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ABSTRACT 

The structures of several proteins have recently-

been determined using crystallographic methods of analysis 

and have greatly increased our understanding of protein 

structure. However, it is the molecule in dilute solu

tion that is generally of chemical and physiological 

importance and it is therefore necessary to assess 

the effect of crystallization upon protein conformation. 

Hydrogen exchange is a sensitive indicator of structure 

and a technique that can be used for the exploration of 

differences between the phases. 

The hydrogen exchange properties of insulin were 

examined over the pH range 2 to 10 and at several tempera

tures and ionic strengths. In solution, the hydrogen 

exchange of insulin was at a minimum near pH 3 and 

increased with increasing pH and temperature; exchange 

behavior characteristic of other proteins. Literature 

data, although limited, suggest that insulin in solution 

undergoes no significant conformational changes between 

pH 2 and pH 7-10 and this conclusion is supported by 

xii 
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exchange experiments. The strong pH-dependence of the 

exchange of soluble insulin and analysis of the kinetic 

data suggest the exchange in solution is a measure of the 

free energy of the conformational transitions exposing 

labile hydrogen atoms to solvent. In contrast, exchange 

of crystalline insulin between pH 4.5 and 6.6 (approxi

mately the region of insolubility under conditions of low 

ionic strength) was independent of pH, and the exchange 

rates for the crystalline protein more likely reflect 

rates of exposure of hydrogen atoms to water. 

Hydrogen exchange of crystalline insulin (pH 4.5 

to 6.5) was almost identical to that of the soluble 

protein at pH 3.3, but was less than at pH 6.8 (12 protons). 

Intermolecular contacts that may occur in the crystal and 

involve groups containing labile hydrogen atoms were not 

responsible for the difference. Furthermore, the average 

conformation of insulin in the two phases is probably the 

same and therefore the decreased exchange in the crystal 

is likely to reflect a loss in motility of the protein 

upon crystallization, i.e., a freezing-in of the protein 

structure in the solid. 
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Aggregation of insulin does not affect the 

exchange, indicating that labile hydrogen atoms on the 

surface are free to exchange. This technique may there

fore be a useful probe of the internal structure of 

associating systems. 

In solution there was no significant effect of 

ionic strength on the exchange of insulin (0.20 to 0.87 

M NaCl), but in the insoluble phase hydrogen exchange was 

substantially increased in suspensions of high ionic 

strength. The increased exchange was probably due to an 

increase in motility of some regions in the protein and 

reflects an effect of intermolecular contacts introduced 

in crystallization. 

Zinc-free insulin displays the same exchange 

characteristics as the zinc-containing protein except at 

pH 6.8, where a small difference in exchange was observed. 

The results indicate that removal of zinc leads to some 

changes in protein conformation, and these occur in the 

less motile regions. 



INTRODUCTION 

Insulin 

Insulin, a protein hormone important for carbo

hydrate metabolism (Klostermeyer and Humbel, 1966), was 

first isolated in pure form by Abel (1926). The pioneer

ing determination by Sanger and co-workers (Ryle et al., 

1955) of the amino acid sequence of insulin unequivocally 

demonstrated that proteins are distinct chemical entities 

with uniquely defined primary structures. Insulin also 

is the first protein to have been synthesized (Katsoyannis 

et al., 1964), the proof of structure traditionally 

accepted by chemists and a fitting complement to the work 

of Sanger. 

The 51 amino acids of bovine insulin (MW=5733) 

are distributed between two chains held together by two 

disulfide linkages (Figure 1); the A chain contains 21 

amino acids and the B chain 30. Zinc cations are in

timately involved with the protein, although they are 

readily removed by dialysis (Laskowski, Jr., Leach and 

Scheraga, 1960) or gel filtration (Brunfeldt, 1965). 

