
PHYS3511-Biological Physics 
Fall 2018, Assignment #5, Due Wednesday October 7, 2018 

Read Chapter 5 before attempting the solution  
 
Exercise 1) (10 points) Chapter 5, Problem 5.2 
First, I will state that sugar is made up of glucose that has chemical structure of C6H12O6, 
and six carbon atoms. As stated in page 102 of the textbook, one E. Coli needs about 
1010 extra carbons to divide into two E. coli, i.e. an E. Coli is made of about 1010 
carbons. Hence, the number of glucose needed is !"

#$

%
~2 × 10+. Of course, ultimately 

ATP is the fuel that synthesize the proteins and lipids that make up the E. Coli. Biology 
textbooks will often state that one glucose can produce 38 ATP, 2 from glycolysis, 2 
from the Krebs cycle, and about 34 from the electron transport system. We will not 
discuss these issues, rather I direct you to read the figure caption of table 5.1, on the last 
page of this solution. It states that one glucose produces about 2 ATP. Below we 
calculate the number of glucose to produce macromolecules: 
 
Proteins: On page 199, equation 5.2 it is assumed that an E. Coli must produced 3 × 10% 
proteins (see table 2.1), and it is assumed that a protein has on average 300 amino acid 
(aa), and that each aa needs 5.2 ATP. This works out to 5.2𝐴𝑇𝑃 ∙ 𝑎𝑎4! × 300𝑎𝑎 ∙
𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠4! × 3 × 10%𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠~4.5 × 10+𝐴𝑇𝑃, which works out to about 2.25 × 10+𝑔 
glucose. From assignment 1, exercise 4 (problem 2.5) ~4.3 × 10+ carbons is needed, and 
since there are 6 carbons in a glucose, this works out to ~0.7 × 10+. Total number 
glucose needed is 3.0 × 10+. 
 
DNA 
In figure 4.13, of the textbook the DNA of E. Coli is 5 × 10%bp. On page 199 it states 
“for RNA and DNA the energy to synthesize a nucleotide is to the order of 10 to 20 
ATP.” I will assume that for DNA, 30 ATP is needed (10 is needed to incorporate the 
nucleotide into DNA). This gives 30	𝐴𝑇𝑃 ∙ 𝑏𝑝4! × 5 × 10%𝑏𝑝 = 1.5 × 10C𝐴𝑇𝑃 is 
needed, and assuming one glucose produces 2 ATP, this give 7.5 × 10Dglucose. Since 
there are 2 copies of DNA in E. Coli, this gives 2× 7.5 × 10D𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = 1.5 × 10C 
glucose. From exercise 4 of assignment 1, 1.9 × 10Ccarbons need to be incorporated into 
2 DNA, and since one glucose has 6 carbons, this works out to ~0.3 × 10C glucose, 
which gives finally~2.0 × 10C glucose. This is similar to the value of table 5.2. 
 
RNA 
From assignment 1, exercise 4 (problem 2.5) I showed that there are about 
1 × 10+carbons from RNA. Since there are about 10 carbons per nucleotide (nt), this 
works out to about 1 × 10Cnt. We will assume that we need 15 ATP to produce 1 nt of an 
RNA (half as for 1 bp of DNA). Hence, we need about 1.5 × 10+ ATP, which is very 
similar to the value on Table 5.2. This coverts to!.I×!"

J

K
= 0.75 × 10+ glucose. Since 

there are 6 carbons per glucose, the 1 × 10+carbons will require !×!"
J

%
= 2 × 10C. This 

adds to 0.75 × 10+ + 0.2 × 10+~1 × 10+ glucose. 



 
Phospholipid: 
The textbook does not state how many ATP is needed to make 1 phospholipid. But table 
5.2 states 3.2 × 10+ ATP or 1.6 × 10+ glucose. Also, there are 6.6 × 10C carbons 
(assignment 1), which will require 1.1 × 10Cglucose. Basically, we need 1.7 × 10+ 
glucose for lipids. 
 
Lipopolysaccharide: 
The textbook does not state how many ATP is needed to make 1 Lipopolysaccharide. But 
table 5.2 states 3.8 × 10C ATP or 1.9 × 10C glucose. Also, there are 2.4 × 10C carbons, 
which will require 0.8 × 10Cglucose. Basically, we need 2.7 × 10C glucose for 
Lipopolysaccharide. 
 
Peptidoglycan (Murien Wall): 
The textbook does not state how many ATP is needed to make 1 Peptidoglycan. But table 
5.2 states 1.7 × 10C ATP or 8.5 × 10D glucose.  
 
