required in photosynthesis. Cobalamin-containing enzymes 
catalyze intramolecular rearrangements, methylations, and 
reduction of ribonucleotides to deoxyribonucleotides. Siro­
heme is an essential component of enzymes involved in 

Erythropoiesis Formation and production of erythrocytes. 
Tetrapyrrole A general term that refers to molecules with 
four rings of the pyrrole type, most often linked together by 
single-atom bridges between the 7.-positions of the five­
membered pyrrole rings. The arrangement of the four rings 
is macrocyclic in porphyrins. 

sulfur and nitrogen metabolisms. Coenzyme F430, present in 
methanogenic bacteria, functions in methane formation . 
While the central metal ions in these tetrapyrroles differ -
Fe2+ in the case of heme and siroheme, Mg2+ in chlorophyll 
and bacteriochlorophyll, Co2+ in cobalamin, and Ni2 + in 
coenzyme F430 - the unifying feature is the presence of a 
complexed metal ion, which promotes a remarkable number 
of different biochemical reactions. Further, the protein scaffold 
binding the metalloporphyrin modulates the chemistry (redox 
state and coordination properties) of the metal ion, such that 
the spectrum of the reactions expands beyond the normal 
properties of the metal ion . It is this interplay between 
the protein moiety and the metalloporphyrin that provides 
the plethora of functions associated with metalloporphyrin­
containing proteins. 

The Heme Biosynthetic Pathway 

Formation of 5-Aminolevulinate 

The biosynthesis oftetrapyrroles is initiated from simple mole­
cules and comprises only a few enzymatic steps (Figure 2). The 
first committed precursor, 5-aminolevulinic acid (ALA), is 
synthesized from either succinyl-CoA or glutamate, and thus 
the names C4 and CS (based on the number of carbon atoms 
in the precursor), for the two ALA biosynthetic pathways 
evolved in nature. In most nonphotosynthetic eukaryotes and 
a few prokaryotes (i.e., the a-proteobacteria), ALA results from 
the condensation between glycine and succinyl CoA (C4 path­
way), while in plants and most bacteria, ALA is derived from 
glutamate (CS pathway). The C4 pathway requires a single 
enzyme, ALA synthase (ALAS); by contrast, three enzymes 
are involved in the conversion of glutamate into ALA. Specifi­
cally, glutamyl-transfer RNA (tRNA) synthetase converts gluta­
mate to glutamyl-tRNA, which is reduced by glutamyl-tRNA 
reductase to glutamyl-1-semialdehyde (GSA); this product is 
then transformed by GSA aminomutase or GSA aminotrans­
ferase (GSA-AT) to ALA. Pyridoxal S'-phosphate, a vitamin 
B6-derivative, is an essential component ( cofactor) of both 
ALAS and GSA-AT, as these enzymes cannot function relying 
solely on the protein moiety. Among prokaryotes, ALAS is 
only found in the CY.-proteobacteria, which are considered to 
be the most closely related, free-living organisms to the 
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540 Bloenergetics I Heme Synthesis 

C02H 

Figure 1 lron-protoporphyrin IX, which is commonly designated as 

heme. lron-protoporphyrin IX (or heme) has an iron ion complexed with 

the conjugated, aromatic porphyrin ring and an asymmetrical 

side-chain substitution. Note the -CH3 (methyl), -CH = CH2 (vinyl), 

and -CH2-CH2-COOH (propionate) groups as side chains. 
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ancestral progenitor of the mitochondrion. Thus, it is conceiv­

able that eukaryotic ALASs were acquired from a free-living 

a-proteobacterium during its transformation, first to an endo­

symbiont and subsequently to a mitochondrion . 

From ALA to Uroporphyrinogen Ill 

In euka1yotes, the first and three final enzymatic steps of heme 

biosynthesis occur within mitochondria, while the intervening 

four occur in the cytosol (Figure 2). Once ALA is made and 

transported to the cytosol, through most likely a specialized 

mitochondrial transporter, two molecules of ALA are asymmet­

rically condensed to form the monopyrrole porphobilinogen 

(PBG) by PBG synthase (PBGS; also known as ALA dehydra­

tase). PBG constitutes the building unit of tetrapyrroles and 

hence eight molecules of ALA are required to form one heme 

molecule. Crystal structures of PBGSs from different species 

have confirmed the presence of two distinct binding sites for 

each ALA molecule, termed A and P to distinguish the two ALA 

substrate molecules. The A-side of ALA forms the acetyl half of 

PBG, leaving its amino group intact, while the P-side of ALA 

Uro'gen Ill 

Heme 

Uro'gen Ill 
decarboxylase 

PPO 

Copro'gen Ill 

Figure 2 Diagrammatic represenlatlon of lhe heme biosynthelic pathway in eukaryotic animal cells. ALA, 5-aminolevulinate; ALAS, ALA synthase; PBG, 

porphobllinogen; PBGS, PBG synthase; PBGD, PBG deaminase: HMB, hydroxymethylbllane; Uro'gen Ill , uroporphyrlnogen Ill; copro'gen Ill , 

coproporphyrinogen Ill; CPO, coproporphyrlnogen Ill oxidase; proto'gen IX, protoporphyrlnogen IX; PPO, protoporphyrinogen IX oxidase; FC, 

ferrochelatase. Inset: The two paths to ALA. 
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forms the propionyl half of PBG with the amino group becom­
ing part of the PBG ring. PBGS has a homo-octomeric structure 
composed of four dimers, and each subunit contains an active 
site metal ion (zinc or magnesium and/or potassium depend­
ing on the species) and in many cases an allosteric metal ion 
(magnesium). The next step in heme biosynthesis involves 
the deamination and stepwise polymerization of four PBG 
molecules by PBG deaminase to give the linear tetrapyrrole 
1-hydroxymethylbilane. Then, uroporphyrinogen III synthase 
catalyzes the cyclization of the linear tetrapyrrole, whereby the 
D ring ofhydroxymethylbilane is inverted to generate the asym­
metrical macrocycle, uroporphyrinogen III. In the absence of 
uroporphyrinogen III synthase, 1-hydroxymethylbilane cyclizes 
into the nonphysiological relevant tetrapyrrole, uroporphyrino­
gen I. The incredible aaobatics that must occur with the flipping 
of the D ring and closure of hydroxymethylbilane speak for the 
importance of uroporphyrinogen Ill synthase in making uro­
porphyrinogen III synthesis reaction. In fact, disasu·ous conse­
quences emerge with the malfunction of uroporphyrinogen III 
synthase, as observed in patients with the blood disorder con­
genital erythropoietic porphyria, who typically have high levels 
of uroporphyrinogen I and derivatives thereof. 

From Uroporphyrinogen Ill to Protoporphyrinogen IX 

For most eukaryotes, the last cytosolic step is the sequential 
decarboxylation of the four acetate side chains of uroporphyr­
inogen III to methyl groups by uroporphyrinogen decarbox­
ylase (Figure 2). This enzyme is a (r:t.//3) 8 barrel protein, which 
appears to be functional as a homodimer and not to require 
prosthetic groups or cofactors. Remarkably, uroporphyrino­
gen decarboxylase enhances the rate of substrate decarboxyl­
ation by a factor of 1.2 x 10 17

, one of the largest rate 
enhancements reported for an enzyme that functions without 
the help of cofactors. The uroporphyrinogen decarboxylase­
catalyzed reaction gives coproporphyrinogen III, which is the 
substrate of coproporphyrinogen oxidase (CPO) . The oxida­
tive decarboxylation of the propionate side chains of the rings 
A and B of coproporphyrinogen III yields protoporphyrino­
gen IX. While eukaryotic CPO activity depends on oxygen, pro­
karyotic organisms, under anaerobic conditions, use alternative 
electron acceptors in the oxidative decarboxylation reaction. 
Hence, oxygen-independent CPOs (HemN and HemZ, i.e., the 
products of the hemN and hemZ genes) are found in bacteria; 
indeed, facultatively anaerobic bacteria, such as Escherichia coli, 
possess both oxygen-dependent CPO (HemF) and oxygen­
independent CPO (HemN). HemN contains an iron-sulfur 
center ([4Fe-4S]), which is essential for the activity of the 
enzyme in conjunction with nicotinamide adenine dinucleotide 
(phosphate), reduced (NAD(P)H) and S-adenosyl-L-methionine 
(SAM). As one would expect, the enzyme appears to have a 
distinct reaction mechanism with the involvement of SAM in 
the formation of a radical, and thus HemN has been aptly 
identified as a radical SAM enzyme. As far as the subcellular 
location of the oxygen-dependent CPO goes, it seems to vary! 
In mammals and other higher eukaryotes, it appears to be asso­
ciated with the inner side of the mitochondrial outer membrane, 
whereas in the yeast Sacclwromyces cerevisiae and bacteria it is 
found in the cytosol. 
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From Protoporphyrinogen IX to Heme 

In the penultimate step, protoporphyrinogen oxidase (PPO) 
catalyzes the complete aromatization of protoporphyrinogen 
IX ring into protoporphyrin IX, which involves a six-electron 
oxidation (Figure 2). Similar to CPO, anaerobic and facultative 
anaerobic bacteria have an oxygen-independent PPO; how­
ever, in contrast to CPO, facultative anaerobic bacteria 
possess solely an oxygen-independent PPO (and not in com­
plementation with an oxygen-dependent PPO). All other 
organisms appear to have PPOs, which use oxygen as the 
terminal electron acceptor. Ferrochelatase catalyzes the termi­
nal step of the heme biosynthetic pathway, the insertion of 
ferrous iron into the protoporphyrin IX macrocyclic ring. 
Eukaryotic ferrochelatases associate with the inner side of the 
mitochondrial inner membrane, and vertebrate enzymes have 
a [2Fe-2S] cluster (although this is not an exclusive structural 
feature of ve11ebrate ferrochelatases) . The mechanism of the 
ferrochelatase reaction involves an out-of-plane distortion of 
the porphyrin, which facilitates the reaction by exposing the 
pyrrole nitrogens to the incoming ferrous iron substrate. 

Regulation of the Heme Biosynthetic Pathway/Heme 
Biosynthesis 

There is not a single ubiquitous regulatory mechanism for 
heme biosynthesis, and so the discussion in this article focuses 
solely on the regulation of the pathway in mammalian cells. 
Considering that heme is predominantly synthesized in bone 
marrow (i.e., in erythroblasts and reticulocytes that still con­
tain mitochondria) and liver cells, most of the studies on 
regulation have focused on these two types of cells. Predomi­
nance of heme synthesis in bone marrow and liver cells reflects 
the greater demands due to the syntheses of the heme­
containing proteins, hemoglobin, and cytochrome P-450 
enzymes, respectively. The major regulatory and rate-limiting 
step of the pathway corresponds to the reaction catalyzed by 
ALAS, the first enzyme of the pathway. Two genes, located in 
two different chromosomes in humans, encode the two ALAS 
forms of the enzyme (or isozymes): ALASl and ALAS2. The 
gene encoding ALAS 1 is expressed in every cell, whereas that 
for ALAS2 is specifically expressed in erythroid cells. Impor­
tantly, the regulatory mechanisms for the expression of the two 
ALAS genes and the posttranscriptional events seem to be 
distinct in differentiating erythrocytes from those in nonery­
throid cells. ALAS 1 controls the production of heme for basic 
cellular functions and is feedback regulated by heme through 
(1) repression of transcription of the ALASl gene, (2) inhibi­
tion of translation of the ALASl message, (3) destabilization of 
the ALAS 1 message, and ( 4) inhibition of import of the cyto­
solic precursor form of the enzyme into mitochondria. 
By contrast, certain drugs and hormones induce liver cells to 
make more ALAS, and consequently heme and cytochrome 
P-450, by activating transcription of the ALAS 1 gene. 

In differentiating erythroid cells, the syntheses of heme and 
globin need to be coordinated, as the production of hemo­
globin requires that neither the protein (globin) component 
nor the nonprotein component (heme) will be in excess. And 
indeed, identical transcriptional elements have been identified 
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in the genes of ALAS2 and globin. Another level of regulation 

of the erythroid heme biosynthetic pathway is centered at the 

stage of translation, which responds to the cellular iron 

levels. This response is mediated through specific interactions 

between an iron-responsive element (IRE), present in the 

ALAS2 messenger RNA (mRNA), and IRE-binding proteins, 

such that under iron limitation, the translation of ALAS2 

mRNA is inhibited, while the presence of iron above the cellu­

lar threshold relieves the repression caused by IRE-binding 

proteins. The essential requirement for ALAS2 in heme biosyn­

thesis and erythropoiesis was clearly demonstrated with tar­

geted disruption of ALAS2 in the mouse, which led to no 

hemoglobin in cells, the accumulation of iron (albeit in the 

cytoplasm and not in mitochondria) and, ultimately, embry­

onic death. 

Heme Function 

The known roles of heme are many and variable, and most 

probably many other functions await discovery. As referred to 

above, heme is a prosthetic group of proteins involved in 

oxygen transport such as hemoglobins and myoglobins, 

which are the major blood and muscle proteins, respectively. 

In addition, heme participates in other cellular processes 

including anaerobic and aerobic respiration, sensing of 

diatomic gases ( e.g., nitric oxide and carbon monoxide), detox­

ification of foreign substances ( e.g., drugs) by oxidative metab­

olism, and signal transduction. Some of these functions might 

also be coupled with the regulatory roles of heme in gene 

transcription, translation, micro RNA ( miRNA) processing, 

mitochondrial protein import, protein stability, and differenti­

ation. A transcription factor that regulates the mammalian 

biological clock was also discovered to use heme as a cofactor 

to sense, and react to, changes in the cell, thus linking cellular 

metabolism with the biological clock. Another area of research 

has led to the emergence of a new proposal that heme defi­

ciency or dysregulation is intimately associated with the aging 

process, including neural decay. 

Disorders of the Heme Biosynthetic Pathway 

Malfunction of the heme biosynthetic pathway can have disas­

trous consequences, and in humans it can be manifested in 

porphyrias. Briefly, porphyrias are disorders that result from 

inherited or acquired defects in the heme biosynthetic path­

way. The first reports of porphyrias were in 1874. Since then, 

eight types of porphyrias associated with defects in each of the 

eight enzymes of the pathway have been identified (Table 1 ), 

and depending on the major site of expression of the enzy­

matic defect, they have been classified into hepatic or erythro­

poietic porphyria. Although the molecular mechanisms 

behind the clinical manifestations are not well understood, 

the two major symptoms include cutaneous photosensi­

tivity and central nervous system disturbances, and thus the 

other classification of either photosensitive or neurological 

porphyrias. Some porphyrias, however, manifest overlapping 

symptoms. Photosensitivity is a result of porphyrin accumula­

tion, which typically occurs when the defective enzyme is 

Table 1 Heme biosynthesis-associated disorders 

Disorder Defective enzyme 

X-linked sideroblastic anemia 
X-linked dominant 

protoporphyria 
ALA dehydratase, or Doss, 

porphyria 
Acute intermittent porphyria 
Congenital erythropoietic 

porphyria 
Porphyria cutanea tarda 
Coproporphyria 
Variegate porphyria 
Erythropoietic protoporphyria 

5-Aminolevulinate synthase (erythroid) 
5-Aminolevulinate synthase (erythroid) 

Porphobilinogen synthase 
(or ALA dehydratase) 

Porphobilinogen deaminase 
Uroporphyrinogen Ill synthase 

Uroporphyrinogen decarboxylase 
Coproporphyrinogen oxidase 
Protoporphyrinogen oxidase 
Ferrochelatase 

anywhere in the pathway beyond the third step of the pathway 

(i.e., the PBG deaminase-catalyzed reaction), whereas the neu­

rologic manifestations are associated with overproduction of 

ALA and PBG. However, the first porphyria associated with 

erythroid ALAS, named X-linked dominant protoporphyria 

(XLDPP), was recently identified, and elevated concentration 

of ALA-derived protoporphyrin IX and Zn-protoporphyrin 

were observed in the erythrocytes of the XLDPP patients. 

