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ABSTBACT. Bocont progress in Biophysics is reviewed, and carao sismal •• 

oí tbo oso of physical techniques and ideas in biological reaeercb ara 

giren. The first one deals with the oxygen transporting protein1 nanogloaia, 

the second one with photosynthesis, and the third one with image formation, 

using nuclear aagnetic resonance. 

BUBMD. Considera-te o recente progresso oa Biofísica e, coso «a sap lo aa 

oitaa tris casos de utilitario de técnicas e ideiss físicas nos pToblaaas 

biológicos. 0 primeiro exemplo tea que ver coa beaoglobiaa * * píetelas 

que transporta oxigonio. 0 segundo coa fotosslntese e o terceiro com 

formação de imagen* por meio de ressonância magnética wucloar. 

* Presentad in the 71 Brasilian Symposium os Theoretical Physics, Jeauary 
1980, Bio da Janeiro, Brasil. 
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1. IKTRODÜCTION 

I feel honored to speak at a Symposium on 

Theoretical Physics. I an sure that this is going to be the 

most experimental talk at this Symposium, and this for two 

reasons. In the first place Biophysics is still a strongly 

experimental discipline,and secondly ray interests are in the 

experimental aspects. This is not the only bias - I will 

concentrate on Biophysics on molecular level which by no maana 

implies a lack of progress on other "levels", but just a 

personal preference. 

Nothing similar to the DNA breakthrough of the 

1950's has occurred in the last two decades in biophysical 

research. Spectacular achievements have given place to a 

gradual increase in the understanding of the biological 

processes. No new principles of physics had to be evoked to 

explain the workings of nature, thus the vitalist era seems 

to be behind us. Yet the sneer size of the biological systems, 

for instance the number of atoms in a typical protein - of the 

order of 15000 - allows for appearance of new phenomena absent 

in every day physics. One such important problem, is that if 

allostery - change in conformation of proteins produced by 

binding of small molecule to some well defined site in the 

protein. This is a good example of connection between structure 

and function, one of the main problems in today's Biophysics. 

This fact raises important questions. How is the shape of s 

protein determined by Its composition? Can we produce>& protein 

with a given function by properly lining up (or having the DHA 

do it for us) the component ¿mino acids which constitute the 
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building blocks of aaeh protain? 

Tbara exists a tendency among tba pmysielete to 

attack this and othar biological problaaa fro» tba atóale 

sida. It is an outgrowth of suecas* of solid atata abyelce 

in tba SO's and íO's. The progruaa in ON* reamaren* gave 

impetus to tha aolacular approach in Biophysics. Yat it la 

doubtful that thia "small scala" approach will ba sufflclaat 

to emplain aoaa "larga" scala problema. Thara ia oartaialy 

more to neurobiology than undarstaadlng of tha working of a 

neuron. A difficulty in tha "larga scala" approach ia tba 

scarcity of models which corractly pradict tha nachsniaas 

uaad by natura in solving a givan problem, mature aarpriaaa 

us, time and again, by invanting solutions to important 

problaaa which could hardly have baan thought of by a 

thaoratical physicist facad withthai.lt saaaa to me that, 

experimentation remains tha only avenue to tha undaratanding 

of tha fundansntal processes. 

Ma will axaaina hera three problans aa examples of 

tha usa of physics in biologically important questions* Z 

allowad aysalf not only to ba biased in their selection, but 

also to leave out references of many who should be represented, 

keeping only a few directly connected to our discussion. 

2. UMÜULOBUÍ 

Tha first problea deals with tha oxygen transporting 

protein-hemoglobin. The understanding of how this transport la 

performed is of great interest in the general problem of 

alloetery in proteins, Mentioned in the Introduction. 

http://withthai.lt
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Hemoglobin is an almost spherical protein, of an 
o 

approximate diameter of 50 A, composed of about 10000 atoma 

which endow it with a molecular weight of about 65000. Among 

the component atoms, mostly H, c, H and t, therm are also 

four iron atoms which even if numerically few, are fundamental 

in the oxygen transport, since 02 binds directly to them. 

