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SUMMARY 

Experimental  techniques have been developed for conveniently measuring the tem- 
perature dependence of rotation of proteins using relatively small quantities of mate-  
rial. Results of rotat ion-temperature studies on lysozyme in aqueous urea solutions 
are presented and compared to earlier results with ribonuclease. Both the ribonuclease 
and the lysozyme undergo an inverted configurational transition in concentrated 
urea solutions; i.e., some protein goes from a "denatured" to a "nat ive"  state when 
the temperature is increased. The reversal of the transition was also studied and found 
to be first order in lysozyme and to have a large activation energy. 

INTRODUCTION 

During recent years a great deal of work has been done in studying the physico- 
chemical properties of synthetic polypeptides 1. The studies were carried out not only 
because these newly available compounds are intrinsically interesting but also because 
it was hoped they might be satisfactory model compounds for the naturally occurring 
proteins. In many  ways the latter hope has been borne out. 

We have recently published a study of ribonuclease 2 which was undertaken to 
see if, in a sense, the proteins could be used as model compounds for synthetic poly- 
peptides. In particular the work was initiated to see if it was possible to observe an 
effect DOTY AND YANG found 8 for PBGA in a mixed solvent and termed by  them an 
"inverted transition". They found that  on raising the temperature of the PBGA 
it went from a less ordered to a more ordered state. In a protein such an inverted 
transition would correspond to renaturing a partially denatured protein by  elevating 
its temperature,  As is well-known this is certainly not the normal behavior of proteins. 

Denaturation is normally defined in operational terms and for convenience we 
chose to define it in terms of the same easily measurable physical characteristic used 
by  DOTY AND YANG viz . ,  the optical activity 4-e. Using this criterion for denaturation 
we demonstrated the existence of inverted transitions for ribonuclease in concentrated 
urea solutions. Admittedly, ribonuclease with its twenty odd amino acids and four 
disulfide cross links is a very complex "model compound" for PBGA though it does 
have the advantage of having a very well defined molecular weight. On the other 
hand it is a good "model protein". 

Abbreviat ion:  PBGA, polybenzylglutamate.  
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The optical rotation is a measure of the average environment of the optically 
active centers of the protein. Thus any changes in structure of the polypeptide 
"backbone" of the protein (where most of the asymmetric centers are located) will 
result in a change in the optical activity. For this reason the more descriptive term 
"configurational transition" will be used to characterize the type of denaturation to 
be discussed in this paper. Such a transition may  be induced by raising the protein 
temperature,  adding a strong hydrogen bond former to the protein solution or by 
a combination of these methods. 

A number of questions were raised by the s tudy on ribonuclease, but  before 
returning to them we decided to initiate the present experiments on lysozyme. There 
were several reasons for doing this, but the most important  was the desire to develop 
procedures for working with smaller quantities of material since we were using as 
much as 30o mg for a single experiment with ribonuclease. In addition we wished to 
see what similarities there are between the behavior of ribonuclease and lysozyme. 

In this paper only those effects on lysozyme which result from the presence of a 
strong hydrogen bond former (urea) will be considered. Consequently, the experiments 
were all carried out at essentially the same pH (near 6) and at moderately high 
ionic strength (0.06 to o.I). 

EXPERIMENTAL 

Armour crystalline egg white lysozyme Lot D-638o4o was used for all of the experi- 
ments. This lot contained 9.0 % moisture as determined by  drying at IOO °. The solu- 
tions were all made up in o.I  M potassium chloride. This solution was either added 
directly to the protein or else to the required amount of solid urea. None of the 
solutions were buffered. The urea was Baker and Adamson reagent grade recrystallized 
once from ethanol. 