Since the 1980s, many of the genetic mutations responsible 

for the enzymatic defects have been identified and mouse 

models, targeted to correct the defective enzyme, have been 

developed by engineering functional enzyme expression in 

bone marrow cells. Zebrafish have also provided powerful 

molecular models for erythropoietic porphyrias. For example, 

mutations in the ferrochelatase gene resulted in photosensitive 

zebrafish with autofluorescent blood. Finally, mutations in the 

gene encoding for the erythroid ALA can cause X-Linl ed sidr­

roblastic an mia (Table 1 ), a blood disorder charncterized 

by mitochondrial iron accumulation due to a reduction in 

heme biosynthesis destined for hemoglobin production in 

erythroblasts. 

See also: Metabolism Vitamins and Hormones: Porphyrin 

Metabolism; Protein/Enzyme Structure Function and 
Degradation: Heme Proteins; Signaling: Hematopoietin Receptors 
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PREFACE 

This book is an outgrowth of the George Fisher Baker Lecture series presented by one of 

us (C.R.C.) at Cornell University in the fall of 1992. This author is tremendously grateful 

to all those at Cornell who made this occasion truly memorable, personally, and most pro­

ductive, intellectually. Included especially are Jean Frechet, Barbara Baird, John Clardy, 

Jerrold Meinwold, Fred McLafferty, Benjamin Widom, David Usher, and Quentin 

Gibson, among many others. He also wants to express great thanks to Rick Bourke, who, 

several times provided extraordinary help, without which lectures would have been 

missed or required rescheduling. 

The book also builds in part on the research experience of both authors over the past 

IS years. Without the help of numerous talented co-workers and collaborators, we would 

never have achieved the accomplishments that form some of the work described herein. 

No book is produced without heroic efforts on the part of support staff who handle end­

less chores, even in this era of efficient word processing. We are especially grateful to 

Michael Hirota for hours of patient deciphering of handwritten scribble. A major part of 

the effort in completing any substantial publication is receiving and dealing with con­

structive criticism from those who have read early drafts. Joel Graber and Chandran 

Sabanayagam helped with the illustrations and many other details; Scott Downing, Foual 

Siddiqi, and many others used preliminary versions as a textbook in courses over the past 

few years. To them we owe our thanks for taking the time to reveal ambiguities and 

painful lapses in our logic. Correcting these has, we hope, made the book far more accu­

rate and comprehensible. 
Inevitably in a fast-moving field like genome research, parts of this book were out of 

date even at the time it was submitted for publication. Furthermore, like many books 

based on a lecture series, this one relies too heavily on the authors' own work to provide a 

truly fair representation of many parallel or competing efforts in the field. No attempt was 

made to be comprehensive or representative in citing sources and additional readings. 

Despite these limitations, by concentration on fundamentals, the authors hope that a vast 

majority of workers in the field will find this text a useful companion. 

Boston Massachusetts 

CHARLES R. CANTOR 

CASSANDRA L. SMITH 
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12 DNA CHEMISTRY AND BIOLOGY 

BOX 1.3 
CLONING DNAs IN BACTERIAL PLASMIDS 

AND BACTERIOPHAGE 

Cloning is the process of making many identical cells (or organisms) from a single 

precursor. If that precursor contains a target DNA molecnle of interest, the cloning 

process will amplify that single molecule into a whole population. Most single-cell or­

ganisms are clonal. Their progeny are identical replicas. Cloning can also be done by 

manipulating single, immortal, or immortalizable cells of higher organisms including 

plants and animals. Here we concentrate on bacterial cloning, which can be carried out 

in a large number of different species but often involves the favorite laboratory organ­

ism Escherichia coli. 
Cloning DNA requires three components: the target DNA of interest, a vector 

DNA that will accommodate the target as an insertion and that contains a replication 

or-igin for it to be propagated indefinitely, and a host cell that will replicate the vector 

and its insert. The simplest early cloning systems used two types of vectors, either 

plasmids, which are small DNAs that can replicate independently of the host cell 

DNA, or bacteriophages, which also have independently replicating DNA systems. 

Plasmids are usually double-stranded circular DNAs. Bacteriophages can.be circular 

or linear, single stranded, or double stranded. Here we illustrate the steps in cloning 

double strands. 
The vector is usually designed so that it has a unique cutting site for a particular 

restriction enzyme. Digestion linearizes the vector and produces two ends, usually 

with the same overhanging sequence. The target is cut with the same enzyme, 

or alternatively, with a different enzyme that nevertheless leaves the same over­

hangs. A complex target will yield many fragments, only a few of which may be of 

interest. 

-
DNA target 

restriction 
nuclease - ----t ligate 

When the vector and target are mixed, they can anneal and form suitable substrates 

of DNA ligase. Depending on the relative concentrations used, and whether the 5' -

phosphate ends produced by the restriction nuclease are left intact or are removed with 

a phosphatase, a variety of different products combining targets and vectors will be 

formed. A number of tricks exist to bias the ligation in favor of particular 1: 1 target­

vector adducts. For example, in the scheme above a single target and vector can come 

together in two different polarities. More complex schemes allow the polarity to be 

preselected. 
( continued) 
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DNA SYNTHESIS 13 

BOX 1.3 (Continued) 

I 

plate out 

Next the vector-target adduct must be reintroduced into the bacterial cells. 
Depending on the vector, different procednres are used. If the vector is a plasmid, the 
bacterial cells are made permeable by chemical, enzymatic, electrical, or mechanical 
procednres. When mixed with DNA, these bacteria take up some of the vector before 
the gaps in their surfaces can be resealed. The process is called transformation or 
transfection. Very similar procedures can be used to introduce DNA into other kinds of 
cells. The efficiencies vary widely depending on the type pf vector, type of cell, and 
the procednres used for permeabilization. 

If the vector is a bacteriophage, it is usually preferable to repackage the vector-tar­
get adduct in vitro and then allow the assembled cells to infect the host cells naturally. 
This increases the efficiency of delivering DNA into the host cells, both because bacte­
riophage insertion is often quite effective and because there is no need to permeabilize 
the host cells, a process that frequently kills many of them. 

Traditionally microbiological screening systems are used to detect host cells propa­
gating cloned DNA. If a dilute suspension of bacteria is allowed to coat the surface of 
a culture dish, colonies will be observed after several days of growth, each of which 
represents cloned progeny arising from a single cell. The cloning process can be us~d 
to introduce markers that aid in the selection or screening of bacteria carrying plas­
mids of potential interest. For example, the plasmid may carry a gene that confers re­
sistance to an antibiotic so that only host cells containing the plasmid will be able to 
grow on a culture medium in which that antibiotic is placed. The site at which the vec­
tor is cut to introduce the target can disrupt a gene that yields a colored metabolic 
product when the precursor of that product is present in the medium. Then vectors that 
have been designated as having no target insert will still yield colored colonies, while 
those containing a target insert will appear white. 

When a bacteriophage vector is used, the same sets of selection and screening systems 
can be used. If the bacteriophage shows efficient lysis, that is, if infected cells disrupt 

0 

or 0 

0 0 

viral plaques bacterial colonies 

( continued) 
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14 DNA CHEMISTRY AND BIOLOGY 

BOX 1.3 (Continued) 

and release bacteriophage, then a convenient method of cloning is to grow a continu­

ous layer of susceptible bacteria and then cover the culture with a thin layer of dilute 

bacteriophage suspension. Individual bacteriophage will infect cells, leading to contin­

ual cycles of bacteriophage growth and ceU lysis until visible holes in the bacterial 

lawn, called bacteriophage plaques, are observed. Individual colonies or plaques are 

selected for further study by picking, literaUy by sampling with a sterile toothpick or 

other sharp object, and then reinnoculated, respectively, into a permissive growth 

medium or strain. 
A key variable in the choice of vector is the range of target sizes that can be accom­

modated. Plasmids generally allow a broad range of target sizes, while bacteriophages, 

because of constraints in the packaging process, generally accept only a narrow range 

of target sizes. The earliest cloning vectors were efficient for relatively small targets, 

under l O kb. Progressively interest has turned to ever larger targets, specialized vec­

tor/host systems needed to propagate such targets are described later (Boxes 2.3 and 

8.2). 
A second key variable in the choice of cloning vector is the copy number. Some 

plasmids and bacteriophages can grow in t~ns of thousands of copies per E. coli cell. 

This greatly facilitates recovery and purification of cloned DNA inserts. However, if 

DNA fragments toxic to the host are the desired targets, a high copy number vector 

system will make it more difficult for them to be propagated. 

The major advantages of cloning, as compared to the in vitro replication systems 

discusse<j in Chapter 4, are the ability to handle very large numbers of samples in par­

allel and the absence of a need for any prior knowledge about the desired target se­

quences. The major disadvantages of cloning are that it is a relatively time-consuming 

process difficult !o automate, and some DNA sequences are not cloneable either be­

cause they are toxic to particular hosts, or they are unstable in those hosts and frag­

ments rearrange or delete. 

However, sequences can be designed that associate to give specific structures with three, 

four, or more ends. These are called DNA junctions (Fig. 1.7). Similar four-stranded struc­

tures are actually seen in cells as intennediate steps in genetic recombination. However, 

these so-called Holliday structures are unstable, since the participating strands are pairs of 

identical sequences. The location of the junction can move around by a process called 

branch migration. Synthetic junctions can be designed that are stable because their DNA 

sequences do not aUow branch migration. At low salt concentrations these structures be­

come relatively flat, as indicated in Figure 1.7; at higher salt concentrations they fonn an X­

shaped structure with one pair of co-axially stacked helices crossing over a second pair of 

co-axially stacked helices. 
Still other types of DNA structures can be formed by taking advantage of the fact that 

in the double helix, specific hydrogen bond donor and acceptor sites on the bases remain 

exposed in the major groove of the double helix. Under appropriate conditions this allows 

the association of a third DNA strand in a sequence-specific manner to form a DNA 

triplex. It produces a DNA structure with four ends. The great utility of triplexes, which 

we will exploit in considerable detail later (Chapter 14), is that triplexes can be formed 
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"There is a paradox in the growth of scientific knowledge. As information accu­
mulates in ever more intimidating quantities, disconnected facts and impene­
trable mysteries give way to rational explanations, and simplicity emerges from 
chaos." 

Thus began the preface of our first edition, written rs years ago. Much of 
what we wrote in that preface holds for the present edition too. Our goals have 
not changed: we want to make cell biology comprehensible. We aim, as before, 
to give readers a perspective both on what is known, and on what is unknown. 
We have written the book for a wide range of students, but it should also prove 
useful for scientists wishing to follow progress outside their own specialized 
fields. As in past editions, each chapter is a joint composition of multiple 
authors and has been reviewed by a number of experts. This helps to explain 
why this edition, like the first, has been "a long time in gestation-three times 
longer than an elephant, five times longer than a whale." 

Although information in the life sciences is expanding rapidly, human brain 
capacity is not. This discrepancy creates an increasing challenge for textbook 
writers, teachers, and especially students. We have been forced to think harder 
than ever in deciding what facts and concepts are essential. We have had to sum­
marize-omitting much detail that, in overabundance, can prevent understand­
ing. But specific examples are still needed to bring the subject to life. Thus, the 
most difficult part of the revision has been deciding what to leave out, while the 
most rewarding has been the opportunity that new discoveries provide to 
strengthen the conceptual framework. 

What is new in the 4th edition? 
Genomics has given us a new perspective that has demanded a complete 

recasting and expansion of the material on molecular genetics (Chapter 1 and 
Chapters 4 through 8). These six chapters can now be used as a stand-alone text 
in molecular biology. As before, the book ends with a major section on Cells in 
Their Social Context, but we have added a new chapter on Pathogens, Infection, 
and Innate Immunity. This reflects the remarkable advances in the understand­
ing of the cell biology of infection, as well as the renewed awareness that infec­
tious disease remains one of the greatest unconquered dangers in our world. 

As our book makes clear, the complete sequencing of the genomes of hun­
dreds of organisms, from bacteria to humans, has revolutionized our under­
standing of living things and the relationships between them. At last we can see 
what is there: the set of genes and proteins is finite, and we can list them. But we 
also recognize that these components are combined for use in marvelously 
subtle and complex ways, even in the simplest of organisms. Therefore, the tra­
ditional explanatory cartoons that we show on nearly every page of the book 
generally represent only the primitive first step toward an explanation. These 
drawings cannot capture the enormous complexity of the networks of protein­
protein interactions that are responsible for most intracellular processes, whose 
understanding will require new and more quantitative forms of analysis. Thus, we 
are no longer as confident as we were 18 years ago that simplicity will eventually 

V 
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emerge from the complexity. The extreme sophistication of cellular mechanisms 
will challenge cell biologists throughout the new century, which is very good 
news for the many young scientists who will succeed us. 

As never before, new imaging and computer technologies have changed the 
ways we can observe the inner workings of living cells. We have tried to capture 
some of the excitement of these observations in Cell Biology Interactive, a CD­
ROM disk that is included with each book. It contains dozens of video clips, 
animations, molecular structures, and high-resolution micrographs, which 
complement the static material in individual book chapters. One cannot watch 
cells crawling, dividing, segregating their chromosomes, or rearranging their 
surface without feeling curious about the molecular mechanisms that underlie 
these processes. We hope that Cell Biology Interactive will stimulate this curiosity 
in students and thereby make the learning of cell biology easier and more 
rewarding. We also hope that instructors will use these visual resources in the 
classroom for the same purpose. 

We are deeply indebted to the many people who have helped us with this 
revision. The experts who critically reviewed specific chapters are acknowledged 
separately on p. xxix. We are especially grateful to Julie Theriot, who largely wrote 
both Chapter 16 and Chapter 25; we have all benefited from her wisdom. We are 
also grateful to the other experts who made major contributions to individual 
chapters: Nancy Craig helped to revise part of Chapter 5; Maynard Olson drafted 
the section on genome evolution in Chapter 7; Peter Shaw helped to revise 
Chapter 9; David Morgan largely wrote Chapter 17; Lisa Satterwhite prepared 
initial drafts of Chapter 18; Robert Kypta largely revised Chapter 19; Cori 
Bargmann helped us to restructure Chapter 21; and Paul Edwards played a cen­
tral part in the revision of Chapter 23. Karen Hopkin drafted large parts of Chap­
ters 8 and 23. We are also very grateful to the many scientists who generously 
provided micrographs for the book and materials for the CD-ROM. 

Finally we are indebted to the outstanding staff of Garland Publishing. Nigel 
Orme oversaw the production of the final artwork with remarkable skill and 
speed. Mike Morales put in endless hours tackling the diverse challenges of 
developing the CD-ROM. Emma Hunt skillfully and artfully set the entire text 
and figures into pages. Sarah Gibbs and Kirsten Jenner kept us organized. Adam 
Sendroff and Nasreen Arain connected us to our customers. Eleanor Lawrence 
prepared the Glossary, and Mary Purton collected many of the references. 
Through it all, Denise Schanck calmly directed the whole effort with great skill. 
Last, but not least, Tim Hunt and John Wilson once again created a masterful 
Problems Book that supplements the main text; they worked side-by-side with 
us and were a constant source of wise advice. Their clever problems illustrate 
how discoveries are made and provide a unique way of learning cell biology. 