The functioning of hemoglobin raises many questions. 

Bow is the shape of hemoglobin related to the characteristics 

of Oj transport? How does oxygen enter and leave the protela? 

Why are other similarly iron containing proteins (the so called 

heme proteins) performing functions different than hemoglobin? 

Myoglobin for instance stores oxygen in the muscles, while 

cytochrome c shuffles electrons back and forth In oxidation-

reduction process. 

Studies of hemoglobin have attracted many physicists, 

in part because of the presence of iron and of the resulting 

magnetism. This protein has also a virtue of existing in large, 

easily available quantities for research purposes. Even 

isolated laboratory,is self sufficient in this row material. 

As a result the array of techniques employed in 

these studies is quite impressive, and becomes more and more 

sophisticated. Hemoglobin became for biology the equivalent 

of silicon in the studies of semiconductors in the 1959's. 

The three dimensional structure of hemoglobin has 

been established through a heroic effort of Perutz's by 

X-ray diffraction and become known in the 1960's [l]. This 

was the first determination of a three dimensional structure 

of any protein,and formed the basis for all the future studies. 
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One of the exciting outcomes of the X-ray studies was the 

realisation that the structure of a hemoglobin molecule while 

it is not transporting oxygen (¿^oxyhemoglobin), is substantially 

different fro» the structure of hemoglobin saturated with 

oxygen (oxyhemoglobin). The distances between various pairs of 
o 

iron ions vary as such as 6 A during this transition. 

As this point one should have a look at the very 

important curve of oxygenation of hemoglobin. One plots in 

fig. 1, the percentage of the saturation of the four iron ions 

with oxygen, as a function of the partial pressure of oxygen. 

Por comparison a curve for myoglobin, one iron containing heme 

protein, is also shown. 

The myoglobin curve is hyperbolic while the hemoglobin 

curve is sigmoidal. The former can be obtained on the basis of 

a simple bimolecular reaction between iron and 0 2 , the latter 

implies the notion of cooperativity. In hemoglobin the iron 

ions communicate, with the result that any iron "knows" whether 

the other three have already captured their 0¿ molecules. The 

sigmoidal curve is obtained by assigning increasing values for 

affinity of oxygen to the yet unoccupied sites, as compared 

to the affinity of the first iron for oxygen. 

It can be seen in the figure that the sigmoidal shape 

of the curve is fundamental for the functioning of hemoglobin. 

It allows for 02 to dissociate from iron and from the molecule 

at partial pressures existing outside the lungs, allowing for 

effective transport and utilization of oxygen by the body-

something that myoglobin's hyperbolic curve does not permit. 
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Another experimental fact involves the magnetic 

properties of iron ions. As Pauling was first to show [2j 

they are paramagnetic with spin 2 in deoxy, and diamagnetic 

in oxyhemoglobin. 

At the present time a certain amount of healthy 

controversy exists regarding the conformational transformation 

from deoxy to oxy form. Perutz has come to the conclusion, on 

the basis of X-ray data, that, starting with deoxyhemoglobin. 

the iron ion (Fe2+)is located about 0.7 A below the plane of 

the heme, a plane formed by a square of four nitrogen atcraswith 

iron at the center (or below,in this case). On oxygenation a 

series of events takes place: Fe2+ changes its spin state from 

2 to 0, decreases its ionic radius, moves into a new equilibrium 

position at the center of the .ieme and,as a consequence of this 
o 

0.7 A displacement,it pulls with it the attached residues CPig.2) 

producing an overall change in the conformation of the entire 

molecule. The distant parts of the protein amplify this motion, 

with the result that an overall,large rearrangement takes place. 

