Biophysics

Absorption

VII Absorption Spectroscopy 
A. Energy and Absorption

Time-dependent schrodinger equation
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Remember, E = hf = ħ.  ( e-it
Assume Ea ( Eb upon absorbing a photon (Two states).

Generally,
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, Ca(t)2 = probability in a.

General probability = <a|>2 

Originally have Ha = Eaa (time-independent schrodinger equation)

Put general (t) into schrodinger equation, write Hamiltonian as 
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where the gs term cancelled.

Multiply by a*exp(iEat/ ħ) or b*exp(iEbt/ ħ) (

[image: image7.wmf](

)

(

)

(

)

(

)

h

h

/

t

E

E

i

a

b

a

b

a

a

a

a

b

a

e

t

V

C

t

V

C

dt

dC

i

-

-

y

y

y

+

y

y

=


and get same equation with b (( a.  

the dipole operator, , changes sign as x ( -x, y( -y and z ( -z but <a|a> is a squared function so it is identical as x ( -x, y( -y and z ( -z ,so the integral of <a|a> over all space ( 0.
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and equation with b (( a.  Solve two equations (
Pb = |Cb(t)|2 = 
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Notice two conditions:

1) Absorption is proportional to 
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2) Get resonance at hf = ħ = Eb - Ea
B. Transition Probability and transition dipole moment

dPb/dt = (transition rate/energy density)(energy density)

= Bab I(f), where Bab is the Einstein coefficient and I(f) is the intensity

I(f) = |E0|2/4
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ba = transition dipole moment = 
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, it has three Cartesian coordinates
C. Broadening  

Every electronic state (eg S0 and S1) has several vibrational and rotational substates.  Remember KT ~ 0.025 eV at 300 K or RT ~ 2.5 KJ/mole ~ 0.6 Kcal/mole.  S1 – S0 ~ 80 Kcal/mole ( all molecules in S0 

vibrational ~ 10 Kcal/mole ( all in lowest vibrational state

rotational ~ 1 Kcal/mole ( many populated states ( many sharp peaks

Each of the sharp peaks is further broadened by Doppler shifts and solvent effects

[image: image16.jpg]Figure 7-1
Energy levels of a small molecule. Selected
rotational sublevels of the vibrationat levels
of each of twa electronie stales are showr.
Transitions corresponding 1o electronic (¢l,
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D. The extinction coefficient
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Or

[image: image33.wmf]
Beer’s Law: dI/I = C' dl ( ln(I0/I) = C'l
A() = log (I0/I) = Cl, where  = '/2.303

Normally want A between 0.1 and 2-4 (nowadays maybe can go to 4 on some spectrometers).

Dual beam: A() = log (I0/I2) - log (I0/I1) = log (I1/I2) = Cl which is the same as A2() – A1()

Ex - Say increase pathlength by factor of 2 (l2 = 2 l1).  Then

A2/A1 = log(I2/I0)/log(I1/I0) = 2

log(I2/I0) = log((I1/I0)2)

I2/I0 = ((I1/I0)2.  In the table below, let I0 = 1.

	A1
	A2
	I1/I0
	I2/I0

	1
	2
	.1
	0.01

	.5
	1
	0.31
	0.1

	.4
	.8
	0.39
	0.16

	2
	4
	.01
	.0001


Now, generally, if you increase A by 1 I goes down by a factor of 10.

A2 – A1 = 1 (  - log(I2/I0) – (-log(I1/I0)) = log(I2/I1) = 1 ( I2/ I1 = 0.1.

For a new example in class, take l2 = 2.5 l1 and A1 = 1.  What is I2/I1? (answer 0.003).
E. Cross Section

Consider an area slab A cm2 dl cm thick and let C = concentration in moles/liter

#molecules/cm3 = CNA/1000 since there are 1000 cm3 in a liter.

#molecules/slab = CA dl NA/1000

fraction of area taken up by molecules in the slab divided by total area = 

r2 CA dl NA/1000)/A = r2 CNA/1000) dl, if the absorber is perfect, this is how much light is absorbed = fmax, with r being the radius of the molecule.
Let P = probability that light is absorbed.

Fraction of light absorbed = fmaxP ( dI/I = P(r2 CNA/1000) dl

Contribution of each molecule is the cross section

 = Pr2
dI/I = CNA/1000 dl = 2.303 C dl, so

 = NA/1000,

showing that  and  have similar meanings.

F. Macroscopic to microscopic

Rate of transition

dPb/dt = Bab I(f), with Bab being the transition rate per unit incident energy density (defined above).