It goes without saying that our book could not have been written without the 
strong support of our families and the forbearance of our friends, colleagues, 
and students. For decades, they have had to put up with our absences at fre­
quent and lengthy book meetings, where most of the writing was done. They 
have helped us in innumerable ways, and we are grateful to them all. 
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The Regulation of Cdk and Src Protein Kinases Shows How a Protein 

Can Function as a Microchip 
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Regulators 
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Membrane~Bound Transporters Harness Energy to Pump Molecules 

Through Membranes 
Proteins Often Form Large Complexes That Function as Protein 

Machines 
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Nucleotides 

The Structure of DNA Provides a Mechanism for Heredity 
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ATP-Driven Chromatin Remodeling Machines Change Nucleosome 
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The Proteins at a Replication Fork Cooperate to Form a Replication 
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DNA Synthesis Begins at Replication Origins 
Bacterial Chromosomes Have a Single Origin of DNA Replication 
Eucaryotic Chromosomes Contain Multiple Origins of Replication 
In Eucaryotes DNA Replication Takes Place During Only One Part 

of the Cell Cycle 
Different Regions on the Same Chromosome Replicate at Distinct 

Times in S Phase 
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CHAPTER 6 HOW CELLS READ THE GENOME: FROM 

DNA TO PROTEIN 299 

FROM DNA TO RNA 

Portions of DNA Sequence Are Transcribed into RNA 
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Specific Enzymes Couple Each Amino Acid to Its Appropriate tRNA 
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An Elaborate Ubiquitin-Conjugating System Marks Proteins for 
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HOW GENETIC SWITCHES WORK 
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The Resting Potential Decays Only Slowly When the Na+-K+ Pump Is 
Stopped 

The Three-Dimensional Structure of a Bacterial K+ Channel Shows 
How an Ion Channel Can Work 

The Function of a Nerve Cell Depends on Its Elongated Structure 
Voltage-Gated Cation Channels Generate Action Potentials in 

Electrically Excitable Cells 
Myelination Increases the Speed and Efficiency of Action Potential 

Propagation in Nerve Cells 
Patch-Clamp Recording Indicates That Individual Gated Channels Open 

in an All-or-Nothing Fashion 
Voltage-Gated Cation Channels Are Evolutionarily and Structurally 

Related 
Transmitter-Gated Ion Channels Convert Chemical Signals into 

Electrical Ones at Chemical Synapses 
Chemical Synapses Can Be Excitatory or Inhibitory 
The Acetylcholine Receptors at the Neuromuscular Junction Are 

Transmitter-Gated Cation Channels 
Transmitter-Gated Ion Channels Are Major Targets for Psychoactive 

Drugs 
Neuromuscular Transmission Involves the Sequential Activation 

of Five Different Sets of Ion Channels 
Single Neurons Are Complex Computation Devices 
Neuronal Computation Requires a Combination of at Least Three 

Kinds of K+ Channels 
Long-term Potentiation (LTP) in the Mammalian Hippocampus Depends 

on Ca2+ Entry Through NM DA-Receptor Channels 
Summary 
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CHAPTER 12 INTRACELLULAR COMPARTMENTS AND 
PROTEIN SORTING 659 

THE COMPARTMENTALIZATION OF CELLS 
All Eucaryotic Cells Have the Same Basic Set of Membrane-Enclosed 

Organelles 
The Topological Relationships of Membrane-Enclosed Organelles Can 

Be Interpreted in Terms of Their Evolutionary Origins 
Proteins Can Move Between Compartments in Different Ways 
Signal Sequences and Signal Patches Direct Proteins to the Correct 

Cellular Address 
Most Membrane-Enclosed Organelles Cannot Be Constructed From 

Scratch:They Require Information in the Organelle Itself 
Summary 

THE TRANSPORT OF MOLECULES BETWEEN THE 
NUCLEUSANDTHE CYTOSOL 
Nuclear Pore Complexes Perforate the Nuclear Envelope 
Nuclear Localization Signals Direct Nuclear Proteins to the Nucleus 
Nuclear Import Receptors Bind Nuclear Localization Signals and 

Nucleoporins 
Nuclear Export Works Like Nuclear Import, But in Reverse 
The Ran GTPase Drives Directional Transport Through Nuclear 

Pore Complexes 
Transport Between the Nucleus and Cytosol Can Be Regulated by 

Controlling Access to the Transport Machinery 
The Nuclear Envelope Is Disassembled During Mitosis 
Summary 

THE TRANSPORT OF PROTEINS INTO MITOCHONDRIA 
AND CHLOROPLASTS 
Translocation into the Mitochondrial Matrix Depends on a Signal 

Sequence and Protein Translocators 
Mitochondrial Precursor Proteins Are Imported as Unfolded 

Polypeptide Chains 
Mitochondrial Precursor Proteins Are Imported into the Matrix 

at Contact Sites That Join the Inner and Outer Membranes 
ATP Hydrolysis and a H+ Gradient are Used to Drive Protein Import 

into Mitochondria 
Repeated Cycles of ATP Hydrolysis by Mitochondrial Hsp70 Complete 

the Import Process 
Protein Transport into the Inner Mitochondrial Membrane and the 

lntermembrane Space Requires Two Signal Sequences 
Two Signal Sequences Are Required to Direct Proteins to the Thylakoid 

Membrane in Chloroplasts 
Summary 

PEROXISOMES 

Peroxisomes Use Molecular Oxygen and Hydrogen Peroxide 
to Perform Oxidative Reactions 

A Short Signal Sequence Directs the Import of Proteins into 
Peroxisomes 

Summary 

THE ENDOPLASMIC RETICULUM 
Membrane-Bound Ribosomes Define the Rough ER 
Smooth ER Is Abundant in Some Specialized Cells 
Rough and Smooth Regions of ER Can Be Separated by Centrifugation 
Signal Sequences Were First Discovered in Proteins Imported 

into the Rough ER 
A Signal-Recognition Particle (SRP) Directs ER Signal Sequences to a 

Specific Receptor in the Rough ER Membrane 
The Polypeptide Chain Passes Through an Aqueous Pore in the 

Translocator 
Translocation Across the ER Membrane Does Not Always Require 

Ongoing Polypeptide Chain Elongation 
The ER Signal Sequnce Is Removed from Most Soluble Proteins After 

Trans location 
In Single-Pass Transmembrane Proteins, a Single Internal ER Signal 

Sequence Remains in the Lipid Bilayer as a Membrane-Spanning 
a. helix 

Combinations of Start-Transfer and Stop-Transfer Signals Determine 
the Topology of Multipass T ransmembrane Proteins 

Translocated Polypeptide Chains Fold and Assemble in the Lumen 
of the Rough ER 

Most Proteins Synthesized in the Rough ER Are Glycosylated by the 
Addition of a Common N-Linked Oligosaccharide 

Oligosaccharides Are Used as Tags to Mark the State of Protein Folding 
Improperly Folded Proteins Are Exported from the ER and Degraded 

in the Cytosol 
Misfolded Proteins in the ER Activate an Unfolded Protein Response 
Some Membrane Proteins Acquire A Covalently Attached 

Glycosylphosphatidylinositol (GPI) Anchor 
Most Membrane lipid Bilayers Are Assembled in the ER 
Phospholipid Exchange Proteins Help to Transport Phospholipids from 

the ER to Mitochondria and Peroxisomes 
Summary 
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CHAPTER 13 INTRACELLULAR VESICULAR TRAFFIC 711 

THE MOLECULAR MECHANISMS OF MEMBRANE 
TRANSPORT AND THE MAINTENANCE OF 
COMPARTMENTAL DIVERSITY 
There Are Various Types of Coated Vesicles 
The Assembly of a Clathrin Coat Drives Vesicle Formation 
Both The Pinching-Off and Uncoating of Coated Vesicles Are Regulated 

Processes 
Not All Tran sport Vesicles are Spherical 
Monomeric GTPases Control Coat Assembly 
SNARE Proteins and Targeting GTPases Guide Membrane Transport 
Interacting SNAREs Need To Be Pried Apart Before They Can Function 

Again 
Rab Proteins Help Ensure the Specificity ofVesicle Docking 
SNAREs May Mediate Membrane Fusion 
Viral Fusion Proteins and SNAREs May Use Similar Strategies 
Summary 
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TRANSPORT FROM THE ER THROUGH THE 
GOLGI APPARATUS 

Proteins Leave the ER in COPll-Coated Transport Vesicles 
Only Proteins That Are Properly Folded and Assembled Can 

Leave the ER 
Transport from the ER to the Golgi Apparatus Is Mediated by Vesicular 

Tubular Clusters · 
The Retrieval Pathway to the ER Uses Sorting Signals 
Many Proteins are Selectively Retained in the Compartments in which 

they Function 
The Length of the Transmembrane Region of Golgi Enzymes 

Determines their Location in The Cell 
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Proteoglycans Are Assembled in the Golgi Apparatus 
What Is the Purpose of Glycosylation~ 
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The Golgi Cisternae Are Organized as a Series of Processing 

Compartments 
Transport Through the Golgi Apparatus May Occur by Vesicular 

Transport or Cisternal Maturation 

Matrix Proteins Form a Dynamic Scaffold That Helps Organize the 

Apparatus 
Summary 

TRANSPORT FROM THE TRANS GOLGI NETWORK 

TO LYSOSOMES 

Lysosomes Are the Principal Sites of Intracellular Digestion 

Lysosomes Are Heterogeneous 

Plant and Fungal Vacuoles Are Remark.ably Versatile Lysosomes 

Multiple Pathways Deliver Materials to Lysosomes. 

A Mannose 6-Phosphate Receptor Recognizes Lysosomal Proteins 

in the Trans Golgi Network 

The M6P Receptor Shuttles Between Specific Membranes 

A Signal Patch in the Hydrolyase Polypeptide Chain Provides 

the Cue for M6P Addition 

Defects in the GlcNAc Phosphotransferase Cause a Lysosomal Storage 

Disease in Humans 
Some Lysosomes May Undergo Exocytosis 

Summary 

TRANSPORT INTOTHE CELL FROM THE PLASMA 

MEMBRANE, ENDOCYTOSIS 

Specialized Phagocytic Cells Can Ingest Large Particles 

PinocyticVesicles Form from Coated Pits in the Plasma Membrane 

Not All Pinocytic Vesicles Are Clathrin-Coated 

Cells Import Selected Extracellular Macromolecules by 

Receptor-Mediated Endocytosis 

Endocytosed Materials That Are Not Retrieved From Endosomes 

End Up in Lysosomes 

Specific Proteins Are Removed From Early Endosomes and Returned 

to the Plasma Membrane 
Multivesicular Bodies Form on the Pathway to late Endosomes 

Macromolecules Can Be Transferred Across Epithelial Cell Sheets 

byTranscytosis 
Epithelial Cells Have Two Distinct Early Endosomal Compartments 

But a Common Late Endosomal Compartment 

Summary 

TRANSPORT FROM THE TRANS GOLGI NETWORK TO 

THE CELL EXTERIOR, EXOCYTOSIS 

Many Proteins and Lipids Seem to Be Carried Automatically From the 

Golgi Apparatus to the Cell Surface 

SecretoryVesides Bud From the Trans Golgi Network 

Proteins Are Often Proteolytically Processed During the Formation of 

Secretory Vesicles 
Secretory Vesicles Wait Near the Plasma Membrane Until Signaled to 

Release Their Contents 
Regulated Exocytosis Can Be a Localized Response of the Plasma 

Membrane and Its Underlying Cytoplasm 

Secretory Vesicle Membrane Components Are Quickly Removed From 

the Plasma Membrane 
Polarized Cells Direct Proteins From the Trans Golgi Network to the 

Appropriate Domain of the Plasma Membrane 

Cytoplasmic Sorting Signals Guide Membrane Proteins Selectively 

to the Basolateral Plasma Membrane 

Lipid Rafts May Mediate Sorting of Glycosphingolipids and 

GPI-Anchored Proteins to the Apical Plasma Membrane 

Synaptic Vesicles Can Form Directly from EndocyticVesides 

Summary 
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CHAPTER 14 ENERGY CONVERSION: MITOCHONDRIA AND 

CHLOROPLASTS 767 

THE MITOCHONDRION 

The Mitochondrion Contains an Outer Membrane, an Inner 

Membrane, and Two Internal Compartments 

High-Energy Electrons Are Generated via the Citric Acid Cycle 

A Chemiosmotic Process Converts Oxidation Energy into ATP 

Electrons Are Transferred From NADH to Oxygen Through Three 

Large Respiratory Enzyme Complexes 

As Electrons Move Along the Respiratory Chain, Energy Is Stored as an 

Electrochemical Proton Gradient Across the Inner Membrane 

How the Proton Gradient Drives ATP Synthesis. 

