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Structure-Volume Relationship. Dilatometric Study of the 
Acid-Base Reaction Involving Human Oxy- and 
Methemoglobins in Water and Denaturing Media? 

Sam Katz,* John A. Beall,$ and Jack K.  Crissman, Jr. 

ABSTRACT: The volume changes produced by acid-base reac- 
tions with human oxy- and methemoglobins showed a strong 
dependence on the state of the heme, the quaternary structure, 
and the medium. The volume changes were determined 
dilatometrically a t  30.0 f 0.001O. The protonation of oxy- 
hemoglobin produced time-dependent large negative volume 
changes at  pH <4.5; steady-state volumes were achieved 
within 18 hr after mixing. A minimum of -750 ml/105 g of 
protein occurred at  the point where 70 mol of H+ were bound/ 
lo5 g of protein. The corresponding isotherm for methemo- 
globin exhibited no time dependence and was qualitatively 
similar to the steady-state values of oxyhemoglobin. These 
negative volume effects can be related to the disruption of the 
quaternary structure and the consequent extensive structural 
changes in the acid environment. Similar experiments per- 
formed in 8 M urea and 6 hi guanidine hydrochloride produced 
conventional positive isotherms; i.e., the small volume in- 
crease at  low levels of hydrogen ions is associated with his- 

T h  e magnitude and character of the volume changes pro- 
duced by the reaction of acids and bases with proteins are 
determined by the composition and structure of the protein 
and the type of medium employed (Rasper and Kauzmann, 
1962; Katz and Miller, 1971a). This study proposes to in- 
vestigate the influence of the quaternary structure, the state of 
the heme, and the denaturant on the volume isotherms pro- 
duced by the protonation or neutralization of hemoglobins. 
Human oxy- and methemoglobin which exist as tetramers were 
selected for study in order t o  extend and supplement the re- 
sults of a similar investigation of the single-chain hemopro- 
tein, myoglobin (Katz et ai., 1973a). 

The data obtained by this dilatometric study reveal that the 
quaternary structure and the state of the heme have a pro- 
found influence on the degree, character, and time dependency 
of the resultant volume effects. The larger magnitude of the 
volume decrease resulting from the protonation of hemo- 
globins compared to  myoglobin is attributed to the structural 
change accompanying the disruption of the quaternary struc- 
ture. The state of the incorporated heme has a decided in- 
fluence on the protein stability; e.g. ,  oxyhemoglobin is more 
labile in acid than methemoglobin but in alkali the converse is 
the case. 
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tidy1 protonation and the large volume rise at higher proton 
binding levels is due to the titration of carboxylate residues. 
These proteins proved to be more stable in alkali as indicated 
by a nearly linear volume increase with increasing OH- concen- 
tration until the pH exceeded 10; at  higher p H  values, time-de- 
pendent volume effects which indicate structural changes were 
observed. The decrease of the steady-state volume at  high OH- 
concentration can be related to the dissociation of the hemo- 
globin from the tetrameric to  dimeric state. Methemoglobin 
proved to be less stable in alkali than oxyhemoglobin, as 
demonstrated by the larger time-dependent effects and negative 
volume changes. In 8 M urea both of these proteins produced 
essentially identical isotherms. These isotherms exhibited a 
linear volume increase as a function of hydroxyl ion bound 
with a slope of 15 ml/mol of OH- bound; this indicates that 
these hemoglobins behaved in a “normal” mode in this dis- 
sociating and denaturing medium. 

Experimental Section 

Metliodoiogj.. The volume changes were determined at  
30.0 * 0.001 O with Teflon-sheathed Linderstrom-Lang-type 
dilatometers which could be read to 0.01 p1 (Linderstrpm- 
Lang and Lanz, 1938; Katz and Ferris, 1966; Katz, 1972). 
The experimental procedure and calculations used in these 
dilatometric titration have been described (Rasper and Kauz- 
mann, 1962; Katz and Miller, 1971a; Katz et al., 1973a). 
Steady-state reading which are defined as volumes which d o  
not vary for a 1-3-hr period generally were reached 2-3 min 
after mixing. When time-dependent volume effects occurred 
the 5 min and 18 hr values were reported; the latter readings 
are steady state. The protocol for the dilatometric studies in- 
volved the use of 5.00 ml of 5 z  protein in one arm of the 
dilatometer while the other arm contained 5.00 ml of 0-0.08 M 

acid or alkali in the same medium used to dissolve the protein. 
To denature the protein, the protein was exposed at  30’ for 24 
hr in either 8 M or 6 M guanidine hydrochloride. Spectral 
analysis was performed with a Cary Model 17 spectropho- 
tometer or Beckman DU2. pH was measured with a Radi- 
ometer Model 26 p H  meter using semimicro combination 
electrode GK2321C. Conductivity was determined with a 
Radiometer CDM-3 apparatus. Acrylamide gel electro- 
phoresis was performed according to our standard procedure ; 
Peacock’s er al. (1965) buffer was the electrolyte used. 