Rotations were measured with a precision Rudolph polarimeter with a rocking 
polarizer. Unless indicated otherwise all of the measurements were made at the strong 
mercury 365 m/~ line. In the earlier experiments with ribonuclease all measurements 
of optical activity were made at 546 m/, rather than the traditional sodium D line 
since proteins have a higher specific rotation at this wavelength. In order to reduce 
the sample size the logical step was to go to still shorter wavelengths. In principle 
it should be possible with proteins to obtain increasingly great specific rotations to 
about 200 m/,, but in practice it is not feasible to work below 300 mt~ because of 
the strong absorbance of the protein tyrosine, phenylalanine and t ryptophan groups. 
In addition since light scattering increases markedly with decreasing wavelength, 
scattering losses can be serious. At present the 365-m/~ line seems to be a satisfactory 
compromise. 

The first measurements of the temperature dependence of rotation were made in 
a commercial (Rudolph) I dm glass polarimeter tube with a 3 mm bore. Light 
fluctuations discussed earlier are not as serious in the 3 mm tube as in the 8. 5 mm tube 
used previously. Normally 1.5 ml of I °/o protein solution was prepared, so 15 mg of 
material was used for each experiment. I t  was found necessary to observe a number 
of precautions in studying the temperature dependence of rotation. Quartz windows 
should not be used because they exhibit a large temperature dependence of rotation 
with some hysteresis. Even with glass windows large changes (e.g., 0.2 °) were occasio- 
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nally observed on heating polarimeter tubes to 8o °. These rotations were probably 
the result of stresses set up in the glass because the differential expansion of the glass 
and metal in the tubes was not being taken up by the rubber gaskets. Several experi- 
ments were carried out in which the tubes were cycled through temperature changes 
between room temperature and 80 ° , and it was found that when large changes did 
occur it was only on the first cycle. For this reason these polarimeter tubes were 
routinely heated and cooled before making measurements at varying temperatures. 

Because of these difficulties a new type of polarimeter tube was devised which 
proved much more satisfactory for this work. It  was made from a rod of polymethyl- 
methacrylate 2.99 cm in diameter and IO cm long. A 3 mm wide slot was milled the 
length of the rod to a depth of 1.64 cm with a round bottomed tool. At first glass 
windows were cemented to the ends, but it proved more satisfactory to simply stick 
them on with silicone grease since birefringence effects were observed in the cemented 
windows when heated. Two tapered pins were used at each end of the tube to keep 
the windows from sliding down. The top surface of the tube was milled flat to permit 
the use of a flat piece of plastic for a cover. Solutions in tubes of this type respond 
very sluggishly to temperature changes in the constant temperature compartment 
of the polarimeter so the solution temperature was measured directly with a Veco 
4 I A I I  glass covered thermistor in a bridge circuit. Apart from the slow response 
to temperature changes these tubes have proven to be superior in almost all ways to 
the commercial jacketed capillary tubes. They are easy to fabricate, fill, clean and 
assemble. Normally 1.5 ml of solution is used in a I dm tube with a 3 mm slot, but 
this can be reduced to approx. I.O ml. Shortly before completing this work a polari- 
meter tube of this type was made from a solid rod of titanium. It  has a more rapid 
temperature response and can be used at higher temperatures. 

While using these tubes it was found that the simplest and most satisfactory 
way to clarify protein solutions was to filter them through a o.5 ~ Millipore filter 
with a syringe adaptor. 

Viscosity measurements were made in Cannon-Ubbelohde semi-micro dilution 
viscometers (Size 25) having flow times of about 45o sec with water at 25 °. The visco- 
meters were calibrated from 25 to 60 ° with water. Since dust particles were trouble- 
some the solutions were centrifuged, but the author would recommend the use of 
Millipore filters instead. 

One of the most serious problems in making viscosity measurements was with 
frothing. By the judicious use of reduced pressure on the third tube of the Ubbelohde 
viscometer as well as on the capillary tube, it was possible to keep bubble formation 
to a minimum. In addition a thin gold wire was inserted in the viscometer in such a 
way that the end was just above the upper reference line. Many bubbles could be 
broken by raising and lowering them past this wire. 

A Spinco Model E ultracentrifuge was used for several measurements discussed 
below. A Beckman Model G pH meter was used for all pH measurements. 