How the Proton Gradient Drives CoupledTransportAcross the Inner 

Membrane 
Proton Gradients Produce Most of the Cell's ATP 

Mitochondria Maintain a High ATP:ADP Ratio in Cells 

A Large Negative Value of dG for ATP Hydrolysis Makes ATP Useful 

to the Cell 
ATP Synthase Can Also Function in Reverse to Hydrolyze ATP 

and Pump H+ 
Summary 

ELECTRON-TRANSPORT CHAINSANDTHEIR 

PROTON PUMPS 

Protons Are Unusually Easy to Move 

The Redox Potential Is a Measure of Electron Affinities 

Electron Transfers Release Large Amounts of Energy 

Spectroscopic Methods Have Been Used to Identify Many Electron 

Carriers in the Respiratory Chain 

The Respiratory Chain Includes Three Large Enzyme Complexes 

Embedded in the Inner Membrane 

An Iron-Copper Center in Cytochrome Oxidase Catalyzes Efficient 

02 Reduction 
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Mitochondrial Membrane 
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Chain 
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CHLOROPLASTS AND PHOTOSYNTHESIS 

The Chloroplast Is One Member of the Plastld Family of Organelles 

Chloroplasts Resemble Mitochondria But Have an Extra Compartment 

Chloroplasts Capture Energy From Sunlight and Use It to Fix Carbon 

Carbon Fixation Is Catalyzed by Ribulose Bisphosphate Carboxylase 

Three Molecules of ATP and Two Molecules of NADPH Are 

Consumed for Each CO2 Molecule That Is Fixed 

Carbon Fixation in Some Plants Is Compartmentalized to Facilitate 

Growth at Low CO2 Concentrations 

Photosynthesis Depends on the Photochemistry of Chlorophyll 

Molecules 
A Photosystem Consists of a Reaction Center Plus an Antenna 

Complex 
In a Reaction Center, Light Energy Captured by Chlorophyll Creates a 

Strong Electron Donor from a Weak One 

Noncyclic Photophosphorylation Produces Both NADPH and ATP 

Chloroplasts Can Make ATP by Cyclic Photophosphorylation Without 

Making NADPH 
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Photosystems I and II Have Related Structures, and Also Resemble 
Bacterial Photosystems 

The Proton-Motive Force Is the Same in Mitochondria and 
Chloroplasts 

Carrier Proteins in the Chloroplast Inner Membrane Control 
Metabolite Exchange with the Cytosol 

Chloroplasts Also Perform Other Crucial Biosyntheses 
Summary 

THE GENETIC SYSTEMS OF MITOCHONDRIA AND 
PLASTICS 

Mitochondria and Chloroplasts Contain Complete Genetic Systems 
Organelle Growth and Division Detenriine the Number of 

Mitochondria and Plastids in a Cell 
The Genomes of Mitochondria and Chloroplasts Are Diverse 
Mitochondria and Chloroplasts Probably Both Evolved from 

Endosymbiotic Bacteria 
Mitochondrial Genomes Have Several Surprising Features 
Animal Mitochondria Contain the Simplest Genetic Systems Known 
Some Organelle Genes Contain Intrans 
The Chloroplast Genome of Higher Plants Contains About 120 Genes 
Mitochondrial Genes Are Inherited by a Non-Mendelian Mechanism 

Organelle Genes Are Maternally Inherited in Many Organisms 
Petite Mutants in Yeasts Demonstrate the Overwhelming Importance 

of the Cell Nucleus for Mitochondrial Biogenesis 
Mitochondria and Plastids Contain Tissue-Specific Proteins that Are 

Encoded in the Cell Nucleus 
Mitochondria Import Most of Their Lipids; Chloroplasts Make Most 

of Theirs 
Why Do Mitochondria and Chloroplasts Have Their Own Genetic 

Systems~ 
Summary 

THE EVOLUTION OF ELECTRON-TRANSPORT CHAINS 

The Earliest Cells Probably Produced ATP by Fermentation 
Electron-transport Chains Enabled Anaerobic Bacteria to Use 

Nonfermentable Molecules as Their Major Source of Energy 
By Providing an Inexhaustible Source of Reducing Power, 

Photosynthetic Bacteria Overcame a Major Evolutionary Obstacle 
The Photosynthetic Electron-Trans port Chains of Cyanobacteria 

Produced Atmospheric Oxygen and Permitted New Life-Forms 
Summary 
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CHAPTER 15 CELL COMMUNICATION 831 

GENERAL PRINCIPLES OF CELL COMMUNICATION 

Extracellular Signal Molecules Bind to Specific Receptors 
Extracellular Signal Molecules Can Act Over Either Short or Long 

Distances 
Autocrine Signaling Can Coordinate Decisions by Groups of 

Identical Cells 
Gap Junctions Allow Signaling Information to Be Shared by 

Neighboring Cells 
Each Cell ls Programmed to Respond to Specific Combinations of 

Extracellular Signal Molecules 
Different Cells Can Respond Differently to the Same Extracellular 

Signal Molecule 
The Concentration of a Molecule Can Be Adjusted Quickly Only If the 

Lifetime of the Molecule Is Short 
Nitric Oxide Gas Signals by Binding Directly to an Enzyme Inside the 

Target Cell 
Nuclear Receptors Are Ligand-Activated Gene Regulatory Proteins 
The Three Largest Classes of Cell-Surface Receptor Proteins Are 

Ion-Channel-Linked, G-Protein-Llnked, and Enzyme-Linked Receptors 
Most Activated Cell-Surface Receptors Relay Signals Via Small 
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Some Intracellular Signaling Proteins Act as Molecular Switches 
Intracellular Signaling Complexes Enhance the Speed, Efficiency, and 

Specificity of the Response 
Interactions Between Intracellular Signaling Proteins Are Mediated by 

Modular Binding Domains 
Cells Can Respond Abruptly to a Gradually Increasing Concentration 

of an Extracellular Signal 
A Cell Can Remember The Effect of Some Signals 
Cells Can Adjust Their Sensitivity to a Signal 
Summary 

SIGNALING THROUGH G-PROTEIN-LINKED 
CELL-SURFACE RECEPTORS 

Trimeric G Proteins Disassemble to Relay Signals from 
G-Protein-Linked Receptors 

Some G Proteins Signal By Regulating the Production of Cyclic AMP 
Cyclic-AMP-Dependent Protein Kinase (PKA) Mediates Most of the 

Effects of Cyclic AMP 
Protein Phosphatases Make the Effects of PKA and Other Protein 

Kinases Transitory 
Some G Proteins Activate the Inositol Phospholipid Signaling Pathway 

by Activating Phospholipase C-p 
Ca2+ Functions as a Ubiquitous Intracellular Messenger 
The Frequency of Ca2+ Oscillations Influences a Cell's Response 
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Ca2+/Calmodulin-Dependent Protein Kinases (CaM-Kinases) Mediate 
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Some G Proteins Directly Regulate Ion Channels 
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Cyclic-Nucleotide-Gated Ion Channels 
Extracellular Signals Are Greatly Amplified by the Use of Small 

Intracellular Mediators and Enzymatic Cascades 
G-Protein-Linked Receptor Desensitization Depends on Receptor 

Phosphorylation 
Summary 

SIGNALING THROUGH ENZYME-LINKED CELL-SURFACE 
RECEPTORS 

Activated Receptor Tyrosine Kinases Phosphorylate Themselves 
Phosphorylated Tyrosines Serve as Docking Sites For Proteins With 

SH2 Domains 
Ras Is Activated by a Guanine Nucleotide Exchange Factor 
Ras Activates a Downstream Serine/Threonine Phosphorylation 

Cascade That Includes a MAP-Kinase 
Pl 3-Kinase Produces Inositol Phospholipid Docking Sites in the Plasma 

Membrane 
The Pl 3-Kinase/Protein Kinase B Signaling Pathway Can Stimulate Cells 

to Survive and Grow 
Tyrosine-Kinase-Associated Receptors Depend on Cytoplasmic 

Tyrosine Kinases for Their Activity 
Cytokine Receptors Activate the Jak-STAT Signaling Pathway, Providing 

a Fast Track to the Nucleus 
Some Protein Tyrosine Phosphatases May Act as Cell-Surface Receptors 
Signal Proteins of the TGF-P Superfamily Act Through Receptor 

Serine/Threonine Kinases and Smads 
Receptor Guanytyl Cyclases Generate Cyclic GMP Directly 
Bacterial Chemotaxis Depends on a Two-Component Signaling Pathway 

Activated by Histidine-Kinase-Associated Receptors 
Summary 

SIGNALING PATHWAYS THAT DEPEND ON REGULATED 
PROTEOLYSIS 

The Receptor Protein Notch Is Activated by Cleavage 
Wnt Proteins Bind to Frizzled Receptors and Inhibit the Degradation 

of P-Catenin 
Hedgehog Proteins Act Through a Receptor Complex of Patched and 

Smoothened,Which Oppose Each Other 
Multiple Stressful and Proinflammatory Stimuli Act Through an NF-KB­

Dependent Signaling Pathway 
Summary 
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SIGNALING IN PLANTS 

Multicellularity and Cell Communication Evolved Independently in 
Plants and Animals 

Receptor Serine/Threonine Kinases Function as Cell-Surface Receptors 
in Plants 

Ethylene Activates a Two-component Signaling Pathway 
Phytochromes Detect Red Light, and Cryptochromes Detect Blue Light 
Summary 
References 

CHAPTER 16 THE CYTOSKELETON 907 

THE SELF-ASSEMBLY AND DYNAMIC STRUCTURE 
OF CYTOSKELETAL FILAMENTS 

Each Type of Cytoskeletal Filament Is Constructed from Smaller 
Protein Subunits 

Filaments Formed from Multiple Protofilaments Have Advantageous 
Properties 

Nucleation Is the Rate-Limiting Step in the Formation of a Cytoskeletal 
Polymer 

The Tubulin and Actin Subunits Assemble Head-to-Tail, Creating 
Filaments that Are Polar 

The Two Ends of a Microtubule and of an Actin Filament Are Distinct 
and Grow at Different Rates 

Filament Treadmilling and Dynamic Instability Are Consequences of 
Nucleotide Hydrolysis byTubulin and Actin 

Treadmilling and Dynamic Instability Require Energy butAre Useful 
Other Polymeric Proteins Also Use Nucleotide Hydrolysis to Couple 

a Conformational Change to Cell Movements 
Tubulin and Actin Have Been Highly Conserved During Eucaryotic 

Evolution 
Intermediate Filament Structure Depends on The Lateral Bundling and 

Twisting of Coiled Coils 
Intermediate Filaments Impart Mechanical Stability to Animal Cells 
Filament Polymerization Can Be Altered by Drugs 
Summary 

HOW CELLS REGULATE THEIR CYTOSKELETAL 
FILAMENTS 

Microtubules Are Nucleated by a Protein Complex Containing 
y-tubulin 

Microtubules Emanate from the Centrosome in Animal Cells 
Actin Filaments Are Often Nucleated at the Plasma Membrane 
Filament Elongation Is Modified by Proteins That Bind to the Free 

Subunits 
Proteins That Bind Along the Sides of Filaments Can Either Stabilize 

or Destabilize Them 
Proteins That Interact with Filament Ends Can Dramatically Change 

Filament Dynamics 
Filaments Are Organized into Higher-Order Structures in Cells 
Intermediate Filaments Are Cross-Linked and Bundled Into Strong 

Arrays 
Cross-Linking Proteins with Distinct Properties Organize Different 

Actin Assemblies 

Severing Proteins Regulate the Length and Kinetic Behavior of Actin 
Filaments and Microtubules 

Cytoskeletal Elements Can Attach to the Plasma Membrane 
Special Bundles of Cytoskeletal Filaments Form Strong Attachments 

Across the Plasma Membrane: Focal Contacts, Adhesion Belts, and 
Desmosomes 

Extracellular Signals Can Induce Major Cytoskeletal Rearrangements 
Summary 

MOLECULAR MOTORS 

Actin-Based Motor Proteins Are Members of the Myosin Superfamily 
There Are Two Types of Microtubule Motor Proteins: Kinesins and 

Dyneins 
The Structural Similarity of Myosin and Kinesin Indicates a Common 

Evolutionary Origin 
Motor Proteins Generate Force by Coupling ATP Hydrolysis to 

Conformational Changes 
Motor Protein Kinetics Are Adapted to Cell Functions 
Motor Proteins Mediate the Intracellular Transport of 

Membrane-Enclosed Organeltes 
Motor Proteln Function Can Be Regulated 
Muscle Contraction Depends on the Sliding of Myosin II and Actin 

Filaments 
Muscle Contraction Is Initiated by a Sudden Rise in Cytosolic 

Ca2+ Concentration 
Heart Muscle Is a Precisely Engineered Machine 
Cilia and Flagella Are Motile Structures Built from Microtubules and 

Dyneins 
Summary 

THE CYTOSKELETONAND CELL BEHAVIOR 

Mechanisms of Cell Polarization Can Be Readily Analyzed in Yeast Cells 
Specific RNA Molecules Are Localized by the Cytoskeleton 
Many Cells Can Crawl Across A Solid Substratum 
Plasma Membrane Protrusion Is Driven by Actin Polymerization 
Cell Adhesion and Traction Allow Cells to Pull Themselves Forward 
External Signals Can Dictate the Direction of Cell Migration 
The Complex Morphological Specialization of Neurons Depends on 

The Cytoskeleton 
Summary 
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CHAPTER 17 THE CELL CYCLE AND PROGRAMMED 
CELL DEATH 983 

AN OVERVIEW OF THE CELL CYCLE 

The Cell-Cycle Control System Is Similar in All Eucaryotes 
The Cell-Cycle Control System Can Be Dissected Genetically in Yeasts 
The Cell-Cycle Control System Can Be Analyzed Biochemically in 

Anlmal Embryos 
The Cell-Cycle Control System in Mammals Can Be Studied in Culture 
Cell•Cycle Progression Can Be Studied in Various Ways 
Summary 

COMPONENTS OF THE CELL-CYCLE CONTROL SYSTEM 

The Cell-Cycle Control System Triggers the Major Processes of the 
Cell Cycle 
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Kinases 
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and by Inhibitory Proteins 
The Cell-Cycle Control System Depends on Cyclical Proteolysis 
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Summary 

INTRACELLULAR CONTROL OF CELL-CYCLE EVENTS 

S-Phase Cydin-Cdk Complexes (S-Cdks) Initiate DNA Replication 
Once Per Cycle 

The Activation of M-Phase Cyclin-Cdk Complexes (M-Cdks) Triggers 
Entry into Mitosis 
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Entry into Mitosis Is Blocked by Incomplete DNA Replication: 
The DNA Replication Checkpoint 

M-Cdk Prepares the Duplicated Chromosomes for Separation 
Sister Chromatid Separation Is Triggered by Proteolysis 
Unattached Chromosomes Block Sister-Chromatid Separation: 

The Spindle-Attachment Checkpoint 
Exit from Mitosis Requires the Inactivation of M-Cdk 
The G1 Phase ls a State of Stable Cdk Inactivity 
The Rb Protein Acts as a Brake in Mammalian GI Cells 
Cell-Cycle Progression Is Somehow Co-ordinated With Cell Growth 

Cell-Cycle Progression is Blocked by DNA Damage and p53: DNA 

Damage Checkpoints 
Summary 

PROGRAMMED CELL DEATH (APOPTOSIS) 

Apoptosis Is Mediated by an Intracellular Proteolytic Cascade 
Procaspases Are Activated by Binding to Adaptor Proteins 

Bcl-2 Family Proteins and IAP Proteins Are the Main Intracellular 
Regulators of the Cell Death Program 

Summary 

EXTRACELLULAR CONTROL OF CELL DIVISION, 
CELL GROWTH,AND APOPTOSIS 

Mitogens Stimulate Cell Division 
Cells Can Delay Division by Entering a Specialized Nondividing State 

Mitogens Stimulate G 1-Cdk and G 1/S-CdkActivities 
Abnormal Proliferation Signals Cause Cell-Cycle Arrest or Cell Death 
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They Can Divide 
Extracellu Jar Growth Factors Stimulate Cell Growth 
Extracellular Survival Factors Suppress Apoptosis 
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Many Types of Normal Animal Cells Need Anchorage to Grow 

and Proliferate 
Some Extracellular Signal Proteins Inhibit Cell Growth, Cell Division, 

and Survival 
Intricately Regulated Patterns of Cell Division Generate and Maintain 

Body Form 
Summary 
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CHAPTER 18 THE MECHANICS OF CELL DIVISION 1027 

AN OVERVIEW OF M PHASE 

Cohesins and Condensins Help Configure Replicated Chromosomes 

for Segregation 
Cytoskeletal Machines Perform Both Mitosis and Cytokinesis 
Two Mechanisms Help Ensure That Mitosis Always Precedes 

Cytokinesis 
M Phase in Animal Cells Depends on Centrosome Duplication in the 

Preceding lnterphase 
M Phase Is Traditionally Divided into Six Stages 
Summary 

MITOSIS 

Microtubule Instability Increases Greatly at M Phase 
Interactions Between Opposing Motor Proteins and Microtubules 

of Opposite Polarity Drive Spindle Assembly 
Kinetochores Attach Chromosomes to the Mitotic Spindle 
Microtubules Are Highly Dynamic in the Metaphase Spindle 
Functional Bipolar Spindles Can Assemble Around Chromosomes 

in Cells Without Centrosomes 
Anaphase Is Delayed Until All Chromosomes Are Positioned 

at the Metaphase Plate 

Sister Chromatids Separate Suddenly at Anaphase 
Kinetochore Microtubules Disassemble at Both Ends During 