The concentration of protein in water was determined by 
drying at  100” for 24 hr in cucuo. Operational absorption CO- 

efficients were determined from systems which simulated 
dilatometric experiments in all respects; the solutions were 
diluted with 0.05 M acetate buffer (pH 4.8) for spectral anal- 
ysis (Katz et al., 1973a). The following absorptivity v’ ‘i 1 ucs are 
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FIGURE 1: Volume changes produced by the reaction of HCL with 
hemoglobins of' human origin. The experiments were performed at 
30.0"; the data are reported in terms of' lo5 g of' protein. The pH 
values are stated on the top portion of each graph. The top panel 
(1A) represents the oxyhemoglobin system: (- - - - - - ) the volume 
changes determined 5 min after mixing; (- - -) steady-state 
values which were determined 5-18 hr after mixing; (-) the steady- 
state values which occurred immediately after mixing. The bottom 
panel (1B) represents the methemoglobin system; steady state was 
achieved immediately after mixing. The different symbols represent 
specific experiments. 

for hypothetical 1 z solutions: methemoglobin initially in 8 M 

urea is 18.7 i 0.6 at  278 nm; methemoglobin initially in 6 M 

guanidine hydrochloride is 17.7 i. 0.8 at 275 nm. The use of 
water as diluent instead of acetate buffer had a profound in- 
fluence on these values, e.g. ,  oxyhemoglobin diluted with 
water yielded a value of 22.3 * 0.2 at 276 nm; a value of 21.5 
was reported by Antonini and Brunori (1971). 

Materials. Human hemoglobin was prepared by conven- 
tional procedure (Benesch et al., 1972) using freshly drawn 
human blood. Methemoglobin was prepared by exposing 
hemoglobin to a fivefold excess of K3Fe(CN), for 10 min; 
this was exhaustively dialyzed until the conductivity of the 
diffusate and retentate was nearly the same. The hemoglobin 
AI content of these samples ranged from 96 to 98 z as deter- 
mined by cellulose acetate electrophoresis. 

The standard acid and base solutions were Harleco prod- 
ucts; restandardization established that maximum deviation 
from the stated norm'alities was 20.3%. Urea, n-heptane 
(Mallinckrodt), and guanidine hydrochloride (Sigma) were 
purified by our standard procedures (Katz and Miller, 1971b). 
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FIGURE 2: Volume changes produced by the reaction of HCI with 
human methemoglobin; the solvent was 8 M urea. For details refer 
to Figure 1. 

dium, but also to  a large extent by the protein's quaternary 
organization, and the oxidation and ligand state of the heme. 

Acid Titration. The isotherm produced by the protonation of 
oxyhemoglobin was characterized by regions where A V was 
reached immediately after mixing and by a zone where the 
volume effects were time dependent (Figure 1A). Near the 
origin there was a small volume rise reaching a maximum of 
100 ml/105 g of protein at the point where 35 mol of H+ were 
bound/lOj g of protein; steady state was reached immediately 
after mixing. At higher binding levels, i.e., where 35-85 mol of 
H+ were bound/105 g of protein, time-dependent large volume 
decreases were observed. Apparent steady-state values were 
reached 5 hr after mixing and were constant for the ensuing 
18-hr contact period. A minimum of -750 ml/lOj g of pro- 
tein was found when about 70 mol of H+ were bound/lOj g of 
protein. When the binding exceeded 85 mol of H+/105 g of 
protein, the isotherm reached steady state immediately after 
mixing and exhibited little dependence on the amount of Hf 
bound. The values for AV in these regions were about -550 
m1/106 g of protein. 