RESULTS 

Fig. I shows the rotation*-temperature curves for lysozyme in 0.I M potassium 
chloride and in 8 and I0 M urea solutions. The latter solutions were prepared by adding 

* In all cases in this paper when the word "rotation" is used it means levorotation. 
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o.I  M potassium chloride to the required amount  of solid urea and consequently 
have a somewhat lower ionic strength. The urea solution was then added to a sample 
of protein. 

These curves were obtained by  slowly raising the temperature and observing 
the rotations. Several hours were required to complete each experiment in the figure 
and under these conditions the rotations were only partially reversible (except in 
the case of 6 M urea to be discussed later). Two experiments in the absence of urea 
are shown in the drawing. In the first a freshly prepared lysozyme solution was 
heated from 25 to 67 ° and no appreciable change was observed in the rotation. 
The observed value at  25 ° is in excellent agreement with that  recently reported by 
JIRGENSONS 7. I t  was not possible to make measurements above 67 ° as the solutions 
became turbid. This turbidi ty is not caused by the precipitation of the lysozyme but 
by  the precipitation of an impurity. That  it is an impurity is shown by  the fact that  
if a solution of lysozyme is heated and then filtered it does not become turbid on 
reheating to the same temperature. In addition the sedimentation pat tern of the 
unheated solution shows a distinct (but very small) fast-moving peak. A one percent 
solution of lysozyme made up in 0.004 M mercuric chloride lacks the small peak in 
the sedimentation pat tern and is slightly turbid when first prepared. Thus it appears 
that  the impurity is precipitated by mercuric ions. 

From an examination of the experiments in urea solutions (to be discussed 
below) it appeared that  the thermal transition for lysozyme in o.I M potassium 
chloride should be half completed at 780 . After removing the impurity it was possible 
to make the required measurements in the t i tanium polarimeter tube. The results 
are shown in the second o M curve in Fig. I. Measurements were not made beyond 
82 ° as it was not possible to go to higher temperatures at the time the experiment 
was performed. However, the results clearly show that  the transition is half-completed 
near 78 ° as predicted. With a modification of the experimental arrangement it became 
possible to go to higher temperatures, but it was found that  the rotation only slowly 
increased on increasing the temperature. In order to carry out measurements through 
the entire transition it will be necessary to use a modified experimental set-up as 
evaporation becomes a serious problem when the solutions are heated for long periods 
at these temperatures. 

To remove the impuri ty prior to these measurements the following procedure 
was used. I To lysozyme solutions in o.I M potassium chloride were heated 5 min 
at 9 °0 . The small amount  of cooked-egg-white-like material that  formed was spun 
down in a clinical centrifuge. Since the exact lysozyme concentration was no longer 
known it was estimated by assuming a specific rotation of 2o1°; i.e., it was assumed 
the protein remaining in solution was in its native state. I t  was possible to calculate 
the specific rotation of the protein remaining in solution by estimating the weight 
of the precipitate. The calculated specific rotation at room temperature was 
closer to 220 than to 2Ol ° suggesting some irreversible change in the heated protien. 
For this reason a t tempts  are now being made to purify the lysozyme by  a less drastic 
procedure. 

Two additional experiments were performed in 4 and 6 M urea but  are not shown 
in Fig. i. In the 4 M solution it was not possible to complete the measurements on 
the transition since the impuri ty began to precipitate. However, it was possible to 
quite accurately estimate the temperature for the middle of the transition as 62.5 ° . 
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The 6 M experiment is especially interesting in that the rotation was completely 
reversible although the solution was heated from 13 to 75 ° during a 6-h interval. 
The transition was half complete at 56.2 ° . In several separate experiments rotation- 
temperature curves were obtained for lysozyme in 8 M urea over a period of several 
hours. At the completion of the experiments the solutions were allowed to stand 
overnight at room temperature. In all cases the final rotations were close to 23 °0 . 
However, it is possible to obtain complete reversibility by heating these solutions 
for short periods of time. For example, on heating such a solution for 5 min at 80 ° 
and then suddenly cooling to 25 ° the rotation will return to its initial value in less 
than 15 min. (During this 5-min interval the rotations do increase to the values 
expected but it is difficult to obtain accurate measurements.) Unlike the experiments 
in io M urea the measurements in 8 M solutions were quite reproducible. Several 
experiments gave results that were identical within experimental error. 