AnaphaseA 
Both Pushing and Pulling Forces Contribute to Anaphase B 
AtTelophase, the Nuclear Envelope Re.forms Around Individual 
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Summary 

CYTOKINESIS 

The Microtubules of the Mitotic Spindle Determine the Plane of 

Animal Cell Division 
Some Cells Reposition Their Spindle to Divide Asymmetrically 
Actin and Myosin II in the Contractile Ring Generate the Force for 

Cyrokinesis 
Membrane-Enclosed Organelles Must Be Distributed to Daughter Cells 

During Cytokinesis 
Mitosis Can Occur Without Cytokinesis 
The Phragmoplast Guides Cytokinesis in Higher Plants 

The Elaborate M Phase of Higher Organisms Evolved Gradually from 

Procaryotic Fission Mechanisms 
Summary 
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CHAPTER 19 CELL JUNCTIONS, CELL ADHESION, AND THE 

EXTRACELLULAR MATRIX 1065 

CELL JUNCTIONS 

Occluding Junctions Form a Selective Permeability Barrier Across 
Epithelial Cell Sheets 

Anchoring Junctions Connect the Cytoskeleton of a Cell Either to the 

Cytoskeleton of Its Neighbors or to the Extracellular Matrix 
Adherens Junctions Connect Bundles of Actin Filaments from Cell 
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Desmosomes Connect Intermediate Filaments from Cell to Cell 
Anchoring Junctions Formed by lntegrins Bind Cells to the 
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Gap Junctions Allow Small Molecules to Pass Directly from Cell to Cell 
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The Permeability of Gap Junctions Can Be Regulated 
In Plants, Plasmodesmata Perform Many of the Same Functions as 

Gap Junctions 
Summary 

CELL-CELL ADHESION 

Animal Cells Can Assemble into Tissues Either in Place or After 
They Migrate 

Dissociated Vertebrate Cells Can Reassemble into Organized Tissues 

Through Selective Cell-Cell Adhesion 
Cadherins Mediate Ca2+ •Dependent Cell-Cell Adhesion 
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Figure 6-6 RNA can fold into specific structures. RNA is largely single-stranded, but it often contains short 
stretches of nucleotides that can form conventional base-pairs with complementary sequences found elsewhere 
on the same molecule. These interactions, along with additional "nonconventional" base-pair interactions, allow an 
RNA molecule to fold into a three-dimensional structure that is determined by its sequence of nucleotides. 
(A) Diagram of a folded RNA structure showing only conventional base-pair interactions; (B) structure with both 
conventional (red) and nonconvencional (green) base-pair interactions; (C) structure of an actual RNA, a portion of 
a group I intron (see Figure 6--36). Each conventional base-pair interaction is indicated by a " rung" in the double 
helix. Bases in other configurations are indicated by broken rungs. 

relatively short time, the synthesis of additional RNA molecules being started 
before the first RNA is completed (Figure 6-9). When RNA polymerase molecules 
follow hard on each other's heels in this way, each moving at about 20 
nucleotides per second (the speed in eucaryotes), over a thousand transcripts 
can be synthesized in an hour from a single gene. 

Although RNA polymerase catalyzes essentially the same chemical reaction 
as DNA polymerase, there are some important differences between the two 
enzymes. First, and most obvious, RNA polymerase catalyzes the linkage of 
ribonucleotides, not deoxyribonucleotides. Second, unlike the DNA polymerases 
involved in DNA replication, RNA polymerases can start an RNA chain without 
a primer. This difference may exist because transcription need not be as accu­
rate as ONA replication (see Table 5-1, p. 243). Unlike DNA, RNA does not per­
manently store genetic information in cells. RNA polymerases make about one 
mistake for every 104 nucleotides copied into RNA (compared with an error rate 
for direct copying by DNA polymerase of about one in 107 nucleotides), and the 
consequences of an error in RNA transcription are much less significant than 
that in DNA replication. 

Although RNA polymerases are not nearly as accurate as the DNA poly­
merases that replicate DNA, they nonetheless have a modest proofreading 
mechanism. If the incorrect ribonucleotide is added to the growing RNA chain, 
the polymerase can back up, and the active site of the enzyme can perform an 
excision reaction that mimics the reverse of the polymerization reaction, except 
that water instead of pyrophosphate is used (see Figure 5-4). RNA polymerase 
hovers around a misincorporated ribonucleotide longer than it does for a cor­
rect addition, causing excision to be favored for incorrect nucleotides. However, 
RNA polymerase also excises many correct bases as part of the cost for improved 
accuracy. 

Cells Produce Several Types of RNA 

The majority of genes carried in a ce!J's DNA specify the amino acid sequence of 
proteins; the RNA molecules that are copied from these genes (which ultimately 
direct the synthesis of proteins) are called messenger RNA (mRNA) molecules. 

304 Chapter 6 : HOW CELLS READ THE GENOME: FROM DNA TO PROTEIN 
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The final product of a minority of genes, however, is the RNA itself. Careful 
analysis of the complete DNA sequence of the genome of the yeast S. cerevisiae 
has uncovered well over 750 genes (somewhat more than 10% of the total num­
ber of yeast genes) that produce RNA as their final product, although this num­
ber includes multiple copies of some highly repeated genes. These RNAs, like 
proteins, serve as enzymatic and structural components for a wide variety of 
processes in the cell. In Chapter 5 we encountered one of those RN As, the tem­
plate carried by the enzyme telomerase. Although not all of their functions are 
known, we see in this chapter that some small nuclear RNA (snRNA) molecules 
direct the splicing of pre-mRNA to form mRNA, that ribosomal RNA (rRNA) 
molecules form the core of ribosomes, and that transfer RNA (tRNA) molecules 
form the adaptors that select amino acids and hold them in place on a ribosome 
for incorporation into protein (Table 6-1). 

Each transcribed segment of DNA is called a transcription unit. In eucary­
otes, a transcription unit typically carries the information of just one gene, and 
therefore codes for either a single RNA molecule or a single protein (or group of 
related proteins if the initial RNA transcript is spliced in more than one way to 
produce different mRNAs). In bacteria, a set of adjacent genes is often trans­
cribed as a unit; the resulting mRNA molecule therefore carries the information 
for several distinct proteins. 

Overall, RNA makes up a few percent of a cell's dry weight. Most of the RNA 
in cells is rRNA; mRNA comprises only 3-5% of the total RNA in a typical mam­
malian cell. The mRNA population is made up of tens of thousands of different 
species, and there are on average only 10-15 molecules of each species of mRNA 
present in each cell. 

Figure 6-9 Transcriptio n of two ge nes as observed under the 
electron microscope. The micrograph shows many molecules of RNA 
polymerase simultaneously transcribing each of two adjacent genes. 
Molecules of RNA polymerase are visible as a series of dots along the DNA 
with the newly synthesized transcripts (fine threads) attached to them. The 
RNA molecules (ribosomal RNAs) shown in this example are not translated 
into protein but are instead used directly as components of ribosomes, the 
machines on which translation takes place. The particles at the 5' end (the 
free end) of each rRNA transcript are believed to reflect the beginnings of 
ribosome assembly. From the lengths of the newly synthesized transcripts. it 
can be deduced that the RNA polymerase molecules are transcribing from 
left to right. (Courtesy of Ulrich Scheer.) 

FROM DNA TO RNA 

Figure 6-8 DNA is transcribed by 
the enzyme RNA polyme rase. The 
RNA polymerase (pale blue) moves 
stepwise along the DNA, unwinding the 
DNA helix at its active site. As it 
progresses, the polymerase adds 
nucleotides (here. small 'T' shapes) one by 
one to the RNA chain at the 
polymerization site using an exposed 
DNA strand as a template. The RNA 
transcript is thus a single-stranded 
complementary copy of one of the two 
DNA strands. The polymerase has a 
rudder (see Figure 6-1 I) that displaces 
the newly formed RNA. allowing the two 
strands of DNA behind the polymerase to 
rewind.A short region of DNA/RNA helix 
(approximately nine nucleotides in length) 
is therefore formed only transiently. and a 
"window" of DNA/RNA helix therefore 
moves along the DNA with the 
polymerase. The incoming nucleotides are 
in the form of ribonucleoside 
triphosphates (ATP. UTP. CTP. and GTP), 
and the energy stored in their 
phosphate-phosphate bonds provides the 
driving force for the polymerization 
reaction (see Figure 5-4). (Adapted from a 
figure kindly supplied by Robert Landick.) 

305 



Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 499 of 653

TABLE 6-1 Principal Types of RNAs Produced in Cells 

TYPE OF RNA 

mRNAs 
rRNAs 

tRNAs 

snRNAs 

snoRNAs 

Other noncoding 
RNAs 

FUNCTION 

messenger RNAs, code for proteins 
ribosomal RNAs, form the basic structure of the 

ribosome and catalyze protein synthesis 
transfer RNAs, central to protein synthesis as adaptors 

between mRNA and amino acids 
small nuclear RNAs, function in a variety of nuclear 

processes, including the splicing of pre-mRNA 
small nucleolar RNAs, used to process and chemically 

modify rRNAs 
function in diverse cellular processes, including 

telomere synthesis, X-chromosome inactivation, 
and the transport of proteins into the ER 

Signals Encoded in DNA Tell RNA Polymerase Where 
to Start and Stop 

To transcribe a gene accurately, RNA polymerase must recognize where on the 
genome to start and where to finish. The way in which RNA polymerases per­
form these tasks differs somewhat between bacteria and eucaryotes. Because 
the process in bacteria is simpler, we look there first. 

The initiation of transcription is an especially important step in gene expres­
sion because it is the main point at which the cell regulates which proteins are 
to be produced and at what rate. Bacterial RNA polymerase is a multisubunit 
complex. A detachable subunit, called sigma (a) factor, is largely responsible for 
its abiliry to read the signals in the DNA that tell it where to begin transcribing 
(Figure 6-10). RNA polymerase molecules adhere only weakly to the bacterial 
DNA when they collide with it, and a polymerase molecule typically slides 
rapidly along the long DNA molecule until it d issociates again. However, when 
the polymerase slides into a region on the DNA double helix called a promoter, 
a special sequence of nucleotides indicating the starting point for RNA synthe­
sis, it binds tightly to it. The polymerase, using its o factor, recognizes this DNA 
sequence by making specific contacts with the portions of the bases that are 
exposed on the outside of the helix (Step 1 in Figure 6-10). 

After the RNA polymerase binds tightly to the promoter DNA in this way, it 
opens up the double helix to expose a short stretch of nucleotides on each 
strand (Step 2 in Figure 6-10). Unlike a DNA helicase reaction (see Figure 5-15), 
this limited opening of the helix does not require the energy of ATP hydrolysis. 
Instead, the polymerase and DNA both undergo reversible structural changes 
that result in a more energetically favorable state. With the DNA unwound, one 
of the two exposed DNA strands acts as a template for complementary base­
pairing with incoming ribonucleotides (see Figure 6-7), two of which are joined 
together by the polymerase to begin an RNA chain. After the first Len or so 
nucleotides of RNA have been synthesized (a relatively inefficient process dur­
ing which polymerase synthesizes and discards short nucleotide oligomers), the 
o factor relaxes its tight hold on the polymerase and evenutally dissociates from 
it. During tllis process, the polymerase undergoes additional structural changes 
that enable it to move forward rapidly, transcribing without the o factor (Step 4 
in Figure 6-10). Chain elongation continues (at a speed of approximately 50 
nucleotides/sec for bacterial RNA polymerases) until the enzyme encounters a 
second signal in the DNA, the terminator (described below), where the poly­
merase halts and releases both the DNA template and the newly made RNA 
chain (Step 7 in Figure 6-10). After the polymerase has been released at a termi­
nator, it reassociates with a free o factor and searches for a new promoter, where 
it can begin the process of transcription again. 

Several structural features of bacterial RNA polymerase make it particularly 
adept at performing the transcription cycle just described. Once the o factor 
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positions the polymerase on the promoter and the template DNA has been 
unwound and pushed lo the active site, a pair of moveable jaws is thought to 
clamp onto the DNA (Figure 6- 1 l ). When the first 10 nucleotides have been 
transcribed, the dissociation or cr allows a flap at the back of the polymerase to 

rudder site of nucleotide newly synthesized 
RNA transcript 

rudder template 
DNA 
strand 

Figure 6-10 The transcription cycle 
of bacterial RNA polymerase. In step 
I , the RNA polymerase holoenzyme ( core 
polymerase plus cr factor) forms and then 
locates a promoter (see Figure 6-12). The 
polymerase unwinds the DNA at the 
position at which transcription is to begin 
(step 2) and begins transcribing (step 3). 
This initial RNA synthesis (sometimes 
called "abortive initiation") is relatively 
inefficient. However, once RNA 
polymerase has managed to synthesize 
about IO nucleotides of RNA, cr relaxes its 
grip, and the polymerase undergoes a 
series of conformational changes (which 
probably includes a tightening of its jaws 
and the placement of RNA in the exit 
channel [see Figure 6-11)).The 
polymerase now shifts to the elongation 
mode of RNA synthesis (step 4), moving 
rightwards along the DNA in this diagram. 
During the elongation mode (step 5) 
transcription is highly processive, with the 
polymerase leaving the DNA template and 
releasing the newly transcribed RNA only 
when it encounters a termination signal 
(seep 6). Termination signals are encoded 
in DNA and many function by forming an 
RNA structure chat destabilizes the 
polymerase's hold on the RNA, as shown 
here. In bacteria, all RNA molecules are 
synthesized by a single type of RNA 
polymerase and the cycle depicted in the 
figure therefore applies to the production 
of mRNAs as well as structural and 
catalytic RNAs. (Adapted from a figure 
kindly supplied by Robert Landick.) 

./p~th of 
// downstream 

direction of transcription 

RNA in shon 
DNA/RNA helix 

.. DNA helix 

__ ... -····· 

displaced non­
template DNA 
strand 

Figure 6-11 The structure of a bacterial RNA polymerase. Two depictions of the three-dimensional 
structure of a bacterial RNA polymerase, with the DNA and RNA modeled in. This RNA polymerase is 
formed from four different subunits, indicated by different colors (right). The DNA strand used as a template 
is red, and the non-template strand is yellow. The rudder wedges apart the DNA- RNA hybrid as the 
polymerase moves. For simplicity only the polypeptide backbone of the rudder is shown in the right-hand 
figure, and the DNA exiting from the polymerase has been omitted. Because the RNA polymerase is depicted 
in the elongation mode, the cr factor is absent. (Courtesy of Seth Darst.) 
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close to form an exit tunnel through which the newly made RNA leaves the 
enzyme. With the polymerase now functioning in its elongation mode, a rudder­
like structure in the enzyme continuously pries apart the DNA-RNA hybrid 
formed. We can view the series of conformational changes that takes place dur­
ing transcription initiation as a successive tightening of the enzyme around the 
DNA and RNA to ensure that it does not dissociate before it has finished tran­
scribing a gene. If an RNA polymerase does dissociate prematurely, it cannot 
resume synthesis but must start over again at the promoter. 