The corresponding isotherm for methemoglobin differed 
primarily by the absence of kinetic effects; the steady-state 
isotherms for these proteins were qualitatively similar (see 
Figure 1B). Methemoglobin exhibited a small volume increase 
at low binding levels, reaching a maximum of 80 ml/105 g of 
protein when 20 mol of H+ were bound/105 g of protein; there 
was a subsequent sharp volume decrease, reaching a minimum 
of -700 ml/105 g of protein at the point where 100 mol of H+ 
were bound/106 g of protein. At higher levels of proton binding 
the values for the isotherm increased slightly with binding, the 
slope being 1.5 ml/rnol of H+ bound. 

The use of denaturants as solvents altered the character of 
the isotherms drastically; i.e., the large volume decreases ob- 
served in water were virtually eliminated (compare Figures 
1-3). Data for the protonation of oxyhemoglobin in 8 M urea 
and 6 M guanidine hydrochloride are not presented since the 
oxy form is converted to methemoglobin in these media. The 
isotherm for methemoglobin in 8 M urea exhibited a pro- 
gressive rise of slope with increasing H+ binding, attaining a 
value of 425 ml/105 g of protein when 110 mol of H+ were 

Results 

The magnitude, character, and the kinetics of the volume 
effects produced by acid-base reactions with hemoglobins are 
determined not only by compositional factors and me- 

1 A value of 10 ml/mol is proposed for the titration of unhindered 
carboxylate compounds in proteins; this is based 011 data determined 
from simple amino acids and proteins (Rasper and Kauzmann, 1962; 
Katz and Miller, 1971b). In 8 M urea the A V for protonation of carbox- 
ylate groups is about 80% that in water and in 6 M guanidine hydro- 
chloride it is about 50% that in water (Katz and Miller, 1971b, 1972). 
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FIGCRE ? :  Volume changes produced b) the reaction of HC1 with 
human methemoglobin ; the solvent M a 3  6 guanidine hydro- 
chloride. The top panel (3A) is a plot of the derivative of the 
volume isotherm, as a function of the moles of H+ bound'l0j g of 
protein. The bottom panel (3B) is the con~entional representation 
of the isotherm for this system. 

bound/l0> g of protein (Figure 2). Surprisingly, in 6 M gua- 
nidine hydrochloride, the isotherm was somewhat sigmoidal 
in nature (Figure 3B); the slope reached a maximum value of 
6 ml/mol of H- bound when about 60 mol of H- were bound,' 
10: g of protein and then decreased with increased H- binding 
(Figure 3A). At the point where 110 mol of H- were bound/ 
10: g of protein, the value for AVwas 390 mli102 g of protein. 

A[krdine Titridon. The reaction of alkali with human oxy- 
and methemoglobin in water produced substantially different 
isotherms; however, the use of 8 11 urea eliminated the differ- 
ence between the two proteins. Oxyhemoglobin reacting with 
OH- in water generated a linear time-independent volume in- 
crease up to the point where 50 mol of OH- were bound/102 g 
of protein; the mean slope was 15 ml/mol of OH- bound? 
(Figure 4). The time-independent portion of the volume iso- 
therm continued to increase with a slightly diminished slope 
until a value of 925 m1/105 g of protein was reached, i.e., where 
65 mol of OH-- were bound,!lO" of protein. At higher alka- 
linity, time-dependent effects were observed; the 5-min and 
18-hr values are depicted graphically. The A Vdetermined 5 min 
after mixing increased with increasing pH until a maximum of 
1125 ml,/1Oz g of protein was obtained when 85 mol of OH-were 
bound,'lOz g of protein; at higher alkalinity there was a sharp 
decrease of this parameter. The 18-hr values decreased in a 
sigmoidal manner when the binding was >65 mol of OH-,/ 

.. ~ ~~~ ~ 

J 7l ic  v ~ l u c  of 23 nil mol w a s  proposcti for thc volumc change pro-  
d iiictl h? tlic rc'ictioli of OH- \I irh "norm;il" imidazolium and amiiio- 
iiiiiiii rcsidui's 111 proteins (Rnsper' i i i i d  I<aurmanii ,  1961). In 8 hi urm 
t i i c r c  is ,ihout ;i 15' :  reduction of this \ o l u ~ n c  effect. Studies i n  6 
\I  yu;iiiiilinc l i ~ t l r c c h l o r i d c  a re  !not fc<isibIc since this denaturant is J 
\+ c a k  ;iciil mid coiiipctcs ili the neutra1iz;ltlon process ( K a t z  and Millcr, 
I97 1 !l), 
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F I G U R E  4: Volume changes produced by the reaction of NaOH 
with human oxyhemoglobin. Fcr detail5 refer to Figure I .  