The reason for this irreversibility is not clear, though the possibility of oxidation 
by air during the heating appears to have been ruled out by the following experiments. 
Two solutions of lysozyme in 8 M urea were prepared that differed only in that one 
was saturated with nitrogen and the other with oxygen. Both were heated to 80 ° 
for I h and then cooled to room temperature. The levorotation of both solutions had 
increased about 60 ° . 

Experiments performed in IO M urea solutions give a variety of curves displaced 
vertically from one another; i.e., the temperatures of the minima and maxima are 
essentially unchanged. For example Fig. 2 shows the results obtained in another 
experiment under conditions very similar to those of Fig. I. Initially the levorotation 
was 238o at room temperature. When the temperature was raised the levorotation 
increased to a maximum of 284.5 ° and then started to decrease (total time elapsed 
between minimum and maximum temperature readings was 2 h). The solution was 
then quickly cooled to 25 ° and left overnight. The following day the upper curve was 
obtained when the sample was reheated. This solution was then cooled and diluted 
with o.I M potassium chloride to bring the urea concentration to 5 M. In less than 
5 min the levorotation was 223 °. Thus the lysozyme in the 5 M solution had appar- 
ently largely reverted to a native-like state as judged by the marked drop in levorota- 
tion and the large change in rotation on reheating. 

Fig. I also includes the results of an experiment in which the viscosity of a 
lysozyme solution in 8 M urea was measured at various temperatures. The concentra- 
tion of the protein was about 3 % and I ml of solution was used. The purpose of the 
experiment was to learn how close a parallelism existed between changes in viscosity 
and rotation. Since the rotation and viscosity curves have the same sigmoid shape 
the viscosity data were fit to the rotation data by equating the distance between 
the minima and maxima of the curves. As can be seen from the figure the correlation 
between viscosity and rotation changes in the transition region is striking. 

It  was found previously that when 7 M urea solutions of ribonuclease at 5 o° 
were suddenly cooled the levorotation increased rapidly before slowly returning to 
smaller values. A similar effect was looked for with lysozyme and first observed in 
the i o M  urea solution. If such a solution is rapidly cooled from 520 to 25 ° the rotation 
observed initially is on an extension of the negative slope of the temperature-rotation 
curve as indicated by a dotted line in Fig. I. The rotation will not return to its original 
value on cooling if it remains at elevated temperatures for a long period. However, if 
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sium chloride.) /k and Q represent  two sepa- 
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of lysozyme in IO and 5 M urea (plus approxi-  
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prepared solution of lysozyme in io M urea. 
× ,  Same solution after  s tanding overnight  a t  
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Fig. 4. Firs t  order plot  of reversal  data  of Fig. 3. 

Fig. 3. Time dependence of levorotat ion of lyso- 
TiME CMmUTES~ zyme in zo M urea af ter  heat ing for 5 min and 

then  re tu rn ing  to 22 ° /k, (D 25°; [ ]  3 o°. + indicates a reversal  at  25 ° bu t  in the presence of 
mercuric chloride. 
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a solution is kept at 8o ° for only 5 min and then rapidly returned to 25 ° the rotations 
are largely reversed. 