How do the signals in the DNA (termination signals) stop the elongating 
polymerase? For most bacterial genes a termination signal consists of a string of 
A-T nucleotide pairs preceded by a two-fold symmetric DNA sequence, which, 
when transcribed into RNA, folds into a "hairpin" structure through 
Watson-Crick base-pairing (see Figure 6-10). As the polymerase transcribes 
across a terminator, the hairpin may help to wedge open the movable flap on the 
RNA polymerase and release the RNA transcript from the exit tunnel. At the 
same time, the DNA-RNA hybrid in the active site, which is held together pre­
dominantly by U-A base pairs (which are less stable than G-C base pairs 
because they form two rather than three hydrogen bonds per base pair), is not 
sufficiently strong enough to hold the RNA in place, and it dissociates causing 
the release of the polymerase from the DNA, perhaps by forcing open its jaws. 
Thus, in some respects, transcription termination seems to involve a reversal of 
the structural transitions that happen during initiation. The process of termina­
tion also is an exam pie of a common theme in this chapter: the ability of RNA to 
fold into specific structures figures prominantly in many aspects of decoding the 
genome. 

Transcription Start and Stop Signals Are Heterogeneous 
in Nucleotide Sequence 

As we have just seen, the processes of transcription initiation and termination 
involve a complicated series of structural transitions in protein, DNA, and RNA 
molecules. It is perhaps not surprising that the signals encoded in DNA that 
specify these transitions are difficult for researchers to recognize. Indeed, a com­
parison of many different bacterial promoters reveals that they are heteroge­
neous in DNA sequence. Nevertheless, they all contain related sequences, 
reflecting in part aspects of the DNA that are recognized directly by the CJ factor. 
These common features are often summarized in the form of a consensus 
sequence (Figure 6-12). In general, a consensus nucleotide sequence is derived 
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Figure 6-12 Consensus sequence for 
the major class of E. coli promoters. 
(A) The promoters are characterized by 
two hexameric DNA sequences, the -35 
sequence and the - 10 sequence named 
for their approximate location relative to 
the start point of transcription (designated 
+I). For convenience, the nucleotide 
sequence of a single strand of DNA is 
shown; in reality the RNA polymerase 
recognizes the promoter as double­
stranded DNA On the basis of a 
comparison of 300 promoters, the 
frequencies of the four nucleotides at each 
position in the -35 and -IO hexamers are 
given. The consensus sequence, shown 
below the graph, reflects the most 
common nucleotide found at each 
position in the collection of promoters. 
The sequence of nucleotides between the 
-35 and -10 hexamers shows no 
significant similarities among promoters. 
(B) The distribution of spacing between 
the -35 and -IO hexamers found in E.coli 
promoters. The information displayed in 
these two graphs applies to E. coli 
promoters that are recognized by RNA 
polymerase and the major cr factor 
(designated cr70).As we shall see in the 
next chapter, bacteria also contain minor 
cr factors, each of which recognizes a 
different promoter sequence. Some 
particularly strong promoters recognized 
by RNA polymerase and cr70 have an 
additional sequence, located upstream (to 
the left, in the figure) of the - 35 hexamer, 
which is recognized by another subunit of 
RNA polymerase. 
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Figure 6-13 The importance of RNA polymerase orientation. The 
DNA strand serving as template must be traversed in a 3' to 5' direction, as 
illustrated in Figure 6-9. Thus, the direction of RNA polymerase movement 
determines which of the two DNA strands is to serve as a template for the 
synthesis of RNA, as shown in (A) and (B). Polymerase direction is, in turn, 
determined by the orientation of the promoter sequence, the site at which 
the RNA polymerase begins transcription. 

by comparing many sequences with the same basic function and tallying up the 
most common nucleotide found at each position. It therefore serves as a sum­
mary or "average" of a large number of individual nucleotide sequences. 

One reason that individual bacterial promoters differ in DNA sequence is 
that the precise sequence determines the strength (or number of initiation 
events per unit time) of the promoter. Evolutionaty processes have thus fine­
tuned each promoter to initiate as often as necessary and have created a wide 
spectrum of promoters. Promoters for genes that code for abundant proteins are 
much stronger than those associated with genes that encode rare proteins, and 
their nucleotide sequences are responsible for these differences. 

Like bacterial promoters, transcription terminators also include a wide 
range of sequences, with the potential to form a simple RNA structure being the 
most important common feature. Since an almost unlimited number of 
nucleotide sequences have this potential, terminator sequences are much more 
heterogeneous than those of promoters. 

We have discussed bacterial promoters and terminators in some detail to 
illustrate an important point regarding the analysis of genome sequences. 
Although we know a great deal about bacterial promoters and terminators and 
can develop consensus sequences that summarize their most salient features, 
their variation in nucleotide sequence makes it difficult for researchers (even 
when aided by powerful computers) to definitively locate them simply by 
inspection of the nucleotide sequence of a genome. When we encounter analo­
gous types of sequences in eucaryotes, the problem of locating them is even 
more difficult. Often, additional information, some of it from direct experimen­
tation, is needed to accurately locate d1e short DNA signals contained in 
genomes. 

Promoter sequences are asymmetric (see Figure 6-12), and this feature has 
important consequences for their arrangement in genomes. Since DNA is dou­
ble-stranded, two different RNA molecules could in principle be transcribed 
from any gene, using each of the two DNA strands as a template. However a gene 
typically has only a single promoter, and because the nucleotide sequences of 
bacterial (as well as eucaryotic) promoters are asymmetric the polymerase can 
bind in only one orientation. The polymerase thus has no option but to tran­
scribe the one DNA strand, since it can synthesize RNA only in the 5' to 3' direc­
tion (Figure 6-13). The choice of template strand for each gene is therefore 
determined by the location and orientation of the promoter. Genome sequences 
reveal that d1e DNA strand used as the template for RNA synthesis varies from 
gene to gene (Figure 6-14; see also Figure 1-31). 

I laving considered transcription in bacteria, we now turn to the situation in 
eucaryotes, where the synthesis of RNA molecules is a much more elaborate 
affair. 

Transcription Initiation in Eucaryotes Requires Many Proteins 

In contrast to bacteria, which contain a single type of RNA polymerase, eucary­
otic nuclei have three, called RNA polymerase I, RNA polymerase TT, and RNA 
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Figure 6-14 Directions of 
transcription along a short portion 
of a bacterial chromosome. Some 
genes are transcribed using one DNA 
strand as a template, while others are 
transcribed using the other DNA strand. 
The direction of transcription is 
determined by the promoter at the 
beginning of each gene (green arrowheads) . 
Approximately 0.2% (9000 base pairs) of 
the £ coli chromosome is depicted here . 
The genes transcribed from le~ to right 
use the bottom DNA strand as the 
template; those transcribed from right to 
/e~ use the top strand as the template. 

309 



Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 503 of 653

TABLE 6-2 The Three RNA Polyme rases in Eucaryotic C e lls 

TYPE OF POLYMERASE 

RNA polymerase I 
RNA polymerase II 

RNA polymerase III 

GENES TRANSCRIBED 

5.8S, 18S, and 28S rRNA genes 
all protein-coding genes, plus snoRNA genes 

and some snRNA genes 
LRNA genes, 5S rRNA genes, some snRNA genes 

and genes for Olher small RNAs 

polymerase Ill. The three polymerases arc structurally similar to one another 
(and to the bacterial enzyme). They share some common subunits and many 
structural features, but they transcribe different types of genes (Table 6-2). RNA 
polymerases I and Ill transcribe the genes encoding transfer RNA, ribosomal 
R A, and various small RNAs. RNA polymerase II transcribes the vast majority 
of genes, including all those that encode proteins, and our subsequent discus­
sion therefore focuses on this enzyme. 

Although eucaryotic RNA polymerase II has many structural similarities to 
bacterial RNA polymerase (Figure 6-15). there are several important differences 
in the way in which the bacterial and eucaryotic enzymes function, two of which 
concern us immediately. 

I. While bacterial RNA polymerase (with cr factor as one of its subunits) is 
able to initiate transcription on a DNA template in 11itro without the help 
of additional proteins, eucaryotic RNA polymerases cannot. They require 
the help of a large set of proteins called general transcription factors, which 
must assemble at the promoter with the polymerase before the poly­
merase can begin transcription. 

2. Eucaryotic transcription initiation must deal with the packing of DNA into 
nucleosomes and higher order forms of chromatin structure, features 
absent from bacterial chromosomes. 

RNA Po lymerase II Requires Gene ral Transcription Factors 

The discovery that, unlike bacterial RNA polymerase, purified eucaryotic RNA 
polymerase II could not initiate transcription i11 vitro led Lo the discovery and 
purification of the additional factors required for this process. These general 
transcription factors help to position the RNA polymerase correctly at the pro­
moter, aid in pulling apart the two strands of DNA to allow transcription to 
begin, and release RNA polymerase from the promoter into the elongation mode 
once transcription has begw1. The proteins are "general" because they assemble 
on all promoters used by RNA polymerase II; consisting of a set of interacting 
proteins, they are designated as TFII (for transcription factor for polymerase II). 
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Figure 6-15 Structural similarity 
be tween a bacte rial RNA 
polymerase and a eucaryotic RNA 
polymerase II. Regions of the two RNA 
polymerases that have similar structures 
are indicated in green. The eucaryotic 
polymerase is larger than the bacterial 
enzyme ( 12 subunits instead of 5). and 
some of the additional regions are shown 
in gray. The blue spheres represent Zn 
atoms that serve as structural 
components of the polymerases, and the 
red sphere represents the Mg atom 
present at the active site, where 
polymerization takes place. The RNA 
polymerases in all modern-day cells 
(bacteria, archaea, and eucaryotes) are 
closely related, indicating that the basic 
features of the enzyme were in place 
before the divergence of the three major 
branches of life. (Courtesy of P. Cramer 
and R. Kornberg.) 
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Figure 6-16 Initiation of transcription of a eucaryotic gene by RNA 
polymerase II. To begin transcription. RNA polymerase requires a number 
of general transcription factors (called TFIIA.TFIIB. and so on). (A) The 
promoter contains a DNA sequence called the TATA box, which is located 
25 nucleotides away from the site at which transcription is initiated. (B) The 
TATA box is recognized and bound by transcription factor TFIID, which then 
enables the adjacent binding ofTFIIB (C). For simplicity the DNA distortion 
produced by the binding ofTFIID (see Figure 6-18) is not shown. (D) The 
rest of the general transcription factors. as well as the RNA polymerase 
itself, assemble at the promoter. (E) TFIIH then uses ATP to pry apart the 
DNA double helix at the transcription start point. allowing transcription to 
begin. TFIIH also phosphorylates RNA polymerase II, changing its 
conformation so that the polymerase is released from the general factors 
and can begin the elongation phase of transcription.As shown. the site of 
phosphorylation is a long C-terminal polypeptide tail that extends from the 
polymerase molecule. The assembly scheme shown in the figure was 
deduced from experiments performed in vitro. and the exact order in which 
the general transcription factors assemble on promoters in cells is not 
known with certainty. In some cases. the general factors are thought to first 
assemble with the polymerase. with the whole assembly subsequently 
binding to the DNA in a single step. The general transcription factors have 
been highly conserved in evolution; some of those from human cells can be 
replaced in biochemical experiments by the corresponding factors from 
simple yeasts. 

and listed as TFTJA, TFIIB, and so on. In a broad sense, the eucaryotic general 
transcription factors carry out functions equivalent to those of the o factor in 
bacteria. 

Figure 6-16 shows how the general transcription factors assemble in vitro at 
promoters used by RNA polymerase IL The assembly process starts with the 
binding of the general transcription factor TFIID to a short double-helical DNA 
sequence primarily composed of T and A nucleotides. For this reason, this 
sequence is known as the TATA sequence, or TATA box, and the subunit ofTFII D 
that recognizes it is called TBP (for TATA-binding protein). The TATA box is typi­
cally located 25 nucleotides upstream from the transcription start site. It is not 
the only DNA sequence that signals the start of transcription (Figure 6-17), but 

transcription 
start point 

-35 -30 r +30 --BRE TATA INR DPE 

consensus general 
element 

sequence transcription 
factor 

BRE G/C G/C G/A CG CC TFIIB 

TATA TATAA/TAA/T TBP 

INR CIT CIT A N T/A CIT CIT TFIID 

DPE NGGA/TCGTG TFIID 

Figure 6-17 Consensus sequences found in the vicinity of e ucaryotic RNA 
polymerase II start points. The name given to each consensus sequence mrsr 
column) and the general transcription factor that recognizes it (last column) are 
indicated. N indicates any nucleotide, and two nucleotides separated by a slash 
indicate an equal probability of either nucleotide at the indicated position. In reality, 
each consensus sequence is a shorthand representation of a histogram similar to that 
of Figure 6-12. For most RNA polymerase II transcription start points, only two or 
three of the four sequences are present. For example, most polymerase II promoters 
have a TATA box sequence, and those that do not typically have a "strong" INR 
sequence. Although most of the DNA sequences that influence transcription initiation 
are located "upstream" of the transcription start point. a few, such as the OPE shown 
in the figure, are located in the transcribed region. 
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for most polymerase II promoters, it is the most important. The binding ofTFIID 
causes a large distortion in the DNA of the TATA box (Figure 6-18). This distor­
tion is thought to serve as a physical landmark for the location of an active pro­
moter in the midst of a very large genome, and it brings DNA sequences on both 
sides of the distortion together to allow for subsequent protein assembly steps. 
Other factors are d1en assembled, along with RNA polymerase II, to form a com­
plete transcription initiation complex (sec Figure 6-16). 

After RNA polymerase II has been guided onto the promoter DNA to form a 
transcription initiation complex, it must gain access to the template strand at 
the transcription start point. This step is aided by one of the general transcrip­
tion factors, TFIIH, which contains a DNA helicase. Next, like the bacterial poly­
merase, polymerase II remains at the promoter, synthesizing short lengths of 
RNA until it undergoes a conformational change and is released to begin tran­
scribing a gene. A key step in this release is the addition of phosphate groups to 
the "tail" of the RNA polymerase (known as the CTD or C-terminal domain). This 
phosphorylation is also catalyzed byTFIIH, which, in addition to a helicase, con­
tains a protein kinase as one of its subunits (see Figure 6-16, D and E). The poly­
merase can then disengage from the cluster of general transcription factors, 
undergoing a series of conformational changes that tighten its interaction with 
DNA and acquiring new proteins that allow it to transcribe for long distances 
without dissociating. 

Once the polymerase II has begun elongating the RNA transcript, most of 
the general transcription factors are released from the DNA so that they are 
available to initiate another round of transcription with a new RNA polymerase 
molecule. As we see shortly, the phosphorylation of the tail of RNA polymerase 
II also causes components of the RNA processing machinery to load onto the 
polymerase and thus be in position to modify the newly transcribed RNA as it 
emerges from the polymerase. 

Polymerase II Also Requires Activator, Mediator, and 
Chromatin-modifying Proteins 

The model for transcription initiation just described was established by study­
ing the action of RNA polymerase II and its general transcription factors on 
purified DNA templates in vitro. However, as discussed in Chapter 4, DNA in 
eucaryotic cells is packaged into nucleosomes, which are further arranged in 
higher-order chromatin structures. As a result, transcription initiation in a 
eucaryotic cell is more complex and requires more proteins than it does on puri­
fied DNA. First, gene regulatory proteins known as 1ra11scriptional activators 
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Figure 6-18 Three-dimensional 
structure ofTBP (TATA-binding 
protein) bound to DNA. The TBP is 
the subunit of the general transcription 
factor TFIID that is responsible for 

recognizing and binding to the TATA box 
sequence in the DNA (red). The unique 
DNA bending caused by TBP-two kinks 

in the double helix separated by partly 
unwound DNA-may serve as a landmark 
that helps to attract the other general 
transcription factors. TBP is a single 

polypeptide chain that is folded into two 
very similar domains (blue and green). 
(Adapted from J.L K,m et al .. Nature 
365:520-527. 1993.) 
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especially those encoding ribosomal proteins. They are therefore synthesized by 
RNA polymerase 11 and processed from excised intron sequences. 