10: g of protein. At the point where I10 mol of OH- were 
bound,!lO: g of protein, steady-state values were achieved 
5-10 min after mixing; the AVwas 725 ml,'IO' g of protein. 

The corresponding isotherm for methemoglobin differed 
from the above (compare Figures 4 and 5 ) .  There was a linear 
time-independent volume rise until 40 mol of OH- were bound/ 
10' g of protein; the slope was about 15.5 ml'mol of OH-- 
bound.' In the region encompassed by 40-100 mol of OH- 
bound/102 g of protein, the volume effects were time depen- 
dent. The 5-min values reached a maximum of 900 ml/lOj g of 
protein when 65 mol of OH- were boundi10: g of protein and 
then decreased to a minimum of 625 m1/10: g of protein when 
105 mol of OH- were boundUOz g of protein. When the 
amount of OH-  binding was 2105 mol of OH-,'10; g of pro- 
tein, the 1 V isotherm achieved steady state immediately after 
mixing and exhibited a linear dependence on OH- binding 
with a mean slope of 10 rnl/OH- bound.' The steady-state 
isotherm was similar to the 5-min values except that it was 
about 300-400 ml,'lO~i g of protein more negative in the region 
where 40-100 mol of OH-. were bound,'lOj g of protein. 

The exposure of these two proteins to 8 hi urea at  30" for 18 
hr before alkaline titration produced systenis which reached 
steady state immediately upon reaction. The isotherms for 
these proteins were linear within experimental error; the 
values for AVwere 1550 and 1600 m1/103 g of protein at the 
point where 110 mol of OH-- were bound for oxy- and met- 
hemoglobin, respectively. 

Discussion 

The contribution of the disruption of the quaternary struc- 
ture to these voltinie effects is demonstrable by two ap- 
proaches: (i) the difference between the AV values for acid- 
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base reactions involving hemoglobins in water and in de- 
naturing media, and (ii) the calculation of the difference be- 
tween the volume effects estimated for a “normal” protein 
with hemoglobin’s composition and the experimentally deter- 
mined value. 

Acid Titration. Prior to analysis of the data produced by the 
protonation of oxy- and methemoglobins, a review of the 
structural changes generated in hemoglobins by acidification 
is useful. Exposure of hemoglobins to systems more acid than 
p H  6 causes the dissociation of hemoglobins from the tetra- 
meric to dimeric form (Fanelli et a/., 1964; Sharonova et al., 
1972). At p H  values <4, structural changes occur which 
normalize “masked” prototropic groups (Steinhardt and 
Zaiser, 1953). Even though question exists regarding the 
number and types of ionic groups released, there is agreement 
that most of these are imidazoles; titration studies indicate 
that about 18 of the 38 imidazoles in human hemoglobin 
molecule are masked in the native state (Geddes and Stein- 
hardt, 1968; Janssen et al., 1972). Three other processes in- 
volving heme become significant at  p H  <4 (Allis and Stein- 
hardt, 1969). There is a fast reaction causing a shift of the 
Soret band to the red which is followed by the expulsion of 
heme from the protein and the concomitant disruption of the 
protein’s tertiary structure. The third step is the dimerization 
of the heme in the solution. The rates of these processes are 
strongly p H  dependent (Allis and Steinhardt, 1969). 