Glycogen: 
The textbook does not state how many ATP is needed to make 1 glycogen. But table 5.2 
states 3.1 × 10D ATP or 1.6 × 10D glucose. Also, there are 2.6 × 10I carbons, which 
will require 0.4 × 10Iglucose. Basically, we need about 1.6 × 10D glucose for 
Lipopolysaccharide. 
Total number of glucose is 3.0 × 10++2.0 × 10C + 1.0 × 10+ + 1.7 × 10+ +
2.7 × 10C + 8.5 × 10D + 1.6 × 10D = 6.1 × 10+. 
Assuming the cell division time of 3000s, the rate of glucose uptake is  

6.1 × 10+𝑔𝑙𝑢𝑐𝑜𝑠𝑒
3000𝑠 = 2 × 10%

𝑔𝑙𝑢𝑐𝑜𝑠𝑒
𝑠  

On page 101 and 102 in the “Estimate Timing of E. Coli”, the glucose uptake rate is 
calculated to be 3 × 10I OPQRSTU

T
, which is a much lower rate. 

 
Exercise 2) (10 points) Chapter 5, Problem 5.5 
 

A) From 5.64, 𝑆OWT − 𝑆PYZQY[ = 𝑘]𝑙𝑛 ^
_̀ ab

_cdefdg
h, or in terms of the gas constant, 

𝑆OWT − 𝑆PYZQY[ = 𝑅𝑙𝑛 ^ _̀ ab

_cdefdg
h, which is equivalent to the macroscopic definition 

𝑑𝑆 = 𝑆OWT − 𝑆PYZQY[ =
klamnodpaqdnr

s
= t".%%×!"uv∙wSPx#

yDyz
= 109 v

z∙wSP
. Now note that 

we can also write 

B) Part B assumes 
_̀ ab

_cdefdg
= ^ {̀ ab

{cdefdg
h
|

 

 
Exercise 3) (10 points) An E. Coli of radius about is observed to swim at  
𝑣 = 80𝜇𝑚 ∙ 𝑠4!. Estimate the amount of ATP that it must produce per second, in order 
for the E. Coli to swim at this rate. Compare this with the number of ATP needed to 
produce one E. Coli per second. DATA: ATP hydrolysis produce ∆𝐺 = −30𝑘𝐽 ∙ 𝑚𝑜𝑙4!. 

r = 0.7µm



The drag force is 𝑓 = 𝜁𝑣, valid for the small size/low speed/high viscosity regime, where 
using stokes law𝜁 = 6𝜋𝜂𝑅, with the viscosity of water, 𝜂 = 104y𝑃𝑎 ∙ 𝑠 = 104y �O

w⋅T
 

𝑓 = 6𝜋𝜂𝑅𝑣 = 6𝜋 × 104y
𝑘𝑔
𝑚 ⋅ 𝑠 × 7 × 10

4D𝑚 × 	8 × 104I𝑚 ∙ 𝑠4! = 1 × 104!K𝑁. 
In physics power = force x speed, 𝑃 = 𝑓𝑣 = 1 × 104!K𝑁 × 8 × 104I𝑚 ∙ 𝑠4! =
8 × 104!D𝐽 ∙ 𝑠4! = 8 × 104!D𝑊.  
We know that an ATP hydrolysis produced 30𝑘𝐽 ∙ 𝑚𝑜𝑙4!, which works out to be an 
energy per ATP hydrolysis of  30 × 10y v

wSP
× !

%."Ky×!"�uwSPx#
= 4.98 × 104K"𝐽, which 

in terms of thermal energy at room temperature T = 300 K, works out to be t.+C×!"
x�$v

��s
=

t.+C×!"x�$v
(!.yC!×!"x�uv∙zx#)(y""z)

= 12.  
 
Hence for the E. Coli to swim that fast would require C×!"x#�v∙Tx#

t.+C×!"x�$v∙�s�x#
= 1606  ATP per 

second. Looking at Table 5.1 E. Coli needs about 1 × 10!" ATP to divide, and with 
division time of about 3000s, this gives !×!"

#$	���
y"""T

= 3.3 × 10% �s�
T

. E. Coli produces 
enough ATP to swim at this rate. 
 
On page 192, the book states that ATP hydrolysis produces 20𝑘]𝑇 = 20(1.381 ×
104Ky𝐽 ∙ 𝐾4!)(300𝐾) = 8.3 × 104K"𝐽, which would give C×!"x#�v∙Tx#

t.+C×!"x�$v∙�s�x#
~1000�s�

T
 

for the E. Coli to swim that fast.   
 
 
Exercise 4) (10 points) From class note, I showed the 1st law of Thermodynamics: 
 𝑑𝐸 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 + 𝜇𝑑𝑁, which gives	𝑑𝑆 = !

s
𝑑𝐸 + �

s
𝑑𝑉 − �

s
𝑑𝑁. Hence we know that 

the Entropy𝑆(𝐸, 𝑉, 𝑁) is a function of E, V and N. This gives the differential formula 
	𝑑𝑆 = ���

��
�
{,|

𝑑𝐸 + ���
�{
�
�,|

𝑑𝑉 − ���
�|
�
�,{

𝑑𝑁. Comparing coefficients we obtain: 

^
𝜕𝑆
𝜕𝐸h{,|

=
1
𝑇 ; ^

𝜕𝑆
𝜕𝑉h�,|

=
𝑃
𝑇 ;	^

𝜕𝑆
𝜕𝑁h�,{

= −
𝜇
𝑇 

For an ideal gas of non-interacting particles the Entropy is given by the Sackur-Tetrode 
equation: 

𝑆 = 𝑁𝑘] ¡𝑙𝑛 ¢^
𝑉
𝑁h^

4𝜋𝑚𝐸
3𝑁ℎK h

y/K

¥ +
5
2
¦. 