The Nucleolus Is a Ribosome-Producing Factor y 

The nucleolus is the most obvious structure seen in the nucleus of a eucaryotic 
cell when viewed in the light microscope. Consequently, it was so closely scruti­
nized by early cytologists that an 1898 review could list some 700 references. We 
now know that the nucleolus is the site for the processing of rRNAs and their 
assembly into ribosomes. Unlike other organelles in the cell, it is not bound by a 
membrane (Figure 6-44); instead, it is a large aggregate of macromolecules, 
including the rRNA genes themselves, precursor rRNAs, mature rRNAs, rRNA­
processing enzymes, snoRNPs, ribosomal protein subunits and partly assembled 

peripheral heterochromatin 
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Figure 6-43 Modifications of the 
precursor rRNA by guide RNAs. 
(A) Two prominent covalent modifications 
occur after rRNA synthesis; the 
differences from the initially incorporated 
nucleotide are indicated by red atoms. 
(B) As indicated. snoRNAs locate the sites 
of modification by base-pairing to 
complementary sequences on the 
precursor rRNA The snoRNAs are bound 
to proteins, and the complexes are called 
snoRNPs. snoRNPs contain the RNA 
modification activities, presumably 
contributed by the proteins but possibly 
by the snoRNAs themselves. 

Figure 6-44 Electron micrograph of 
a thin section of a nucleolus in a 
human fibroblast, showing its three 
distinct zones. (A) View of entire 
nucleus. (B) High-power view of the 
nucleolus. It is believed that transcription 
of the rRNA genes cakes place between 
the fibrillar center and the dense fibrillar 
component and that processing of the 
rRNAs and their assembly into ribosomes 
proceeds outward from the dense fibrillar 
component to the surrounding granular 
components. (Courtesy of E.G. Jordan 
and J. McGoverh.) 
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Figure 6-45 Changes in the appearance of the nucleolus in a 
human cell during the cell cycle. Only the cell nucleus is represented in 
this diagram. In most eucaryotic cells the nuclear membrane breaks down 
during mitosis. as indicated by the dashed circles. 

ribosomes. The close association of all these components presumably allows the 
assembly of ribosomes to occur rapidly and smoothly. 

It is not yet understood how the nucleolus is held together and organized, 
but various types of RNA molecules play a central part in its chemistry and 
structure, suggesting that the nucleolus may have evolved from an ancient 
structure present in cells dominated by RNA catalysis. In present-day cells, the 
rRNA genes also have an important role in forming the nucleolus. ln a diploid 
human cell, the rRNA genes are distributed into 10 clusters, each of which is 
located near the tip of one of the two copies of five different chromosomes (see 
Figure 4-11). Each time a human cell undergoes mitosis, the chromosomes dis­
perse and the nucleolus breaks up; after mitosis, the tips of the 10 chromosomes 
coalesce as the nucleolus reforms (Figures 6-45 and 6--46). The transcription of 
the rRNA genes by RNA polymerase I is necessary for this process. 

As might be expected, the size of the nucleolus reflects the number of ribo­
somes that the cell is producing. Its size therefore varies greatly in different cells 
and can change in a single cell, occupying 25% of the total nuclear volume in 
cells that are making unusually large amounts of protein. 

A schematic diagram of the assembly of ribosomes is shown in Figure 6--47. 
In addition to its important role in ribosome biogenesis, the nucleolus is also the 
site where other RNAs are produced and other RNA-protein complexes are 
assembled. For example, the U6 snRNP, which, as we have seen, functions in 
pre-mRNA splicing (see Figure 6-29), is composed of one RNA molecule and at 
least seven proteins. The U6 snRNA is chemically modified by snoRNAs in the 
nucleolus before its final assembly there into the U6 snRNP. Other important 
RNA protein complexes, including telomerase (encountered in Chapter 5) and 
the signal recognition particle (which we discuss in Chapter 12), are also believed 
to be assembled at the nucleolus. Finally, the tRNAs (transfer RNAs) that carry the 
amino acids for protein synthesis are processed there as well. Thus, the nucleo­
lus can be thought of as a large factory at which many different noncoding RNAs 
are processed and assembled with proteins to form a large variety of ribonucleo­
protein complexes. 

The Nucleus Contains a Variety of Subnuclear Structures 

Although the nucleolus is the most prominent structure in the nucleus, several 
other nuclear bodies have been visualized and studied (Figure 6--48). These 
include Cajal bodies (named for the scientist who first described them in 1906), 
GEMS (Gemini of coiled bodies), and interchromatin granule clusters (also called 
"speckles"). Like tl1e nucleolus, these other nuclear structures lack membranes 

10 µm 
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Figure 6-46 Nucleolar fusion. These 
light micrographs of human fibroblasts 
grown in culture show various stages of 
nucleolar fusion. After mitosis. each of the 
ten human chromosomes that carry a 
cluster of rRNA genes begins to form a 
tiny nucleolus, but these rapidly coalesce 
as they grow to form the single large 
nucleolus typical of many interphase cells. 
(Courtesy of E.G. Jordan and 
J. McGovern.) 
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and are highly dynamic; their appearance is probably the result of the tight 
association of protein and RNA (and perhaps DNA) components involved in 
the synthesis, assembly, and storage of macromolecules involved in gene 
expression. Cajal bodies and GEMS resemble one another and are frequently 
paired in the nucleus; it is not clear whether they are truly distinct structures. 
They may be sites where snRNAs and snoRNAs undergo their final modifica­
tions and assembly with protein. Both the RNAs and the proteins that make up 
the snRNPs are partly assembled in the cytoplasm, but they are transported into 
the nucleus for their final modifications. It has been proposed that Cajal bod­
ies/GEMS are also sites where the snRNPs are recycled and their RNAs are "reset" 
after the rearrangements that occur during splicing (see p. 322). In contrast, the 
interchromatin granule clusters have been proposed to be stockpiles of fully 
mature snRNPs that are ready to be used in splicing of pre-mRNAs (Figure 6-49). 

Scientists have had difficulties in working out the function of the small sub­
nuclear structures just described. Much of the progress now being made 
depends on genetic tools-examination of the effects of designed mutations in 
mice or of spontaneous mutations in humans. As one example, GEMS contain 
the SMN (survival of motor neurons) protein. Certain mutations of the gene 
encoding this protein are the cause of inherited spinal muscular atrophy, a 
human disease characterized by a wasting away of the muscles. The disease seems 
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Figure 6-47 The function of the 
nucleolus in ribosome and other 
ribonucleoprotein synthesis. The 45S 
precursor rRNA is packaged in a large 
ribonucleoprotein particle containing 

many ribosomal proteins imported from 
the cytoplasm. While this particle remains 
in the nucleolus, selected pieces are added 

and others discarded as it is processed 
into immature large and small ribosomal 
subunits. The two ribosomal subunits are 
thought to attain their final functional 
form only as each is individually 
transported through the nuclear pores 

into the cytoplasm. Other 
ribonucleoprotein complexes, including 
telomerase shown here, are also 
assembled in the nucleolus. 
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Figure 6-48 Visualization of chromatin and nuclear bodies. (AHD) show micrographs of the same 
human cell nucleus, each processed differently to show a particular set of nuclear structures. (E) shows an 
enlarged superposition of all four individual images. (A) shows the location of the protein fibrillarin (a 
component of several snoRNPs). which is present at both nucleoli and Cajal bodies. the latter indicated by 
arrows. (B) shows interchromatin granule clusters o r "speckles" detected by using antibodies against a 
protein involved in pre-mRNA splicing. (C) is stained to show bulk chromatin. (D) shows the location of the 
protein coilin. which is present at Cajal bodies (indicated by arrows). (From J.R. Swedlow and Al. Lamond, 
Gen. Biol. 2: 1-7. 200 I; micrographs courtesy of Judith Sleeman.) 

to be caused by a subtle defect in snRNP assembly and subsequent pre-mRNA 
splicing. More severe defects would be expected to be le thal. 

Given the importance of nuclear subdomains in RNA processing, it might 
have been expected that pre-mRNA splicing would occur in a particular location 
in the nucleus, as it requires numerous RNA and protein components. However, 
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Figure 6-49 Schematic view of 
subnuclear structures. A typical 
vertebrate nucleus has several Cajal 
bodies. which are proposed to be the sites 
where snRNPs and snoRNPs undergo 
their final modifications. lnterchromatin 
granule clusters are proposed to be 
storage sites for fully mature snRNPs. 
A typical vertebrate nucleus has 20-50 
interchromatin granule clusters. 

Arrer their initial synthesis. snRNAs are 
exported from the nucleus, after which 
they undergo 5' and 3' end-processing and 
assemble with the seven common snRNP 
proteins (called Sm proteins).These 
complexes are reimported into the 
nucleus and the snRNPs undergo their 
final modification in Cajal bodies. In 
addition, the U6 snRNP requires chemical 
modification by snoRNAs in the nucleolus. 
The sites of active transcription and 
splicing (approximately 2000-3000 sites 
per vertebrate nucleus) correspond to the 
"perichromatin fibers" seen under the 
electron microscope. (Adapted from 
J.D. lewis and D. Tollervey, Science 
288:1385-1389. 2000.) 
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we have seen that the assembly of splicing components on pre-mRNA is co­
transcriptionaJ; thus splicing must occur at many locations along chromosomes. 
We saw in Chapter 4 that interphase chromosomes occupy discrete territories in 
the nucleus, and transcription and prc-mRNA splicing must take place within 
these territories. llowever, interphasc chromosomes are themselves dynamic 
and their exact positioning in the nucleus correlates with gene expression. For 
example, transcriptionally silent regions of interphase chromosomes are often 
associated with the nuclear envelope where the concentration of heterochro­
matin components is believed to be especially high. When these same regions 
become transcriptionally active, they relocate towards the interior of the nucle­
us, which is richer in the components required for mRNA synthesis. It has been 
proposed that, although a typical mammalian cell may be expressing on the 
order of 15,000 genes, transcription and RNA splicing may be localized to only 
several thousand sites in the nucleus. These sites themselves are highly dynamic 
and probably result from the association of transcription and splicing compo­
nents to create small "assembly lines" where the local concentration of these 
components is very high. As a result, the nucleus seems to be highly organized 
into subdomains, with snRNPs, snoRNPs, and other nuclear components 
moving between them in an orderly fashion according to the needs of the cell 
(Figure 6-49). 

Summary 

Before the synthesis of a particular protein can begin, the corresponding mRNA 
molecule must be produced by transcriptio11. Bacteria contai11 a single type of RNA 
polymerase (the enzyme that carries out the transcription of DNA illto RNA). A11 
mRNA molecule is produced when this enzyme initiates transcription at a promoter, 
synthesizes the RNA by chain elongation, stops transcription at a terminator, and 
releases both the DNA template and the completed mRNA molecule. In eucaryotic 
cells, the process of transcription is much more complex, and there are three RNA 
polymerases-designated polymerase I, II, and III-that are related evolutionarily 
to one another and to the bacterial polymerase. 

Eucaryotic mRNA is sy11thesized by RNA polymerase II. This enzyme requires a 
series of additional proteins, termed the general transcription factors, to initiate 
transcription on a purified DNA template and still more proteins (including chro­
matin-remodeling complexes and histone acetyltransferases) to initiate transcriptio11 
on its chromatin template inside the cell. During the elongation phase of trar1scrip­
tio11, the nascent RNA undergoes three types of processing events: a special 
nucleotide is added to its 5' end (capping), introrz sequences are removed from the 
middle of the RNA molecule (splicing), and the 3' end of the RNA is generated (cleav­
age and polyadenylation). Some of these RNA processing events that modify the ini­
tial RNA transcript (for example, those involved in RNA splicing) are carried out 
primarily by special small RNA molecules. 

For some genes, RNA is the final product. In eucaryotes, these genes are usually 
transcribed by either RNA polymerase I or RNA polymerase Ill. RNA polymerase I 
makes the ribosomal RNAs. After their synthesis as a large precursor, the rRNAs are 
chemically modified, cleaved, and assembled into ribosomes in the rmcleolus-a 
distinct sub11uclear structure that also helps to process some smaller RNA-protein 
complexes in the cell. Additional subnuclear structures (including Cajal bodies 
and interchromatin granule clusters) are sites where components involved in RNA 
processi11g are assembled, stored, and recycled. 

FROM RNA TO PROTEIN 
In the preceding section we have seen that the final product of some genes is an 
RNA molecule itself, such as those present in the snRNPs and in ribosomes. 
I lowever, most genes in a cell produce mRNA molecules that serve as interme­
diaries on the pathway to proteins. In this section we examine how the cell con­
verts the information carried in an mRNA molecule into a protein molecule. This 
feat of translation first amacted the attention of biologists in the late 1950s, 
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Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Motif Exhibit 1059, 511 of 653

AGA UUA 
AGG UUG 

GCA CGA GGA CUA CCA 
GCC CGC GGC AUA CUC CCC 
GCG CGG GAC AAC UGC GAA CAA GGG CAC AUC CUG AAA uuc CCG 
GCU CGU GAU AAU UGU GAG CAG GGU CAU AUU cuu AAG AUG uuu CCU 

Ala Arg Asp Asn Cys Glu Gin Gly His lie Leu Lys Met Phe Pro 

A R D N C E Q G H L K M F 

when it was posed as the "coding problem": how is the information in a linear 
sequence of nucleotides in RNA translated into the linear sequence of a chemi­
cally quite different set of subunits-the amino acids in proteins? This fascinat­
ing question stimulated great excitement among scientists at the time. Here was 
a cryptogram set up by nature that, after more than 3 billion years of evolution, 
could finally be solved by one of the products of evolution-human beings. And 
indeed, not only has the code been cracked step by step, but in the year 2000 the 
elaborate machinery by which cells read this code-the ribosome-was finally 
revealed in atomic detail. 

An mRNA Sequence Is Decoded in Sets of Three Nucleotides 
Once an mRNA has been produced, by transcription and processing the infor­
mation present in its nucleotide sequence is used to synthesize a protein. Tran­
scription is simple to understand as a means of information transfer: since DNA 
and RNA are chemically and structurally similar, the DNA can act as a direct 
template for the synthesis of RNA by complementary base-pairing. As the term 
transcription signifies, it is as if a message written out by hand is being converted, 
say, into a typewritten text. The language itself and the form of the message do 
not change, and the symbols used are closely related. 

In contrast, the conversion of the information in RNA into protein repre­
sents a translation of the information into another language that uses quite dif­
ferent symbols. Moreover, since there are only four different nucleotides in 
mRNA and twenty different types of amino acids in a protein, this translation 
cannot be accounted for by a direct one-to-one correspondence between a 
nucleotide in RNA and an amino acid in protein. The nucleotide sequence of a 
gene, through the medium of mRNA, is translated into the amino acid sequence 
of a protein by rules that are known as the genetic code. This code was deci­
phered in the early 1960s. 

p 

The sequence of nucleotides in the mRNA molecule is read consecutively in 
groups of three. RNA is a linear polymer of four different nucleotides, so there 
are 4 x 4 x 4 = 64 possible combinations of three nucleotides: the triplets AAA, 
AUA, AUG, and so on. However, only 20 different amino acids are commonly 
found in proteins. Either some nucleotide triplets are never used, or the code is 
redundant and some amino acids are specified by more than one triplet. The 
second possibility is, in fact, the correct one, as shown by the completely deci­
phered genetic code in Figure 6-50. Each group of three consecutive nucleotides 
in RNA is called a codon, and each codon specifies either one amino acid or a 
stop to the translation process. 