Some experiments of this kind are shown in Fig. 3. Three of the curves show the 
results of reversals to three different temperatures viz., 22, 25 and 3 o°. Unfortunately, 
it is difficult to extend the temperature much beyond this since the IO M urea begins 
to precipitate below 22 ° and the rate is too fast to measure accurately above 3 °0 . 
(It might be possible to make such measurements at lower temperatures by using 
formamide instead of urea as the hydrogen bond breaker.) These experiments were 
performed by heating the samples in closed test tubes at 8o ° for 5 min, cooling for 
I min in a water bath at the desired final temperature and then rapidly transferring 
to the plastic polarimeter tube. The latter was kept in the constant temperature 
compartment for about 30 rain before adding the cooled protein solution. Since a 
thermistor was not available at the time these experiments were performed there 
may be a small error in the final temperature because of temperature changes during 
the transfer, etc. In Fig. 4 these results are plotted to show the goodness of a first 
order fit. (This fit was made by adjusting the rotations at infinite time to give the 
best straight lines. Though this may seem arbitrary, the resulting final rotations 
calculated in this way are in very good agreement with the values that would be 
estimated from Fig. 3)- From the intercept the initial rotation can be calculated and 
these values are shown in Fig. I. Two of the values are on the extension of the upper 
slope. Fig. 3 also includes an experiment in which mercuric chloride was present 
at a concentration of 0.004 M. The presence of the mercuric ions apparently partially 
blocks the reversal process. 

DISCUSSION 

General interpretations 

The results of Fig. I are qualitatively the same as those obtained for ribo- 
nuclease ~ and it is proposed to interpret them in the same manner. These interpreta- 
tions can be summarized as follows : (a) As the temperatures of the lysozyme solutions 
are increased they all show a marked increase in rotation. This is caused by a con- 
figurational transition in the protein. (b) The IO M urea solution has the smallest 
amount of native protein present at the beginning of the transition and therefore 
exhibits the smallest change in rotation. (c) At temperatures above the maxima in 
the rotation-temperature curves the slopes are parallel since only denatured protein 
is present. The slope gives the intrinsic temperature dependence of rotation of un- 
folded protein. Rotations in solutions having different refractive indices are not 
directly comparable 8 and for this reason the upper slopes do not lie on a common line. 
For ribonuclease there was clear-cut evidence for this interpretation as the upper 
slopes did fall on a common line after refractive index corrections were applied. The 
data presented in Fig. I cannot be interpreted so easily, and we must argue in part 
by analogy with ribonuclease. No refractive index data are available for concentrated 
urea solutions at 365 mix though it should be possible to make the necessary measure- 
ments in this laboratory in the near future. But even with the corrections it is clear 
that  the upper slopes cannot all coincide. For example, if it had been measured, the 
upper slope in the o M solution could not coincide with that of the 8 M solution even 
after being corrected. The reason for this is that the corrections will reduce the rota- 
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tions for the 8 M but not for the o M solution. However, judging from the corrections 
at 589, the upper slopes for the 8 and IO M solutions will probably coincide after the 
refractive index corrections have been made. (It has been shown that  these corrections 
are not strongly dependent on wavelengthS.) (d) Below the temperatures of the minima 
in the rotat ion-temperature curves an inverted transition is occurring; i.e., some 
protein is being denatured as the temperature is decreased. (e) At temperature below 
the minima in Fig. I the slope is greater for the IO M solutions for two reasons. First 
in IO M urea more of the unfolded lysozyme is present at low temperatures than in 
the 8 M solution as judged from the larger rotation. Since the unfolded material has a 
larger intrinsic temperature dependence of rotation, a steeper slope is observed for 
the IO M solution. Secondly, the inverted transition will lead to a greater decrease 
in rotation as the temperature is increased. 

The arguments for these interpretations are given in greater detail in the previous 
paper on ribonuclease. 

On comparing the data of Fig. I with the comparable data for ribonuclease it is 
apparent  that  lysozyme is considerably more stable under the conditions of the 
experiments. For example, judging from the change in rotation no configurational 
change has occurred in lysozyme on heating at 7 o°. In ribonuclease, however, the 
protein has gone through the entire transition by  72 ° i.e., the maximum in the rotation- 
temperature curve is observed at this temperature. In 8 M urea ribonuclease is com- 
pletely unfolded even at 5 ° while lysozyme only begins to unfold at 3 o°. 