As a result,the geometry around the positions of the other irons 

changes in such a way that they become more acessible to O2, 

increasing the affinity of the irons for 02 molecules in agreement 

with observation. These changes can be fit by an allosteric 

theory of Changeux, Monod and Wyman [3] which is essentially 

based on the existence of two overall conformations of hemoglobin, 

with two different kinetic factors, k, characterizing the». 

This stereochemical approach has been challenged 

recently by Shulman et al [4] ,as a consequence of EXAFS 

experiments (Extended X-ray absorption fine structure). In 
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these experintents the X-rays produced in high intensity by 

the linear accelerator, are monochromated by a crystal, and 

directed against the sample. Measurements of the absorption 

edge near iron K shell absorption, show a fine structure which 

reflects and its N. nitrogen neighbors which reflects the 

distribution of nitrogen atoms near iron, through a factor 

proportional to N..sin (2K R_ + a) where R-, represents the 

distances between the iron atom and its N. nitrogen neighbors 

which modulate this absorption; k is the wave vector of the 

photoeleetron, and a the phase (fig. 3). 

The intense X-ray source allows to obtain full 

spectra in reasonable tines conpared to normal X-ray diffraction 

spectrometers, and the determination of the I'e"NKeme distances 
o 

has an accuracy of 0.01A, or 100 tines better than in X-ray 
o 

diffraction experiments. The results show only a 0.07 A 

difference in these distances between oxy and deoxy forms of 

hemoglobin, which argues against a motion of iron in and out 
o 

of plane by 0.7 A. Thus the resulting rearrangements must be 

due to many small distortions in the neigborhood of the heme 

during the oxygenation process, 

A beautiful series of flash photolysis experiments 

performed by the Illinois [5] group dealt with a seemingly 

different aspect of hemoglobin behavior. Here a strong pulse 

of light has been used to dissociate CO from hemoglobin or 

myoglobin. CO, as well as 0¿, binds to iron, but its binding 

is much stronger-a fact responsible for a serious health 

hazard. After the light pulse, the rebinding of CO to the 

heme iron is studied. The kinetics of this rebinding indicate 
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that below 20°K CO hops back to its original position next 

to iron, by quantum mechanical tunneling {fig. 4). At higher 

temperatures a fraction of CO leaves hemoglobin and moves into 

the solvent, while the portion which remained within the 

molecule rebinas to Fe. Several barriers have to be overcome 

in this process and since it is no more a tunneling process 

the heights of these barriers are obtained (Arrhenius process). 

The innermost barrier has to do with heme itself, while the 

outermost, with hemoglobin-solvent interface. The former may 

be caused by the accompanying motion of iron-the motions of 

Fe and CO being correlated. All the barriers reflect of course 

changes in the local geometry around the heme, hence these 

experiments provide microscopic details of the potential 

distribution in the region which is tied to the affinities 

of hemoglobin for ligand binding. CO has been chosen for 

purely experimental convenience. 

Another aspect of these results throws some more 

light on the problem of hemoglobin's conformation. The barriers' 

heights and widths had to be described by en enthalpy spectrum, 

indicating a distribution of conformational states (not all 

the heights and widths were equal). At low temperatures the 

relaxation time which describes the rate of change from one 
* 

conformation to another i s longer than the rebinding time, 

while at higher temperatures the converse i s true. These 

results have interesting implications. They t e l l us that at 

room temperatures X-ray diffraction sees an average conformation 

of the molecule which rapidly switches frcm one configuration to another 

(f ig . 5) , they a l l correspond of course to a group of s tates , 
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very close to that of minimum energy. This has actually been 

•predicted theoretically.by Karplus (Vj and has now been also 

observed by X-ray diffraction experiments performed at different 

temperatures [7] (fig. 6). 

These íesults concord with the intuitive feeling 

of surprise one hasrwhen seeing that a protein,when disturbed, 

knows how to reconstitute its original 3 dimensional form. 

The protein simply goes back to one anong the group of very similar 

conformations,characterized by the minimum Gibbs energy. 