This genetic code is used universally in all present-day organisms. Although 
a few slight differences in the code have been found, these are chiefly in the DNA 
of mitochondria. Mitochondria have their own transcription and protein syn­
thesis systems that operate quite independently from those of the rest of the cell, 
and it is understandable that their small genomes have been able to accommo­
date minor changes to the code (discussed in Chapter 14). 

In principle, an RNA sequence can be translated in any one of three differ­
ent reading frames, depending on where the decoding process begins (Figure 
6-51). However, only one of the three possible reading frames in an mRNA 
encodes the required protein. We see later how a special punctuation signal at 
the beginning of each RNA message sets the correct reading frame at the start of 
protein synthesis. 
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Figure 6-50 The genetic code. The 
standard one-letter abbreviation for each 
amino acid is presented below its three­
letter abbreviation (see Panel 3-1 , 
pp. 132-133, for the full name of each 
amino acid and its structure). By 
convention, codons are always written 
with the 5' -terminal nucleotide to the left. 
Note that most amino acids are 
represented by more than one codon, and 
that there are some regularities in the set 
of codons that specifies each amino acid. 
Codons for the same amino acid tend to 
contain the same nucleotides at the first 
and second positions, and vary at the third 
position. Three codons do not specify any 
amino acid but act as termination sites 
(stop codons), signaling the end of the 
protein-coding sequence. One 
codon-AUG-acts both as an initiation 
codon, signaling the start of a protein­
coding message, and also as the codon 
that specifies methionine. 

5' 3' 

, ~~~~~ 
-Leu-Ser--Val--Thr-

2 ~~~~~~ 
- Ser--Ala--Leu--Pro-

3 ~ ~ ~ ~ ~ 
- Gln-Arg--Tyr-His-

Figure 6-5 I The three possible 
reading frames in protein synthesis. 
In the process of translating a nucleotide 
sequence (blue) into an amino acid 
sequence (green), the sequence of 
nucleotides in an mRNA molecule is read 
from the 5' to the 3' end in sequential 
sets of three nucleotides. In principle, 
therefore, the same RNA sequence can 
specify three completely different amino 
acid sequences, depending on the reading 
frame . In reality, however, only one of 
these reading frames contains the 
actual message. 
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this way cells can be made to order that produce an altered form of any specific 
protein or RNA molecule instead of the normal form of the molecule. If the 
mutant gene is completely inactive and the gene product normally performs an 
essential function, the cell dies; but in this case a less severely mutated version 
of the gene can be used to replace the normal gene, so that the mutant cell sur­
vives but is abnormal in the process for which the gene is required. Often the 
mutant of choice is one that produces a temperature-sensitive gene product, 
which functions normally at one temperature but is inactivated when cells are 
shifted to a higher or lower temperature. 

The ability to perform direct gene replacements in lower eucaryotes, com­
bined with the power of standard genetic analyses in these haploid organisms, 
explains in large part why studies in these types of cells have been so important 
for working out the details of those processes that are shared by all eucaryotes. 
As we shall sec, gene replacements are possible, but more difficult to perform in 
higher cucaryotes, for reasons that are not entirely understood. 

Engineered Genes Can Be Used to Create Specific Dominant 
Negative Mutations in Diploid Organisms 

Higher eucaryotes, such as mammals, fruit flies, or worms, are djploid and 
therefore have two copies of each chromosome. Moreover, transfection with an 
altered gene generally leads to gene addition rather than gene replacement: the 
altered gene inserts at a random location in the genome, so that the cell (or the 
organism) ends up with the mutated gene in addition to its normal gene copies. 

Because gene additfon is much more easily accomplished than gene 
replacement in higher eucaryotic cells, it is useful to create specific dominant 
negative mutations in which a mutant gene eliminates the activity of its normal 
counterparts in the cell. One ingenious approach exploits the specificity of 
hybridization reactions between two complementary nucleic acid chains. Nor­
mally, only one of the two DNA strands in a given portion of double helix is 
transcribed into RNA, and it is always the same strand for a given gene (see Fig­
ure 6-14). If a cloned gene is engineered so that the opposite DNA strand is 
transcribed instead, it will produce antisense RNA molecules that have a 
sequence complementary to the normal RNA transcripts. Such antisense RNA, 

when synthesized in large enough amounts, can often hybridize with the "sense" 
RNA made by the normal genes and thereby inhibit the synthesis of the corre­
sponding protein (Figure 8--65). A related method involves synthesizing short 
antisense nucleic acid molecules chemically or enzymatically and then injecting 
(or otherwise delivering) them into cells, agrun blocking (although only tem­
porarily) production of the corresponding protein. To avoid degradation of the 

STUDYING GENE EXPRESSIO N AND FUNCTION 

Figure 8-65 The antisense RNA 
strategy for generating dominant 
negative mutations. Mutant genes that 

have been engineered to produce 

antisense RNA, which is complementary in 

sequence to the RNA made by the normal 

gene X. can cause double-stranded RNA 
to form onside cells. If a large excess of the 

antisense RNA is produced, 1t can 

hybridize with-and thereby inactivate-­

most of the normal RNA produced by 

gene X. Although in the future it may 

become possible to inactivate any gene in 

this way, at present the technique seems 

to work for some genes but not others. 
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Figure 8-66 Dominant negative mutations created by RNA 
interference. (A) Double-stranded RNA (dsRNA) can be introduced into 
C. e/egans ( I) by feeding the worms with £. coli expressing the dsRNA or 
(2) by injecting dsRNA directly into the gut. (8) Wild-type worm embryo. 
(C) Worm embryo in which a gene involved in cell division has been 
inactivated by RNAi. The embryo shows abnormal migration of the two 
unfused nuclei of the egg and sperm. (B, C, from P. Gonczy et al., Nature 
408:331-336, 2000. © Macmillan Magazines Ltd.) 

injected nucleic acid, a stable synthetic RNA analog, called morpholino-RNA, is 
often used instead of ordinary RNA. 

As investigators continued to explore the antisense RNA strategy, they made 
an interesting discovery. An antisense RNA strand can block gene expression, 
but a preparation of double-stranded RNA (dsRNA), containing both the sense 
and antisense strands of a target gene, inhibit the activity of target genes even 
more effectively (see Figure 7-107). This phenomenon, dubbed RNA interference 
(RNAi), has now been exploited for examining gene function in several organ­
isms. 

The RNAi technique has been widely used to study gene function in the 
nematode C.elegans. When working with worms, introducing the dsRNA is quite 
simple: RNA can be injected directly into the intestine of the animal, or the 
worm can be fed with E.coli expressing the target gene dsRNA (Figure 8-66A). 
The RNA is distributed throughout the body of the worm and is found to inhibit 
expression of the target gene in different tissue types. Further, as explained in 
Figure 7- 107, the interference is frequently inherited by the progeny of the 
injected animal. Because the entire genome of C. elegans has been sequenced, 
RNAi is being used to help in assigning functions to the entire complement of 
worm genes. In one study, researchers were able to inhibit 96% of the approx­
imately 2300 predicted genes on C. elegans chromosome Tll. In this way, they 
identified 133 genes involved in cell division in C. elegans embryos (Figure 
8- 66C). Of these, only 11 had been previously ascribed a function by direct 
experimentation. 

For unknown reasons, RNA interference does not efficiently inactivate all 
genes. And interference can sometimes suppress the activity of a target gene in 
one tissue and not another. An alternative way to produce a dominant negative 
mutation takes advantage of the fact that most proteins function as part of a 
larger protein complex. Such complexes can often be inactivated by the inclu­
sion of just one nonfunctional component. Therefore, by designing a gene that 
produces large quantities of a mutant protein that is inactive but still able to 
assemble into the complex, it is often possible to produce a cell in which all the 
complexes are inactivated despite the presence of the normal protein (Figure 
8-67). 
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Figure 8-67 A dominant negative 

effect of a protein. Here a gene is 
engineered to produce a mutant protein 
that prevents the normal copies of the 
same protein from performing their 
function. In this simple example, the 
normal protein must form a multisubunit 
complex to be active, and the mutant 
protein blocks function by forming a 
mixed complex that is inactive. In this way 
a single copy of a mutant gene located 
anywhere in the genome can inactivate 
the normal products produced by other 
gene copies. 
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If a protein is required for the survival of the cell (or the organism), a dom­
inant negative mutant dies, making it impossible to test the function of the pro­
tein. To avoid this problem, one can couple the mutant gene to control 
sequences that have been engineered to produce the gene product only on 
command-for example, in response to an increase in temperature or to the 
presence of a specific signaling molecule. Cells or organisms containing such a 
dominant mutant gene under the control of an inducible promoter can be 
deprived of a specific protein at a particular time, and the effect can then be 
followed. Inducible promoters also allow genes to be switched on or off in spe­
cific tissues, allowing one to examine the effect of the mutant gene in selected 
parts of the organism. In the future, techniques for producing dominant negative 
mutations to inactivate specific genes are likely to be widely used to determine 
the functions of proteins in higher organisms. 

Gain-of-Function Mutations Provide Clues to the 
Role Genes Play in a Cell or Organism 

In the same way that cells can be engineered to express a dominant negative ver­
sion of a protein, resulting in a loss-of-function phenotype, they can also be 
engineered to display a novel phenotype through a gain-of-function mutation. 
Such mutations may confer a novel activity on a particular protein, or they may 
cause a protein with normal activity to be expressed at an inappropriate time or 
in the wrong tissue in an animal. Regardless of the mechanism, gain-of-function 
mutations can produce a new phenotype in a cell, tissue, or organism. 

Often, gain-of-function mutants are generated by expressing a gene at a 
much higher level than normal in cells. Such overexpression can be achieved by 
coupling a gene to a powerful promoter sequence and placing it on a multicopy 
plasmid-or integrating it in multiple copies in the genome. In either case, the 
gene is present in many copies and each copy directs the transcription of unusu­
ally large numbers of mRNA molecules. Although the effect that such over­
expression has on the phenotype of an organism must be interpreted with cau­
tion, this approach has provided invaluable insights into the activity of many 
genes. ln an alternate type of gain-of-function mutation, the mutant protein is 
made in normal amounts, but is much more active than its normal counterpart. 
Such proteins are frequently found in tumors, and they have been exploited to 
study signal transduction pathways in cells (discussed in Chapter 15). 

Genes can also be expressed at the wrong time or in the wrong place in an 
organism-often with striking results (Figure 8-68). Such misexpression is most 
often accomplished by re-engineering the genes themselves, thereby supplying 
them with the regulatory sequences needed to alter their expression. 

Genes Can Be Redesigned to Produce Proteins of 
Any Desired Sequence 

In studying the action of a gene and the protein it encodes, one does not always 
wish to make drastic changes-flooding cells with huge quantities of hyperac­
tive protein or eliminating a gene product entirely. It is sometimes useful to 
make slight changes in a protein's structure so that one can begin to dissect 
which portions of a protein are important for its function. The activity of an 
enzyme, for example, can be studied by changing a single amino acid in its 
active site. Special techniques are required to alter genes, and their protein 
products, in such subtle ways. The first step is often the chemical synthesis of a 
short DNA molecule containing the desired altered portion of the gene's 
nucleotide sequence. This synthetic DNA oligonucleotide is hybridized witl1 sin­
gle-stranded plasmid DNA that contains the DNA sequence to be altered, using 
conditions that allow imperfectly matched DNA strands to pair (Figure 8-69). The 
syntl1etic oligonucleotide will now serve as a primer for DNA synthesis by DNA 
polymerase, thereby generating a DNA double helix that incorporates the 
altered sequence into one of its two strands. After transfection, plasmids that 
carry the fully modified gene sequence are obtained. The appropriate DNA is 

STUDYING GENE EXPRESSION AND FUNCTION 

Figure 8-68 Ectopic misexpression of 
Wnt, a signaling protein that affects 
development of the body axis in the 
early Xenopus embryo. In this 
experiment, mRNA coding forWnt was 
injected into the ventral vegecal 
blastomere, inducing a second body axis 
( discussed in Chapter 21 ). (From S. Sokol 
et al., Ce/167:7◄ 1-752, 1992. © Elsevier.) 
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then inserted into an expression vector so that the redesigned protein can be 
produced in the appropriate type of cells for detailed studies of its function. By 
changing selected amino acids in a protein in this way-a technique called site­
directed mutagenesis-one can determine exactly which parts of the polypep­
tide chain are important for such processes as protein folding, interactions with 
other proteins, and enzymatic catalysis. 

Engineered Genes Can Be Easily Inserted into the 
Germ Line of Many Animals 

When engineering an organism that is to express an altered gene, ideally one 
would like to be able to replace the normal gene with the altered one so that the 
function of the mutant protein can be analyzed in the absence of the normal 
protein. As discussed above, this can be readily accomplished in some haploid, 
single-celled organisms. We shall see in the following section that much more 
complicated procedures have been developed that allow gene replacements of 
this type in mice. Foreign DNA can, however, be rather easily integrated into ran­
dom positions of many animal genomes. In mammals, for example, linear DNA 
fragments introduced into cells are rapidly ligated end-to-end by intracellular 
enzymes to form long tandem arrays, which usually become integrated into a 
chromosome at an apparently random site. Fertilized mammalian eggs behave 
like other mammalian cells in tl1is respect. A mouse egg injected with 200 copies 
of a linear DNA molecule often develops into a mouse containing, in many of its 
cells, a tandem array of copies of the injected gene integrated at a single random 
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Figure 8-69 The use of a synthetic 
oligonucleotide to modify the 
protein-coding region of a gene by 
site-directed mutagenesis. (A) A 
recombinant plasmid containing a gene 
insert is separated into its two DNA 
strands. A synthetic oligonucleotide primer 
corresponding to part of the gene 
sequence but containing a single altered 
nucleotide at a predetermined point is 
added to the single-stranded DNA under 
conditions that permit less than perfect 
DNA hybridization. (B) The primer 
hybridizes to the DNA, forming a single 
mismatched nucleotide pair. (C) The 
recombinant plasmid is made double­
stranded by in vitro DNA synthesis starting 
from the primer and sealed by DNA 
ligase. (D) The double-stranded DNA is 
introduced into a cell, where it is 
replicated. Replication using one strand of 
the template produces a normal DNA 
molecule, but replication using the other 
(the strand that contains the primer) 
produces a DNA molecule carrying the 
desired mutation. Only half of the progeny 
cells will end up with a plasmid that 
contains the desired mutant gene. 
However, a progeny cell that contains the 
mutated gene can be identified, separated 
from other cells, and cultured to produce 
a pure population of cells, all of which 
carry the mutated gene. Only one of the 
many changes that can be engineered in 
this way is shown here. With an 
oligonucleotide of the appropriate 
sequence, more than one amino acid 
substitution can be made at a time, or one 
or more amino acids can be inserted or 
deleted.Although not shown in this figure, 
it is also possible to create a site-directed 
mutation by using the appropriate 
oligonucleotides and PCR (instead of 
plasmid replication) to amplify the 
mutated gene. 