1 



Gly-Ile-Val-Glu-Gln-Cy-Cy-Ala-Ser-Val-Cy-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn 
1 5 | 10 15 | 21 

f / 
S S 
I I 

Phe-Val-Asn-Gln-His-Leu-Cy-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-Gly-Glu-
1 5 10 15 21 

Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala 
22 25 30 

Figure 1 . Amino Acid Sequence of Bovine Insulin. 

(Ryle et al., 1955). 
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In the presence of zinc, insulin crystallizes between pH 4 

and 6.6, while in its absence in this range of pH an 

amorphous form precipitates. 

Association. Complicating any discussion of the 

solution characteristics of insulin is an association 

that depends on protein and zinc concentrations, pH and 

ionic strength. Association is favored by increased ionic 

strength. At pH 2 (we need consider only conditions of 

low ionic strength which are of principle concern for this 

study) zinc-free and zinc insulin both approach at high 

dilution a minimum molecular weight of 6000 (the monomer), 

while at higher concentrations the dimer is favored 

(Jeffrey and Coates, 1966; Fredericq, 1956a). Although 

literature data are in conflict (Oncley et al., 1952; 

Steiner, 1952), between pH 3 and 4 a maximum average 

molecular weight for zinc insulin is found that cor

responds to the tetramer. Between pH 7 and 10 zinc insulin 

in solution has a particle weight of 36,000 to 48,000 even 

at relatively low concentrations (Oncley et al., 1952; 

Fredericq, 1956a). The metal-free protein in this pH 

range is less aggregated at low concentration (below 4 mgm/ 

ml) but associates extensively at high (Fredericq, 1956a; 
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Marcker, 1960a). Fredericq (1956a) found that the associa

tion properties of insulin (2.5%) between pH 7 and 10 in 

0.1 N KC1 were strongly dependent on zinc concentration. 

At pH 8 approximate sedimentation values were: 2.1, 3.9 

and 7.5 in the presence of 0, 0.5 and 1.0% zinc, respec

tively. Detailed reviews of insulin association can be 

found in articles by Waugh (1954) and Reithel (1963). 

Physical and Chemical Studies. The (/-helical 

content of zinc insulin, determined by optical rotatory 

dispersion, is between 30 and 40% in water, methanol and 

2-chloroethanol (Herskovits and Mescanti, 1965; Markus, 

1964). Herskovits and Mescanti (1965) concluded from the 

inability of the organic solvents to promote helix forma

tion that the single proline and the three cystine cross

links allowed the formation of only short helical regions 

in the protein. The conformation of insulin is altered 

in concentrated urea solutions (Weil, Seibles and 

Herskovits, 1965); the large reversible increases in opti

cal rotation in 8 M urea were attributed to an unfolding of 

the molecule (Schellman, 1958; Herskovits and Mescanti, 

1965). 
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A constant frictional ratio (f/f ) of 1.1 for 

insulin solutions of 2 to 5 mgm/rrtl was determined from 

sedimentation and diffusion values and indicates that the 

protein is nearly spherical in solution (Fredericq, 1956a). 

The two chains apparently fold back on themselves, as re

action of insulin with the bifunctional reagent 1,5-difluoro 

-2,4-dintrobenzene led to cross-linkage between glycine 

(A^) and lysine (B29^ (Zahn, 1964). Two of the four tyro

sines of insulin were not modified by cyanuric fluoride, 

and their inaccessibility has been attributed to hydrogen 

bonding interactions (Aoyama, Kurihara and Shibata, 1965). 

Laskowski, Jr., Leach and Scheraga (1960) have suggested 

that two tyrosines act as hydrogen bond donors. 

The isolated A and B chains of insulin behave as 

random coils (Markus, 1964). The B chain in contrast to 

the A, however, aggregated extensively (Leach and Scheraga, 

1958; Kowalsky, 1962). 