Simultaneously with the experiments considerable 

amount of theoretical work goes into obtaining the stereochemistry 

of binding of ligands to Mb and Hb, 'calculating the conformations 

which reduce the hindrance due to Fe-ligand bonds, etc. [8] . 

Others [9] calculate the electronic structure of Fcporphyrin, 

Pe-ligand-porphyrin , to obtain the proper electronic 

ground state of these complexes, and to correlate the 

modifications in the protein with these states. 

I tried to show here that the very active field of 

heme protein research has not yet yielded the full 

description in physical or molecular terms of the 

detailed behavior of these molecules. Its dynamism is such 

that many new and fascinating results will be forthcoming. 

3. PHOTOSYNTHESIS 

IO1* kg. of organic matter is synthesized a year 

by the photosynthetic process in green plants and in certain 

bacteria. 

This alone should make research in photosynthesis 
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very active, as it actually has been, particularly since days 

of Calvin [lcQ. In the last years, it has attracted physicists 

who study the first, fundamental step in the reaction between 

incoming photon and chlorophyll molecule. The overall,famous 

reaction is, in case of plants: 

hv + nH20+nCO •*• (CH20)n + n02 

and a slightly different one for bacteria. While the outcome 

of the reaction, and the chain of events leading to formation 

of sugars has been known, the details of the first,photochemical 

step remained obscure. 

There exist several intriguing questions in this 

projfess from the physicists point of view. The photon is 

captured by anyone in a group of chlorophylls, but is transmitted 

to a privileged one, a so called reaction center, which is the 

only one to perform the photochemical reaction. What makes this 

center different from the remaining chlorophylls? Chemically 

no difference could be found. 

Feher [ill has studied the electron paramagnetic 

resonance (EPR) signal which appears during illumination. This 

signal is due to the following reaction: 

DA + hv + D+A~ 

where D (donor) stands for chlorophyll and A is an acceptor 

molecule near by. Reaction centers in bacteria with which Feher has 

been performing his studies,can be separated from all other 

chlorophylls. It has been observed that the EPR signal from 
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the extracted reaction centers has a signal /2 wider thar. 

signals from entire bacteria, where the reaction centers are 

in minority and are not seen {- 1%). Why is that so? The photo 

produced electron interacts with all the nuclei which possess 

a nuclear magnetic moment,and are encountered in its path 

(i.e. where the electronic wave function is non-2ero). This 

hyperfine interactions are responsible for the width of the 

EPR line. Chlorophyll is a conjugated molecule,and the unpaired 

electron is spread over nitrogen and proton nuclei. The width 

of the EPR line depends on the number of nuclei (N) and on the 

strength of the interaction (A), in such a way that width A/SF. 

Let us compare two interactions, one in which the electron 

interacts with a monomer of N nuclei, and the other one where 

it interacts with a dimer of 2N nuclei. The respective line 

widths,AW/will be related: 

¿W A /NT A /wf 
m _ m / m _ m _ / "m _ fz 

A*d " Aa ^ ~ 1/2 *» ~ /r^ ' 

since N was doubled in the dimer, A was halved,because the 

electron spends only 1/2 of its previously spent tins in 

interaction with each nucleus. 

This is exactly what Feher has observed, implying 

that the reaction centers are aimers of chlorophyll molecules. 

An even more persuasive experiment has been performed TlQ 

using the technique of electron nuclear double resonance (ENDOR). 

It consists of saturating the electronic transition,and applying 

RP frequencies corresponding to nuclear spin transitions at the 
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frequencies which correspond to such transitions in the nuclei 

within the electron wave function. It can be shown that the 

ENDOR lines for a given nucleus are separated in frequency by 

the hyperfine constant A. The comparison of ENDOR lines in 

the bacteria and in an extract of reaction centers shows 

A w a c t * 1/2 V, c as required by the monomer vs dimer 

distinction (fig. 7). 