Rate of energy removal for one molar solution

-dI(f)/dt = (hf NABab/1000)I(f)

for pathlength dl

dI(f) = (dI(f)/dt)dt = (dI(f)/dt)dl/c = (hf NABab/1000c)I(f) dl,

where c is the speed of light.  When compared to Beer’s Law for a one molar solution we get:

(hf NABab/1000c)I(f) dl = ' dl I(f), so
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where the integral is taken over the entire absorption band.

We then also have

Dipole strength 

Dab = |
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And oscillator strength

fab = 
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G. Bioploymers

1. [image: image34.wmf]Have interaction between transition dipole moments
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Proteins

n ( * @ 210-220 nm

 ( * @ 190 nm

3. Why is blood red?

Prosethetic group – heme.

H. Protein Function – use absorption to get concentration vs time (see data below)
1. [image: image36.png]350 600 650 700
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Chemical kinetics

a. Zero order reactions

-dC/dt = k, where C is the concentration and k is a rate constant.

C(t) = C0 – kt with C(0) – C0.  [k] = moles/l.sec

The slope of a plot of C vs t gives k.

b. [image: image37.wmf]1st order reactions
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[image: image39.wmf] 

-dCA/dt = kCA, [k] = 1/t or 1/sec

CA = CA0 e-kt
[image: image40.wmf] 

[image: image41.wmf] 

Slope of ln(CA) vs t gives k

t1/2 = time for CA0 ( CA0/2 = ?

Have CA0/2 = CA0 exp(-kt1/2) ( ½ = exp(-kt1/2) ( ln(1/2) = - kt1/2

( t1/2 = ln(2)/k

 = 1/k = lifetime

Often, instead of plotting log can do least squared fit to exponential function or SVD and global analysis (more later).

c. 2nd order reactions

A + B 
[image: image22.wmf]¾
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products

-dCA/dt = -dCB/dt =  kCACB, [k] = l/mole.sec

Let x = decrease in A or B

CA0  = CA + x

CB0  = CB + x

dx/dt = -dCA/dt = -dCB/dt, write a = CA0, and b = CB0
dx/dt = k(a-x)(b-x)
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It is often not easy to measure and fit this.

d. Pseudo-first order kinetics

If in A + B 
[image: image24.wmf]¾
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products, B is essentially constant (ie B is in major excess ~ factor of 10) then

-dCA/dt = -dCB/dt = kCACB  = kobsCA

where kobs = kCB
[image: image42.png]


then 

CA = CA0 exp(-kobst)

e. Hemoglobin – Allosteric protein 
1. Background

· 64,000 D protein found in RBC – transport oxygen (and NO?)

· oxygen binds to heme 

· there are four Mb like subunits

2. Allostery of Hb

· Allostery: Binding O2 to one site enhances binding to other sites = cooperative binding

· [image: image43.png]Histiding E7

6 caordinarion posiion
0, binding site



Saturation Y = [HbO2]/([Hb]+[HbO2])

· Cooperativity makes it a good transporter – at lungs Y ~1 but at muscles Y ~ 0.5 whereas YMb ~ 1.
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3. Changes in Quaternary Structure and Cooperative binding

· Oxy and deoxy Hb have different quaternary structures: oxy is more compact – some interface atoms shift as much as 6 angstroms 

· Deoxy Hb constrained by salt links : tense T structure as opposed to relaxed R structure when oxygenated

· Position of Fe atoms affected by quaternary structure and vice versa.  In deoxy (T) iron is out of plane and when oxygen binds it pulls iron into plane.

· Movement of heme upon binding explains cooperativity: one binds (hard) ( breaks salt links ( 2nd easier etc.

f. TROD

1. Perturb system  ( measure absorption spectra vs time eg stopped-flow mixing or laser pump probe.

Laser excites sample, at controlled time (ns to ms) lamp fires, measure A(,t)

Typically measure OD (or A) – transient – ground state (gs) spectra.

2. Nanosecond TROD of Hb (Hofrichter et al)

· [image: image45.wmf] 
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[image: image46.png]FiG. 1. Spectra after photalysis of HbCO. A representative subset
of the transient difference spectra collected for sample b, in which 100%
saturated HbCO was fully photolyzed (90%) at 0.1 atm CO pressure (1
atm = 101.3 kPa) is shown. Each curve represents the difference in A
between the deoxy photoproduct and the HbCO reference on the ver-
tical (y) axis as a function of wavelength (v). The logarithm of the time
i plotted on the z axis with the earliest times in the background. The
data span eight decades of time (11 to 0.1 5 with five spectra per de-
cade. The sample A at the CO peak (419 nm) was 0.81 and the peak (430
nm) A in a fully deoxygenated reference spectrum was 0.575.