Zinc Binding. The site of zinc binding is un

known and its elucidation is complicated by the variable up

take of this metal by insulin. Schlichtkrull (1956) found 

a minimum of two zinc atoms per hexamer were necessary for 

crystal formation (rhomobohedral unit cell). Tanford and 
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Epstein (1954a) proposed that one zinc ion was co

ordinated to two iraidazoyl groups (per molecular weight of 

12000) which requires three zinc atoms per hexamer, the 

aggregate found in the crystal. Cunningham, Fisher and 

Vestling (1955), using equilibrium dialysis, found two 

zinc binding sites. At one, 0.1-0.3 moles of zinc were 

bound so strongly to the monomer at pH 7.6 that the metal 

could not be dialyzed away, while interaction at the other 

site was weaker and involved greater amounts of zinc. 

Similar results were reported by Summerell, Osmand and 

Smith (1965), who also used equilibrium dialysis. The 

more tightly bound zinc was understood to be complexed to 

a histidine residue (K =4.7xlO^M "S , while an amino group 
eq. 

4 -1 
was implicated in the other interaction (K =3.5x10 M ). 

Marker (1960b) found evidence for zinc binding to N-

terminal phenylalanine and was able to exclude a binding 

role for carboxyl groups. The rate of hydrolysis of 

p-nitrophenylacetate catalyzed by histidyl residues in zinc 

and zinc-free insulin at pH 6.9 and low ionic strength in

dicated both histidines were free and therefore not in

volved in the binding of zinc (Pecoraro and Rupley, un

published data). 
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Although the exact nature of the zinc binding 

to insulin is unclear, removal of the metal does lead to 

differences in the physical and chemical properties of the 

protein. Upon removal of zinc the helical content drops 

from between 30 and 40 percent to 25 percent (optical ro

tatory dispersion) and nearly one additional tyrosine is 

exposed (solvent perturbation). In addition, the rate of 

histidine oxidation is much faster (Weil, Seibles and 

Herskovits, 1965). This evidence suggests that zinc-free 

insulin is somewhat less folded than the metal containing 

protein. Zinc and zinc-free insulin also differ in electro-

phoretic behavior. The metal-free protein migrates as two 

peaks, but in the presence of zinc only one symmetrical 

peak is observed (Cunningham, Fisher and Vestling, 1955). 

Heterogeneity. Inhomogeneity of highly purified 

insulin samples has been reported by several groups. The 

solubility and sedimentation behavior of insulin indicated 

extensive inhomogeneity and led Fredericq (1956b) to con

clude that these resulted from differences in the in

dividual molecules. The same conclusion was reached by 

Volini and Mitz (1960) through separation of insulin into 

two components on diethylaminoethyl cellulose (neither 
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component was the desamido derivative) and comparison of 

their physical and chemical properties. Two components, 

differing in average molecular weight by 1200 (6200 vs. 

7400, determined from sedimentation experiments) were 

separated by countercurrent distribution (Craig, King and 

Konigsberg, 1960). No differences in amino acid composition 

or optical rotation were found and the two components were 

assumed isomeric. However, it is not sufficient to de

termine just the amino acid composition; instead, the 

invarience of the sequences must be shown. Additional 

work is necessary before any conclusions can be drawn 

about this interesting phenomenon. 

Crystalline Insulin; Structure and Properties. 

The three dimensional structure of insulin has not been 

completed although the first x-ray patterns were obtained 

30 years ago (Crowfoot, 1938). Two groups are now working 

on the problem. Low and co-workers (McGavin, Einstein and 

Low, 1962; Einstein, McGavin and Low, 1963) reported the 

monomeric units of the insulin dimer are related by a two

fold axis. They found in the gross structure a rod-like 

region of high electron density (possibly an o4-helix) and 

two other regions of high electron density with undefined 
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structures. Rhomobohedral crystals of zinc insulin are 

being studied by Hodgkin and her colleagues (Harding et al., 

1966). The unit cell contains 6 insulin monomers and 

either 2 or 4 zinc atoms. In 2-zinc insulin a 2-fold axis 

o 
passes through or within 0.5A of a 3-fold or a 3-fold 

screw axis (the latter is less probable), while in 4-

o 
zinc insulin the two-fold axis is about 1A from it„. 