At present, one cannot designate the specific process re- 
sponsible for a given volume effect unequivocally for these 
systems; however, there is substantial evidence that the dis- 
ruption of the quaternary structure of hemoglobin is the 
factor primarily responsible for the large negative 4 V changes 
observed by these acid-base reactions. The negative volume 
effects resulting from the protonation of hemoglobins (see 
Figure 1) are in marked contrast to the volume rises produced 
by the protonation of globular proteins (Rasper and Kauz- 
mann, 1962; Katz and Miller, 1971a). The small volume rise 
which occurs at  the initial stages of protonation of hemo- 
globins is readily explicable in terms of the simultaneous pro- 
tonation of imidazoles3 and carboxylates. However, at  p H  
< 5 where positive 4 V is predicted on the basis of the titration 
of carboxylates, the hemoglobins exhibit a sharp volume de- 
crease. This volume decrease of -700 m1/105 g of protein is 
substantially larger than the AV of - 100 m1/10j g of protein 
observed for myoglobin under similar conditions (Katz et al.,  
1973a). It should be recalled that myoglobin’s transition is at- 
tributed to  the structural transition which exposed 34 masked 
histidyl residues,’lOj g of protein. However, for hemoglobins 
it is proposed that this initial large volume decrease occurs at 
the pH where hemoglobin is converted from the tetrameric to 
dimeric form and this process exposes shielded polar groups to 
water, thus causing a volume decrease in accordance with the 
electrostriction concept (Gurney, 1953). The absence of a 
volume rise at  higher protonation levels, i.e., at p H  values 
< 4, is indicative that continuing progressive structural changes 
are occurring which expose additional masked ionic groups. 
This phenomenon is probably related to the structural changes 
involving heme which have been referred to previously (Allis 
and Steinhardt, 1969). 

The magnitude of the volume effect attributable to  a struc- 
tural transition of a protein can be determined by taking the 
difference between the 4 V calculated for this protein assuming 

- 

3 The protonation of iniidnzole in water, S M urea, and 6 M guanidine 
hydrochloride produces the follo\\ing A V  values: - 1.7, -2.75, and 
-3 .3  nil, mol, respecti\el> (Katzant l  Miller, 1971b).  
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FIGURE 5 :  Volume changes produced by the reaction of N a O H  
with human methemoglobin. For details refer to  Figure 1 .  

“normal” behavior and the experimentally observed A V 
(Katz et al., 19’73b).4 A value of 850 ml/lOj g of protein was 
calculated for “normal” hemoglobin based on the AV deter- 
mined in 6 M guanidine hydrochloride at  the point where 130 
mol of Hf were bound/lO$ g of protein. This compares fav- 
orably with the quantity 950 m1/10: g of protein which was 
based on the protonation of 30 imidazoles and 100 carbox- 
ylates. Thus we obtain a value of - 1600 ml/1OS g of protein 
which represents the volume decrease resulting from the dis- 
ruption of hemoglobin structure at  the point where 130 mol 
of H+ are bound/lOj g of methemoglobin. 

The exposure of hemoglobins to 8 M urea and 6 M guanidine 
hydrochloride disrupts their structure substantially; this is 
graphically demonstrated by the contrast of the volume effects 
in these denaturants compared to that observed in water (see 
Figures 1-3). Inspection of methemoglobin’s isotherms in 
these dissociating and denaturing media reveal that most of the 
histidines are titrated and that some degree of organized 
structure is still retained. The low volume rise near the origin 
indicates that both imidazoles2 and carboxylates’ are being 
jointly titrated (Janssen et a/., 1970). The residual structure of 
methemoglobin in 8 M urea is progressively lost with increasing 
acid concentration as the progressive increase of slope with 

The “normal” volume effect can be calculated by two approaches: 
(i) using S V  values for prototropic groups determined from simple or- 
ganic compounds (Kauzmann er al., 1962) and then multiplying by the 
number of contributing ionic groups in the protein as established by 
composition, titration, and pK values; (ii) by extrapolation from the 
volume isotherm determined in 6 M guanidine hydrochloride. The  
second approach introduces the errors associated with the assumption 
that the protein is normalized in this dcnaturant and the use of the con- 
version factor, 2, which is required to convert this value to that in  
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acid concentration indicates (Figure 2). The value of the slope, 
10 ml/mol of H’ bound, near the terminus of the isotherm is 
larger than that predicted from model carboxylate studies ; 
this is indicative of a structural contribution.’ In 6 M gua- 
nidine hydrochloride the volume effects differ from that ob- 
served in urea; the slope reaches a maximum when 60 mol of 
H are bound]lO5 g of protein and then decreases with in- 
creasing H concentration (Figure 3A). Obviously, the differing 
character of the isotherms in the two denaturants is proof 
that different structural changes are generated as a function of 
the medium and acidity. The change of slope with pH may be 
interpreted as the operation of progressive structural change 
and/or that different categories of carboxylates are titrated as 
a function of pH. 