103 difference spectra taken from between 10 ns and 85 ms following photolysis

· Data matrix A(,t) at m wavelengths and n times, so A(2,10) is (say) abs at 10 ns at 420 nm

· SVD

A = USVT

U = m x n matrix, columns of which are orthonormal basis spectra 

V = n x n matrix giving time course of basis spectra

S – n x n diagonal matrix with singular (or eigen) values of spectra giving their weights.

· Truncate A matrix – keep only significant S values ( noise filtered data Ar
· Fit Ar to kinetic model: Ar(,t) = a()e-t/1 + b()e-t/2 + ….

· Hofrichter’s experiments

i) [image: image47.png]Table 1. Relaxation times and amplitude changes for ligand
rebinding and spectral species

Relaxation 1 [ m v v
Experiment a
Ietime  40ms 08345 20us 190us 38ms
& 037 009 003 029 022
An -051  -049 o1 -1l 0
Az 005 049 -047 -007 0
axg 009 -009 033 -012  -022
Experiment b
etime. 50ms  07lus 18us  L5ms  40ms
ay 033 002 001 025 039
ax -050 -05  -002 002 0
A 010 054  -036 -029 0
Az 007 -007 03 002 -039
Experiment ¢
etime  44ns  091us  — 20048 -
&y 030 009 - 061 -
An -047  -054 - 0 -
Azg 17 045 - -0 -
axs 0 0 — 0 -
Experiment d
etime  45ms  ldws  —-  —  60ms
& 021 - - 076
axy ~054 - - 0
Axs 033 - - -om

Experiments a-d are described in Fig. 3. Ay = change in fractional
saturation of ligand and Az, = fractional change in the population of
species with spectram D) (1) (Fig. 4) associated with each relaxation.
‘The data have been normalized to the number of deoxyhemes initially
photolyzed. The average relative error in the relaxation times is 20%
and the average absolute errors in Ay and Az are 0.02 and 0.1, re-
spectively.




Data fit to 5 exponential processes

ii) Partial ligation and partial photolysis measurements determines physical relevance of each process

· exp’t a: 1 atm CO (full saturation), full photolysis R4 ( R0 ( R0-4 ( T0-4 ( R4 + T4
· exp’t b: 0.1 atm CO (full saturation), full photolysis, find 4th and 5th rates change ( bimolecular rebinding

· expt c: 1 atm CO, 22% photolysis ( No T formation, processes 3 and 5 disappear (R(T and T+CO)

· exp’t d: partial ligation, full photolysis, 3 and 4 disappear (they say R(T and R+CO but I think that they should still see these – still start with R-state)

Actually mostly have T-state and binding governed by [Hb] and R->T.

iii) Conclusions

· 1st process is geminate recombination with  ~ 40 ns

· 2nd process is tertiary change with  ~ 100 ns (more recent studies say it also part 2nd geminate process).

· 3rd rate is R( T with  ~  20 s (More recent experiments say this rate-limiting step in compound R(T transition)

· 4th and 5th rates are bimolecular binding to R and T states respectively under pseudo first order conditions (
kR = 5 x 106 (1/M.sec)

kT = 3 x 105 (1/M.sec)

4. TRCD

a. CD – differential absorption of circularly polarized light.  More sensitive than absorption to some structure.

b. Mueller matrix description

CD and ORD of Poly(Lysine) in different conformations (Creighton, 1993).
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For a thin sample, we have
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where 
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Put in unpolarized light for an isotropic, non-optically active sample and you get 

I = M I0 = MIo = M
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CD is M14 for absorption and CIDS for scattering

c. Measurement

· Use PEM like in PLS = commercial instrument – time resolution limited by 50 KHz modulator or stopped-flow and light level.

· Use ellipsometric technique
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Have, after strain plate, I1 = 
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 EMBED Equation.3  [image: image29.wmf](
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I2 = MI1 = 
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After the polarizing analyzer we measure intensities of (ignoring Beer’s Law term)

I± = 1+LD -Cos()(1+LD)± Sin()(CD-LB)

For a small strain, have Cos() = 1 - /2 and Sin() =  so the measured intensities are
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I± = e-A[(/2)(1+LD) ± ()(CD-LB')], since LD<<1 we can ignore that term and get (and ignore LB’)
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, usually  is about 0.01 so you get 100x increase in signal to noise.

New note (HW):

TRORD:  

Have initial polarizer at + and – .

5. TRCD of cytochrome C (Goldbeck et al, 1999).

Partially denatured protein stabilized by CO

Photolyze off CO and use CD and MCD (MORD) to follow folding and unfolding

See evidence for multiple pathway energy landscape.
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