Only two studies of the chemistry of insulin in 

the crystal have been completed previously. At low ionic 

strength the rate of p-nitrophenylacetate hydrolysis cata

lyzed by insulin in solution was substantially higher than 

the catalysis by crystalline insulin. At high salt con

centrations the difference vanished. Pecoraro and Rupley 

(unpublished data) speculated that at low ionic strength 

both histidines of soluble insulin are free and reactive 

but upon aggregation at higher ionic strengths one of the 

histidines is buried. As the catalysis by crystalline 

insulin is independent of ionic strength, it was assumed 

that only one histidine per monomer is exposed in the 

crystal. The titration properites of zinc and zinc-free 

insulin from pH 2 to 12 were examined by Tanford and 

Epstein (1954a). No anomalies were found in the titration 
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of the zinc-free amorphous precipitate (pH 4-7), i.e., the 

titration was continuous with that of the soluble protein, 

while crystalline insulin titrated differently than the 

amorphous. It is possible that at the low ionic strengths 

used in these titrations (0.075 M NaCl) there may be 

general electrostatic effects that are important in the 

solid phase. 

Crystalline Proteins: Structure and Properties 

The three dimensional structures have been re

ported for several crystalline proteins (at least seven at 

4A or better resolution) and it seems likely that the 

general features found for myoglobin (Kendrew et al., 1961) 

and lysozyme (Phillips, 1967) may be extrapolated to other 

globular proteins. These features are: 

1) The ionizable groups and most of the polar 

side chains are distributed over the protein 

surface and are generally fully solvated. 

2) In contrast, the interior is composed largely 

of close-packed non-polar residues. 

3) No holes or channels and few water molecules 

are found in the interior of the molecule. 
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4) Channels between molecules in the crystal are 

filled with non-ordered liquid resembling a 

true liquid phase. However, Phillips (1967) 

has found a few ordered water molecules at 

hydrogen bonding distances from each other or 

from appropriate groups on the protein surface. 

5) Few contacts between molecules are observed 

(a total of 5 for lysozyme). It is of interest 

that in crystalline myoglobin one sulfate ion 

serves as the point of contact between mole

cules . 

However, it is the protein in dilute solution 

which is of physiological and therefore chemical interest. 

A question that must be asked is, what relationship has the 

structure in the crystal to that in dilute solution? 

Before examining the limited evidence available, there 

must be mentioned some unusual characteristics that are 

shared by crystals of proteins but not by those of lower 

molecular weight compounds. Only those of particular 

importance to the hydrogen exchange of proteins in the 

crystal state will be considered, and a more complete dis

cussion is given by Rupley (manuscript in preparation). 
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The composition of the interstitial non-

ordered liquid in the crystalline protein is 

nearly identical to that in the bulk solvent. 

Although some restriction of the penetration 

of small solute molecules may occur when 

they are charged (Richards, 1963), Low and 

Berger (1961) found the protein and liquid 

specific volumes of insulin citrate crystals 

compatible with those found in dilute solution. 

Reactions of suspensions of protein crystals 

may be analyzed by standard thermodynamic and 

kinetic methods. In contrast to lower mole

cular weight crystalline compounds, the 

molecules comprising a protein crystal can be 

in different states, e.g., time dependent 

changes occur in the x-ray diffraction pattern 

of a single crystal of lysozyme during sub

strate binding. 

The diffusion of solute molecules into large 

protein crystals may be slow and rate limiting 

in kinetic measurements. Forster (1966) cal

culated that the average azide concentration 
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inside a ferrimyoglobin crystal (4 microns in 

diameter) was 52 percent of that in the exterior 

solution. The binding of azide in ferri

myoglobin crystals was complete in 10 seconds 

(Chance, Ravilly and Rumen, 1966), which is • 

of importance for the present problem. Hydro

gen exchange studies in crystalline proteins 

requires only the diffusion of solvent into 

the crystal and this is likely to be more 

rapid than that of small solutes. In this 

regard, the equilibration of hydrogen ions 

and buffer components between crystalline 

methemoglobin and solvent occurs in less than 

15 seconds (Rupley, 1964). 