Thermodynamics 

Although the rotat ion-temperature data are not completely reversible, it is 
possible to make use of the VAN 'T HUFF relationship to estimate the change in 
enthalpy on unfolding xx. However, as mentioned in the RESULTS the rotation-temper- 
ature data for lysozyme in the absence of urea are changing markedly with time. For 
this reason and because it was not possible to satisfactorily complete the transition, 
the calculations have been made for the 8 M urea solution only. Plotting the logarithm 
of the equilibrium constant versus the reciprocal of the absolute temperature gives a 
reasonably straight line with a slope corresponding to 69 kcal. I f  a transition tempera- 
ture is defined as that  temperature at which the equilibrium constant is unity, a value 
of 47 ° is obtained and the entropy of unfolding at this temperature is 215 eu. I t  would 
be desirable to learn what the change in enthalpy is in the absence of urea. This would 
permit a comparison of the relative numbers of hydrogen bonds broken during the 
transition for the ribonuclease and lysozyme molecules assuming a negligible difference 
in side chain effects. 

There has been only one comparable measurement reported to this writer's 
knowledge. HAMAGUCHI 9 has measured the temperature dependence of viscosity of 
lysozyme in 8 M urea and used a two state model to determine the enthalpy change. 
He reports a value of approx. 5 kcal and argues that  this unusually small value 
implies a small structural change in the lysozyme on unfolding. However, it appears 
that  an error was made in his calculations since HAMAGUCHI'S own data leads to a 
value of 52 kcal and a transition temperature of 41°. Whether this difference between 
HAMAGUCHI'S data and ours reflects a real difference in the lysozyme samples used or 
in the experimental  procedure is not clear at present. 

Recently a number  of papers have been published discussing the statistical 
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mechanics of the phase transition occurring in polypeptides 1°-1b. In one of these 
PELLER has shown that  

R(To) 2 
T ° T t ~ 2KC 

where T t  ° is the transition temperature in the absence of denaturant,  T t  is the 
transition when the denaturant  is at concentration C. K is the average equilibrium 
constant for denaturant  binding to the sites exposed after the configurational transi- 
tion and Ah is the heat of binding for the same process. Since Ah is known to be small 
(approx. - - 2  kcal) the temperature dependence of K may  be neglected as a first 
approximation. Using reasonable values PELLER has estimated a value of - - 4 . 4 4  
for the coefficient of C. The data for lysozyme and ribonuclease are in remarkably 
good agreement with this relationship as can be seen from Fig. 5. If  the data for 
lysozyme are extrapolated to o M the transition temperature is found to be 78°. This 
extrapolation was made before any experiments had been successfully completed in 
the absence of urea and the prediction provided an impetus for completing such an 
experiment. As mentioned in the RESULTS it was not possible to very accurately 
measure the transition temperature but it is probably within one degree of the 
predicted value. Thus the transition temperature for lysozyme varies linearly with 
the urea concentration over the entire experimental range of o to IO M urea. This 
agreement is additional evidence for the applicability of the very simple model used 
for the configurational transitions of proteins. The slope for the lysozyme data is 
-3.3 and that  for the ribonuclease is -4.5. These are of the expected order of magnitude. 

ul 8 °  

4 ~  

z 0 

CONCENTRATION OF UREA t MOLARITY ) 

Fig. 5. Dependence of transition temperature of lysozyme and ribonuclease on concentration 
of urea. 

However, if we assume common values for K and A h  for all proteins the slope for 
the lysozyme should be somewhat greater since its transition temperature in the 
absence of urea is greater. This suggests that  such an assumption is incorrect, which 
is not surprising. 

PELLER has also pointed out the interesting similarity between this equation 
for the transition point depression and the usual expression for the freezing point 
depression of a solvent by  the addition of solute. The folded protein would correspond 
to microcrystals of pure solvent in the solid phase and the unfolded protein to protein 
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in the liquid phase. This would agree with KAUZMANN'S suggestion J~ that protein 
configurational transitions are similar to the melting of ordinary crystals but with a 
relatively broad "melting point", because the crystal size is so small. 