Another interesting aspect of this work,particularly 

for physicists, has been that the length of time taken for the 

EPR signal to disappear, after photons stop arriving (lighl-

off condition) has been shown to be independent of temperature, 

at least between 4°K and 77°K. The only temperature independent 

process in quantum mechanical tunneling. This lead Feher to 

postulate the physical model shown in fig. 8 for the first 

step of the reaction of photosynthesis in bacteria: 

DA + hv -* D +A" 

It is interesting to note here that tunneling 

phenomenon is involved in several fundamental biological 

processes, such as first step in vision [l2] , photo association 

in heme proteins, previously discussed, ate. While this process 

occurs at temperatures well below physiological, where the 

Arrhenius, activated reactions take place (the particle moves 

over the potential hill, rather thai through it) ,it nevertheless 

may have more profound significance [13]]. 

4, SPIN DENSITY IMAGING BY NUCLEAR MAGNETIC RBSONANCE TECHNIQUE 

In order to change somewhat emphasis, I would like 
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to discuss now an experimental approach for formation of 

images by nuclear magnetic resonance technique. This has been 

first suggested some 6 years ago by Lauterbur [if} and 

elaborated by Mansfied et al, in several papers [15]. The 

idea is relatively simple. Normal NMR is performed in a 

magnetic field which has to be extremely constant, both in 

space and in time, in order to obtain very narrow lines of 

true, undisturbed shape. If a magnetic field gradient is 

applied to e sample of water, the protons will be precessing 

at Larmor frequencies which will vary along the field gradient. 

Hence the total line width from protons in a water sample 

contained in a capillary will increase greatly. If we now have 

two capillaries somewhat separated in space and if the gradient 

is perpendicular to the capillaries, two resonance lines will 

be observed. If one now rotates the samples (or the direction 

of the gradient perpendicular to the samples), one can combine 

several projections and reconstruct the objects (fig. 9) in 

two dimensions. The size of the reconstructed objects is 

proportional to the number of spins of each. and depends on the 

relaxation times of the water protons. If the two capillaries 

contain water with two different relaxation times (i.e. by 

adding paramagnetic impurities to one of them) one notices 

that applying high power levels one saturates the proton spins 

of the sample with longer relaxation time. This is due to the 

equalization of proton populations between the two Zeeman 

levels corresponding to the two projections of the spin with 

the result that the signal amplitude goes to zero. Hence, one 

can establish a situation where protons o.Z only one capillary 
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contribute to the signal (fig. 10) . 

After these first attempts a great deal of 

sophistication has been applied to this problem. The whole 

arsenal of NMR methods, accumulated over a period of 30 years 

has been let loose. The gradients can be consecutively applied 

in all three directions, pulsed methods can be used to 

selectively saturate slices of a large sample, etc. 

Biological materials contain regions of water 

protons and other, relatively dry. The distribution of hard 

matter and water is quite apparent in the chicken bone (fig.11). 

One can expect that with some technical progress 

pictures equivalent to X-rays could be obtained without 

radiation hazards involved. This will require low magnetic 

fields of very uniform gradients, and of large extension. 

It has been shown in the last few years that the 

nuclear relaxation times of protons and nuclei of phosphorous 

in malignant tumors are longer than in normal tissues £l6). 

Hence there seems to exist a potentiality for detection of 

tumors by distinguishing them from the normal tissues. 

Other intriguing applications may involve the 

studies in vivo of water movement in plants. 

I have described this method, still in its infancy, 

as an indication of changing times. Physics, in great part 

through its techniques, has entered the field of biology. We 

have been talking in the above examples of quantum mechanical 

tunneling. EXAFS, pulsed NMR, ENDOR, etc. I believe that the 

progress in Biophysics will be due to the use of these and 

other sophisticated techniques taken over from the swyarlmentw] 

physicists' arsenal. This is also true about the theoretical 
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progress. Fifteen years ago the "Spin Hamiltonian biology" 

would raise many brows. Today,very serious attempts to describe 

electronic structures of at least some important regions of 

macromolecules meet with approval and hope. I am sure that 

physicists working both, on the experimental and theoretical 

aspects of biology,will see bright days ahead. 
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FIGURE CAPTIONS 

Figure 1 - Equilibrium curves showing the affinity for oxygen 

of hemoglobin (4 hemes) and myoglobin (1 heme). 