The protonation behavior of these hemoglobins differs 
markedly from sperm-whale metmyoglobin when water and 
8 M urea are employed as solvents but all the isotherms were 
qualitatively similar in 6 si guanidine hydrochloride. Myo- 
globin in water produced a quasisinusoidal isotherm with a 
maximum of 125 ml/105 g of protein and a minimum of - 100 
rn1,’1O5 g of protein where 85 mol of H were bound/105 g of 
protein (Katz et d . ,  1973b). It should be recalled that myo- 
globin, a single-chain hemoprotein, upon exposure to acid 
undergoes an unmasking phenomenon similar to hemo- 
globins, ;.e.. an acid transition which results in the unmasking 
of 34 “buried” histidyl residues,!lO: g of protein at  pH > 4 
(Hartzell et a/., 1968). Since the difference of composition and 
sequence of these hemoproteins is not sufficient to account 
for the disparity in the volume isotherms this lends support to 
the hypothesis that the disruption of the quaternary structure 
is the primary factor. Interestingly, while the isotherms for 
these hemoproteins in 6 bi guanidine hydrochloride are sim- 
ilar the volume effects in 8 \i urea are in marked contrast. 
Methemoglobin in 8 >i urea (Figure 2) exhibits a positive 
volume rise with increasing acid; but metmyoglobin in the 
same medium exhibits kinetic effects and produces a steady- 
state U-shaped isotherm with a minimum of -275 m1.’105 g of 
protein when 70 mol of H+ are bound/l0 g of protein. The 
basis for this contrasting behavior in 8 M urea, a dissociating 
and denaturing medium, is not apparent. 

Inspection of the volume changes produced by the pro- 
tonation of oxyhemoglobin in water reveals a kinetic effect in 
the region where 35-85 mol of H- are bound/lOj g of protein 
(Figure 1A). This time-dependent effect is a manifestation of 
the molecular events associated with the conversion of oxy- 
hemoglobin to methemoglobin. The small differences between 
the steady-state isotherms of oxy- and methemoglobin may 
reflect the contribution of the intermediate fdrms involved in 
this transition. 

Alkaline Titrations. The volume effects produced by the 
reaction of hemoglobins with OH- are in accord with the 
maxim that these proteins are more resistant to alkali than to  
acid (Sharonova et a/., 1972) and that oxyhemoglobin is more 
stable in alkali than methemoglobin (compare Figures 4 and 
5) .  Oxyhemoglobin, neutralized by OH-, produces a nearly 
monotonic volume increase until the point where 60 mol of 
OH- are bound/105 g of protein; the mean volume rise of 15 
ml/mol of OH- bound is substantially less than the 22 ml/mol 
of OH- bound predicted for the neutralization of imid- 
azolium and lysyl e-ammonium groups. The alkaline iso- 
therms for hemoglobins are radically dissimilar to that pro- 
duced by metmyoglobin (Katz et al., 1973a); the reaction of 
OH- with myoglobin generates a linear volume rise which 
reaches steady state immediately after mixing. This suggests 
that the kinetic effect and subsequent volume decrease which 
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occurs when OH- binding to hemoglobin exceeds 65 mol of 
OH- bound/105 g of protein is caused by tetramer to dimer 
conversion process and the consequent structural reorganiza- 
tion. Magnetooptical rotatory dispersion studies by Sharo- 
nova et al. (1972) reveal that human deoxyhemoglobin dis- 
sociates to dimers when the p H  exceeds 10 and that denatura- 
tion becomes significant at  pH >11. Interestingly, the differ- 
ence between the initial maximum volume reading and the 
steady-state values of -375 and -450 mlj105 g of protein 
found for oxy- and methemoglobin compare favorably to the 
A V values of - 300 and -400 m1,’105 g of protein proposed for 
the disruption of the quaternary structure of these hemo- 
globins by sodium dodecyl sulfate (Katz et a/., 1973b). The 
contrasting character of the isotherms for these proteins 
(compare Figures 4 with 5 )  is due to the different rates of 
alkali-facilitated reactions such as the translocation of heme, 
the change of the ionization state of several prototropic 
groups (Sharonova et ul., 1972), the neutralization of ty- 
rosyls,5 and the alkaline hydrolysis of disulfide bonds (Don- 
ovan and White, 1971 ; Katz et a/., 1973a). 