'Fig. 5 also shows quite clearly that the 5 M solution of Fig. 2 is quite different in 
its behavior from that expected for native lysozyme. While the a(T) curve was not 
carried to completion a reasonable estimate of the midpoint of the transition would 
be 5 o°, but Fig. 5 shows that a value of 59 ° would be expected. One simple inter- 
pretation of this behavior is that the refolding which takes place on removing the 
urea does not occur in the most efficient manner; i.e., the manner which would put 
it into its state of lowest free energy. An interesting corollary of this is that  if one 
were to very slowly remove the urea the final state might more closely approximate 
the native protein. Similarly, cooling a protein slowly might help to return it to a 
more native-like state since this would increase the rate of attainment of equilibrium 
unless of course irreversible effects take place during the time it is at the elevated 
temperature. 

Kinetics 

The rapid reversal experiments described are quite interesting and in part 
qualitatively different from earlier reports on the reversal of protein denaturation. 
The temporary entrapment of the protein in the high temperature, unfolded form is 
similar to a supercooling effect in an ordinary phase transition. We have at tempted 
to evaluate the activation for this reversal process but the data are not accurate 
enough to give reliable values. It  is clearly very large (probably greater than IOO kcal) 
and consequently any small error in the sample temperature on cooling will give rise 
to marked changes in the velocity of refolding. (As mentioned earlier, there may have 
been small errors in the temperatures used for the activation energy calculations. 
These can be eliminated by the use of the titanium polarimeter tube and the direct 
measurement of temperature with a thermistor probe.) 

Only one experiment is shown in Fig. 3 in which mercuric ions were used to 
partially block the reversal. Such experiments might indicate what groups participate 
in the refolding. For example it is thought that mercuric ions may bind weakly to 
histidine side chains in papaya lysozyme. I t  may also be possible to more directly 
get at this question of why agents such as mercuric ions block the reversal by following 
the reactions with difference spectra measurements. Some preliminary measurements 
(but in the absence of blocking agents) have been made of the difference spectrum 
between an unheated sample of lysozyme in io  M urea and a sample temporarily 
trapped in the unfolded state. Two distinct peaks located near 292 and 237 m/z have 
been observed which decrease with time. These promising experiments are being 
continued. 
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IV. I N H I B I T O R Y  ACTION OF CHLORPROMAZINE 
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Dept. o] Biochemistry, School o] Medicine, Nagoya University, Nagoya (Japan) 
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S U M M A R Y  

I. The interaction of chlorpromazine and FAD was studied in aqueous solution 
and in a reaction mixture containing D-amino acid oxidase. The formation of a com- 
plex between chlorpromazine and FAD and the competition of these compounds for 
the apo-enzyme were demonstrated. 

2. The formation of complexes of chlorpromazine and flavins was demonstrated 
by  means of spectrophotometry and fluorimetry. The dissociation constant of the 
complex of chlorpromazine with FAD at pH 7.0 and 20 °, measured by  fluorimetry, 
appeared to be 1.o. io -3 M. The same dissociation constant was found for the chlor- 
promazine complexes with riboflavin, FMN or riboflavin 5'-monosulfate. 

3. The competition of chlorpromazine with FAD for the apo-enzyme was demon- 
strated by  means of kinetic analysis. The dissociation constant of the complex of 
chlorpromazine with the apo-enzyme at pH 8.3 was calculated to be 2.3" IO -5 M. 

4. The binding site of the apo-enzyme with chlorpromazine was determined by 
using riboflavin 5'-monosutfate and adenosine 5'-monosulfate as indicators. The 
results showed that  chlorpromazine competes with adenosine 5'-monosulfate for the 
apo-enzyme, which means that  chlorpromazine binds at the same site as the AMP 
moiety of FAD. 

Abbrev ia t i ons :  FA D,  f lavin aden ine  d inuc leo t ide ;  FMN,  f lavin m o n o p h o s p h a t e ;  AMP, 
adenos ine  m o n o p h o s p h a t e ;  FMS, r iboflavin 5 ' -monosu l f a t e ;  AMS, adenos ine  5 ' -monosu l fa te .  
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