Comparisons of a protein in solution and in the 

crystal often rely on the chemical reactivities and thus 

only provide information about the local environments 

surrounding specific groups. This qualification should be 

kept in mind in evaluating the brief summary that follows. 

No difference was observed in the ionization of 

tyrosyl groups in solution and crystalline methemoglobin 

(Rupley, 1964). The very high ionic strengths used, 
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however, led to an increase in tyrosyl pK in solution 

that was attributed to conformational or other differences 

between the protein under conditions of high and low ionic 

strength. In related studies Rupley and co-workers studied 

the titration and histidyl ionizations of crystalline and 

solution methemoglobin. The rate of hydrolysis of 

p-nitrophenylacetate catalyzed by methemoglobin in solution 

was approximately 5 percent higher than that by the crystal

line protein. It was concluded that at most two of the 

approximately 24 titratable histidines were affected in 

some way by the crystallization (Pecoraro and Rupley, 

unpublished data). Potentiometric titration of crystalline 

and solution methemoglobin between pH 5 and 11 revealed 

signficant differences and demonstrated that some ioni

zations were affected by crystallization. The differences 

at high pH may have resulted from groups participating in 

the association of o(^ dimers, and if this is the case, it 

is probable that less than 10 titrable groups out of 200 

are perturbed, a number that may be accounted for by inter-

molecular contacts between neighboring molecules in the 

crystal. The histidyl ionization and potentiometric 
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titration of crystalline and solution insulin have been 

discussed (see Crystalline Insulin; Structure and 

Properties). 

Information of a different nature is obtained 

when the rate of binding of substrates and small ligands 

or the enzymic activity of a protein is compared between 

phases. The rate of azide binding to ferrimyoglobin was 

21 times slower in the crystal (Chance, Ravilly and 

Rumen, 1966). Diffusion limitations were ruled out and 

the decreased rate attributed to either a loss of flexi

bility or a conformational change for the protein upon 

crystallization. The properties of cross-linked crystal

line and amorphous carboxypeptidase A were compared with 

those in solution in a comprehensive study by Quiocho and 

Richards (1966). At pH 7.5 and low ionic strength the 

maximum specific activity of the soluble protein was 70 

and 300 times greater than the values found, respectively, 

for amorphous and crystalline enzyme. Diffusion was not 

considered an adequate explanation of the rate differences. 

Although the authors suggested that a loss in flexibility 

occurred upon crystallization, they had no evidence for or 

against this assumption. 
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The data, in spite of being limited, suggest 

that no major conformational change occurs upon crystal

lization of a protein. The conclusion is further 

supported by the hydrogen-exchange properties of crystal

line and solution insulin that are described in this 

dissertation. 

Mechanisms of Exchange Reactions 

Amide hydrogens exchange with protons from the 

solvent at a slower rate than labile hydrogens of amino 

acid side-chains (see Model Studies). Hydrogens attached 

to oxygen in carboxyl and hydroxyl groups and to nitrogen 

in amino and guanido groups ahd in the rings of histidine 

and tryptophan, exchange in times shorter than one minute. 

Exchange studies of lysozyme that compare results obtained 

with freeze-dryxng (where all exchangeable hydrogens are 

measured) and infrared methods (where only peptide hydrogens 

are measured) indicate that this is also true when these 

groups are incorporated in proteins (Hvidt and Kanarek, 

1963; Hvidt, 1963). Generally, then, it is exchange of 

amide hydrogens that is measured in the hydrogen-exchange 

behavior of proteins. 
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Model Studies. The exchange of ammonium-ion 

hydrogens has been thoroughly investigated (see Schellman 

and Schellman, 1964). The reaction is acid and base 

catalyzed and can be represented by the following two 

mechanisms (Grunwald et al., 1960): 