The above can be used to find the ideal gas equation, 𝑃𝑉 = 𝑁𝑘]𝑇, and the equipartition 
theorem, 𝐸 = y

K
𝑁𝑘]𝑇. 

Now we consider the entropy of a dilute attractive gas with Entropy: 

𝑆 = 𝑁𝑘] §𝑙𝑛 ¨^
𝑉
𝑁h^

4𝜋𝑚
3𝑁ℎKh

y/K

©𝐸 + 𝑎
𝑁K

𝑉 ª
y/K

« +
5
2
¬. 

A) Use ���
��
�
{,|

= !
s
 to find an analogous equipartition equation. 



Since derivative ���
��
�
{,|

holds V and N constant 

^
𝜕𝑆
𝜕𝐸h{,|

=
3
2

𝑁𝑘]

𝐸 + 𝑎𝑁
K

𝑉

=
1
𝑇 → 𝐸 =

3
2𝑁𝑘]𝑇 − 𝑎

𝑁K

𝑉  

B) and ���
�{
�
�,|

= �
s
 to find an analogous equation to the ideal gas equation 

Since ���
�{
�
�,|

holds E and N constant. 

^
𝜕𝑆
𝜕𝑉h�,|

= 𝑁𝑘] ®
1
𝑉 − 𝑎

𝑁K

𝑉K
3
2

1

𝐸 + 𝑎𝑁
K

𝑉

¯ =
𝑃
𝑇 

From part A) 𝐸 + 𝑎 |�

{
= y

K
𝑁𝑘]𝑇, gives 

𝑁𝑘] ®
1
𝑉 − 𝑎

𝑁K

𝑉K
3
2

1
3
2𝑁𝑘]𝑇

¯ =
𝑃
𝑇 →

𝑁𝑘]
𝑉 − 𝑎

𝑁K

𝑉K
1
𝑇 =

𝑃
𝑇 

©𝑃 + 𝑎
𝑁K

𝑉Kª𝑉 = 𝑁𝑘]𝑇 

BONUS: (5 points) For the van der waals gas the Entropy is 

𝑆 = 𝑁𝑘] §𝑙𝑛 ¨^
𝑉 − 𝑁𝑏
𝑁 h ^

4𝜋𝑚
3𝑁ℎKh

y/K

©𝐸 + 𝑎
𝑁K

𝑉 ª
y/K

« +
5
2
¬ 

Find the van der Waals equation of state (this equation is easily found online) 

^
𝜕𝑆
𝜕𝐸h{,|

=
3
2

𝑁𝑘]

𝐸 + 𝑎 𝑁
K

𝑉

=
1
𝑇 → 𝐸 =

3
2𝑁𝑘]𝑇 − 𝑎

𝑁K

𝑉 ,			(𝐴) 

^
𝜕𝑆
𝜕𝑉h�,|

= 𝑁𝑘] ®
1

𝑉 − 𝑁𝑏 − 𝑎
𝑁K

𝑉K
3
2

1

𝐸 + 𝑎𝑁
K

𝑉

¯ =
𝑃
𝑇 ,						(𝐵) 

Using equation A) to get 𝐸 + 𝑎 |
�

{
= y

K
𝑁𝑘]𝑇, and substituting into B 

^
𝜕𝑆
𝜕𝑉h�,|

= 𝑁𝑘] ®
1

𝑉 − 𝑁𝑏 − 𝑎
𝑁K

𝑉K
3
2

1
3
2𝑁𝑘]𝑇

¯ =
𝑃
𝑇, 

𝑁𝑘]
𝑉 − 𝑁𝑏 − 𝑎

𝑁K

𝑉K
1
𝑇 =

𝑃
𝑇 →

𝑁𝑘]𝑇
𝑉 − 𝑁𝑏 − 𝑎

𝑁K

𝑉K = 𝑃 → 𝑃 + 𝑎
𝑁K

𝑉K =
𝑁𝑘]𝑇
𝑉 − 𝑁𝑏 → 

©𝑃 + 𝑎 ^
𝑁
𝑉h

K

ª (𝑉 − 𝑁𝑏) = 𝑁𝑘]𝑇 

NOTE: van der Waals equation of state is ^𝑃 + 𝑎 �|
{
�
K
h (𝑉 − 𝑁𝑏) = 𝑁𝑘]𝑇. The 

equation of state of an attractive gas is found by setting b = 0 in the van der Waals 
equation of state. 
 
  
 



 

 
 

 

 
 

 
 
 
 
 
 
 

 

 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 


