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Cooperativity at the monomolecular level binding of B or C to the common partner A affects
binding of the other

Cooperativity in macromolecular assembly
James R Williamson
volume 4 number 8 August 2008 nature chemical biology



Cooperativity/heterogeneity

Tissues Lungs

1. complex interactions among identical =
ligands binding to multiple sites on an
oligomeric protein--oxygen binding to
hemoglobin.
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2. the thermodynamics of macromolecular
conformational transitions--protein folding or
nucleic acid helix-coil transitions.

3. the thermodynamics of forming multicomponent
complexes—multimeric complexes, surface interactions,
cellular communication, organism organization,
multicellular dynamics, social structures

Cooperativity and biological complexity
Adrian Whitty nature chemical biology volume 4 number 8 august 2008







Logarithmic scale of k., and k., values for representative reactions at 25 °C. The
length of each vertical bar represents the rate enhancement by each enzyme

The Depth of Chemical Time and the Power of Enzymes as Catalysts
R. WOLFENDEN AND M.J. SNIDER
Acc. Chem. Res. 2001, 34, 938-945

ADC ) arginine decarboxylase;
ODC) orotidine 5’-phosphate
decarboxylase;

STN ) staphylococcal nuclease;
GLU ) sweet potato a-amylase; FUM )
fumarase;

MAN ) mandelate racemase;
PEP ) carboxypeptidase B;
CDA) E. coli cytidine deaminase;
KSI) ketosteroid isomerase;
CMU ) chorismate mutase;

CAN ) carbonic anhydrase.




How does “Biology” cope?

“After total war
can come total living”

Mutually Assured Destruction: Cold War exhibit at the Smithsonian




Stringent response and growth control

* Triggered by adverse conditions, e.g. starvation

* Transcription control (p)ppGpp: ¢ Translation shutdown
— Lack of nutrients — Proteases

— Stalled ribosomes — (p)ppGpp involved
— ppGpp synthesis — Activation of toxin-antitoxin modules

— Reprogramming of transcription — Toxin reversibly disables ribosomes
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The Stringent Response is mediated by two
opposing Rel,,., activities which must be tightly

. regulated
DGpp synthesis:

-G+ P-p-p-A<===p-p-p-G-p-p + p-A
GTP + ATP <=> G5 + AMP

2) pppGpp hydrolysis:

P-p-p-G-p-p <= PPI + p-p-p-G

pppGpp alters RNAP kinetics and mediates the
transcriptional response to environmental conditions to
which Mtb is exposed




RAC =Rsd,,,, Activating Complex
RibosomesUncharged tRNA*mRNA

REL 16

5. AUGCCGH IGUCGGGC...3
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Cooperativity, hetergeneity, stochasticity



Another example: Controllers for nanomachines
Aerobic and anaerobic respiratory chain in Mtb

Fumarate
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Electrons enter the chain through NADH oxidoreductase

Plot of the NADH-Q2 reductase reaction with varying Q concentrations and fixed

concentrations of NADH.
Lineweaver-Burk plot (inset), slopes (Vmax/Km) of the lines are not affected by NADH

concentration—ping pong mechanism

K, NADH = 42 uM, K Q2= 12.5uM, V, . =26 unit mg-




Ping Pong tetra-uni mechanism

*NDH-2 catalyzes the following two electron transfer reactions:
«Ndh(Fl,,) + NADH - Ndh(Fl..4) + NAD* (eql)

Ndh(Fl_,) + Q > Ndh(Fl_,) + QH2 (eq2)

K4 ky I K, Ks l Ka

(EA —— FP) (FB —— FR)

E is Mtb NDH-2, A is NADH and B is the quinone




Phenothiazine inhibition of Mtb respiration.

(A) TPZ inhibition of NADH-dependent
oxygen consumption by Mtb membranes
measured with a Clark-type oxygen
electrode. Respiration was initiated by
the addition of 10 mM NADH and arrested
upon the addition of 1ImMTPZ. Addition of
10mM ascorbate and 1 mM TMPD
produced an immediate resumption of
respiration.




A 3D model of E. coli Ndh according to Schmid and Gerloff
(2004). Putative flavin-, NADH-, and membrane-binding
domains are shown in ovals.



A drug for dormant TB

Drug MBC(mg/L)

Log- 6-week-

phase starved
Rifampin <0.625 10
Trifluoperazine 10~20 40
Chorpromazine 10~20 40
Isoniazid <0.625 80
Ethionamide <0.625 >160
Capreomycin sulfate  0.625 >160
Amikacin sulfate <0.625 >160
Thiacetazone <0.625 >160
Ethambutol 0.625 >160

Streptomycin sulfate  <0.625 >160
p-aminosalicylic acid <0.625 >160

Ofloxacin <0.625 >160
Tetracycline 10~20 >160
Cycloserine 10~20 >160
Erythromycin 40 >160
Dapsone >40 >160

MBCgys of 17 Drugs for Log-phase and

6-week-starved M.tuberculosisH37Rv
by cfu counts.
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We shall go on to the end, we shall fight in France, we shall fight on the seas
and oceans, we shall fight with growing confidence and growing strength in the
air, we shall defend our Island, whatever the cost may be, we shall fight on the
beaches, we shall fight on the landing grounds, we shall fight in the fields and
in the streets, we shall fight in the hills; we shall never surrender.
WSC June 4, 1940




Can molecular computing say anything

based on irreversible nature of computation

The Fundamental Physical Limits of Computation
What constraints govern the physical process of computing? Is a
minimum amount of energy required, for example, per logic step?
There seems to be no minimum., but some other questions are open
by Charles H. Bennett and Rolf Landauer
Scientific American 253(1):48-56 (July, 1985).



http://www.aeiveos.com/~bradbury/Authors/Computing/Bennett-CH/index.html
http://www.aeiveos.com/~bradbury/Authors/Computing/Bennett-CH/index.html
http://www.aeiveos.com/~bradbury/Authors/Computing/Landauer-R/index.html
http://www.aeiveos.com/~bradbury/Authors/Computing/Landauer-R/index.html
http://www.scientificamerican.com/
http://www.scientificamerican.com/

A Fredkin Gate: Logically reversible with no
energy limit on the computation

o

|
v

e

A
1
1
1
1
0
0
0
0

O OoOF P OO P
O R OPFPOPRP ORI

Dcccr—n—r—r—-l';pa
DHDHDDHH'O

CAB is a piece of DNA that we can synthesize




aNAND gate




Why reversible?

Minimal energy expense
Detection and correction of intrusion

Error checking by reversing computation
to recreate inputs

Bidirectional debugging




In principle it can take minimal energy to go
through a biochemical gate

DNA_+dNTP <> DNA_,, + PP

A G = kt In[dNTP/PPi]

If NTPs are just 1% over the equilibrium value:
A G =kt In[10.1/10] or about 0.01KT

a modification of an idea in Bennett and Landaur's Sci. Am
paper—suggested using RNA




We synthsized the oligonucleotides and ran the reactions
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The gate works in the lab
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How fast could one go through one gate?

t,, annealing: 3 sec.
DNA polymerization rate: 15 bases/sec

For 60 bases pair input: 10 sec
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