The presence of more than one heme in hemoglobin 

is responsible for the sigmoidal shape of the 

curve as opposed to the hyperbolic curve of myoglobin. 

Figure 2 - Triggering mechanism for the transition between the 

2 structures cf hemoglobin is a movement of the 

heme iron into the plane of the prophyring ring. 

This 0.6 angstrom movement produces a chain of 

structural changes in the entire molecule. There 

a small partion of hemoglobin is shown in the two 

structures (From: M. Perutz, Scientific Amer, Dec. 

(1978), p.77) 

Figure 3 - X ray absorption spectrum of Fe in HbO_ meaured 

using fluorescence EXAFS technique. Rapid rise near 

7100 ev is the Fe, K-edge and the small modulation 

above the edge is the EXAFS(From: P. Eisenberger, 

R. Shulman, B.Kincaid, G.Brown, S.Ogawa, Nature 274, 

30 (1978)). 

Figure 4 - a) Schematic showing positions of the histidine 

group of the fifth ligand, heme group, Fe and CO 

in states A and B. 

b) Potential energy surfaces of the system in B 

and A. The Arrhenius and tunneling processes are 

indicated schematically in the figure (Fromt N. 

Alberding et al., Biochem. 17, 47 (1978)). 

Figure 5 - a) The possible conformations of the heme (conformational 

substates) correspond to the minima in the 

conformational potencial V . Bottoms of the wells 

are parametrized by power law V a x ^ , and 3 cases 

are shown. 

b) Temperature dependence of conformational (<x2> ), 

vibrational (<x2> ) and total mean square 

displacement as a function of temperature (From: H. 

Frauenfelder, G. SetsJco, D. Tsernoglou, Nature 280, 

561 (1979). 



Figure 6 - Backbone structure of myoglobin. The solid lines 

indicate the static structure* circles denote the 

CQ carbons. The shaded area gives the region reached 

by conformational substates with a 99% probability. 
o 

Scale bar, 2A (From H. Frauenfelder, G. Petsko, D. 

Tsernoglou, Nature 280, 561 (1979)). 

Figure 7 - Comparison of ENDOR spectra from bacteriochlorophyll 

(in vitro)(top) with chromatophores of R. Spheroides 

R-26 (bottom)(From G. Feher, A. Hoff, R. Isaacson, 

L. Ackerson, Ann. N.Y. Acad. Sci. 244, 244 (1975)'). 

Figure 8 - Representation of the primary photochemical -step. 

D - bacteriochlorophyll, A - an acceptor (Front 

G. Feher, "Electron Paramagnetic Resonance with 

applications to selected problems in Biology", p. 

103, ed. Gordon and Breach, 1970). 

Figure 9 - Relationship between a three dimensional object, 

its two dimensional projection along Y-axis and 

four one dimensional projections at 45° intervals 

in XZ plane. Arrows indicate gradient directions. 

(From: P. C. Lauterbur, Nature 242, 190 (1973)). 

Figure 10- Proton NMR zeugmatogram of two capillaries containing 

protons of different relaxation times: a) at low SF 

power, b) at high power. The high relaxation time 

capillary exhibits saturation behavior in b), hence 

there is no net resonance absorption (From P. C. 

Lauterbur, Nature 241/ 191 (1973)). 

Figure 11- Cross sectional view of mobile proton distribution 

in chicken wing bone. Light ring is the bone, dark 

region is the marrow (P. Mansfield, Conteap. Physios, 

Fig. 10, r7, 553 (1976)1. 
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