In 8 hi urea the isotherms for oxy- and methemoglobin are 
superimposable straight line functions of OH- neutralization; 
this indicates the conversion of oxyhemoglobin to the met 
form by the prior 18-hr contact with 8 M urea. The linear 
isotherm is characteristic of a normal protein; however, the 
value for the slope, 14 ml./mol of OH-- bound, is about 25 % 
lower than that anticipated for the neutralization of pro- 
tonated nitrogen bases in this medium2 (Katz and Miller, 
1971 b). This suggests that either these proteins’ prototropic 
groups are less hydrated than the model compounds selected 
as reference (Kauzmann et ul., 1962; Katzand Miller, 1971b), 
thereby producing reduced electrostriction effects (Gurney, 
1953), or else that the A V values proposed should be reeval- 
uated (Rasper and Kauzmann, 1962; Katz and Miller, 1971a). 

The volume changes which hemoglobins exhibit upon reac- 
tion with acid and bases in water are unique and specific for 
the individual hemoproteins and are in marked contrast t o  
that produced by simple globular proteins (Rasper and Kauz- 
mann, 1962; Katz and Miller, 1971a). The extremely large 
negative volume effects observed in water but not in de- 
naturing media are due primarily to the disruption of the 
quaternary structure by the action of acids or bases. The spe- 
cific character of the individual isotherms is determined by the 
spatial organization of the protein, the prosthetic groups, 
composition, and the primary structure of the protein. 
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Variability in the Tertiary Structure of a-Chymotrypsin at  
2.8-A Resolution? 

Alexander Tulinsky,* Richard L. Vandlen,$ Carl N. Morimoto,$ 
N. Venkit M a d , ?  and Lynn H. Wright11 

ABSTRACT: The structures of the independent monomeric units 
of dimeric native a-chymotrypsin have been compared at  
2.8-A resolution cia a difference electron density map between 
the two molecules. Approximately 1 6 z  of the density (one- 
sixth of a molecule) showed differences >0.7 eA-3 or three 
times the expected standard deviation of the difference den- 
sity. Representative differences in the electron density have 
been related to variability in the tertiary structure in the two 
molecules. The variability also manifests itself in a number of 
other ways: in heavy atom derivatives, in the behavior of 
localized sulfate ions in crystallographic sulfate-selenate ex- 
change experiments, and in derivatives of a-chymotrypsin 
(inhibitors, substrate-like molecules, transition state analogs, 
changes in structure with change in pH). The largest number 
of differences resides in the dimer interface region and in a 
5-6-A shell around the surface of the dimer; the smallest 
number occurs in the interior of the monomeric molecules. The 
differences in structure are most often associated with the 
orientation and configuration of side chains and less so with 

A t about pH 4.0, a-chymotrypsin crystallizes from ap- 
proximately half-saturated ammonium sulfate solutions and 
the crystals are usually stored at a similar pH but at higher 
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the main chains. The surface variability probably reflects the 
relatively large degree of adaptability in tertiary structure in 
this region of the enzyme and might be a fairly general phe- 
nomenon also common to functioning molecules in solution 
and in biological systems. From the nature of the variability 
in structure in the dimer interface, the formation of dimer 
must be accompanied by structurally asymmetrical and dy- 
namical changes in this region of the enzyme. This could con- 
ceivably be a characteristic of most oligomeric structures. 
Aromatic residues tend to aggregate within the molecular 
structure suggesting a source of stabilizing interactions in- 
volving the delocalized electrons of the aromatic side chains. 
Two sulfate ions participate in a hydrogen bonding scheme 
which appears to be an important interaction in maintaining 
the dimeric structure. The ions form bridges, in a recipro- 
cating manner between the independent molecules, which in- 
volve the catalytically crucial Ser-195 of one molecule and the 
phenolic hydroxyl group of terminal Tyr-146 of the other 
molecule. 

concentrations of ammonium sulfate (65-75 saturated) 
(Sigler et a/., 1966; Tulinsky et al., 1973). The crystals belong 
to the monoclinic crystal system, space group P21, with four 
molecules (mol wt -25,300) per unit cell or two molecules of 
enzyme per asymmetric unit. Consequently, to describe the 
space arrangement in the crystal precisely and completely, the 
molecular structures of both crystallographically independent 
molecules in the asymmetric unit (mol wt -51,000) must be 
determined. The two molecules have been shown to be related 
to each other by an approximate noncrystallographic two- 
fold rotation axis (local twofold axis) in a manner that inter- 
faces the independent molecules with one another to  yield a 
dimeric unit (Blow et at., 1964; Sigler et a!., 1968; Cohen 
et al., 1970; Tulinsky et al., 1973). Such an  interaction is con- 
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