+ k4 + 
NH. + H O 7-±± NH + H O (1) 

4 2 3 3 

k 
+ — 5 
+ 0H s NH3 + H20 (2) 

k-5 

where the rate constants for alkylammonium ions are: 

k. = 0.90 sec ^ 
4 

k . = 3.7 x 10^M sec 
-4 

k_ = 3.7 x 1010M_1 sec"1 
D 

k = 1.2 x 10^ sec ^ 
-5 

NMR studies of mixtures of acetic acid-water 

(Gutowsky and Saika, 1954) and ethanol-water (Weinberg and 

Zimmerman, 1955) demonstrate rapid proton exchange for the 

hydrogens bound to oxygen.' Fast exchange also has been 

observed for the sulfhydral group (Jardetsky and 

Jardetsky, 1958). Eigen and co-workers using relaxation. 



techniques found the reaction rates with hydrogen ion to 

be diffusion controlled for acetic acid (Eigen and Schoen, 

1955), imidazole (Eigen, Hammes and Kustin, 1960) and the 

guanidinium group of arginine (G. Maase, unpublished, 

cited in Eigen, 1964). 

The simplest compound containing the amide 

nitrogen is N-methylacetamide (Takeda and Stejksal, 1960; 

Nielsen, 1960; Berger, Loewenstein and Meiboom, 1959; 

Klotz and Frank, 1965), and its hydrogen exchange is 

consistent with the following mechanisms: 

k i 
CH.CONHCH. + OH * CH.COM-CH. + H_0 (3) 

3 3 ' 3 3 2 

k 2  
4- . + 

CH CONHCH + H30 ^ CE^CONH^t^ + E^O (4) 

where: k^ = (5.2+1.0) x 10^ M sec ^ at 21°C 

k2 = (3.8+0.4) x 102 M_1 sec"1 at 23°C 

4 
Amide hydrogens exchange approximately 10 times slower 

than the labile hydrogens of amino acid side chains. 

Reaction 4 leads to acid-catalyzed hydrogen exchange. 

However, amides are protonated predominately on oxygen in 

strong acid solutions, which does not result in exchange, 

and the relative slowness of the acid catalyzed reaction 
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may be attributed to the infrequent formation of the 

doubly-protonated amide nitrogen. A minimum in the exchange 

rate was observed at approximately pH 5, which is con

sistent with a reaction catalyzed by both acid and base. 

Nielsen, Bryan and Mikkelsen (1960) studied the 

hydrogen exchange of a series of di- and tripeptides using 

a stopped-flow infrared spectrophotometry technique 

(limited by the time necessary to dissolve the lyophilized 

di- and tripeptides). The observed behavior agreed quali

tatively with that found for N-methylacetamide but the pH 

of minimum exchange was lower. 

Bryan and Nielsen (1960) followed the disappearance 

of the amide hydrogens of poly-D,L-alanine at 1550 cm 

between 0 and 22°C. The hydrogens exchanged with a first-

order rate constant that was approximately that found for 

simple di- and tripeptides. The rate of exchange of the 

deuterated polypeptide with water is given by: 

k „ = 50(10-PH + lO?11-6) lO0-05'1-20^^1 (5) 

n20 

where T is the temperature in degrees centigrade. The 

random polypeptide chains of gelatin (Bensusan and Nielsen, 

1964), oxidized ribonuclease (Englander, 1963) and the A-

chain of insulin (Leach and Scheraga, 1958) exchange 
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their amide hydrogens at approximately the same rate as 

poly-D,L-alanine. 

The amide hydrogen exchange of poly-L-glutamic 

acid in a mixed water-dioxane solvent is markedly slower 

than that found for simple amides and poly-D,L-alanine. 

Blout, de Loze and Asadourian (1961) found a half-time 

of exchange of 168 hours at pD 3.5 while Liechtling and 

Klotz (1966) found a half-time of 213 hours at pD 3.2. 

If the net charge on the polypeptide is not too high, 

poly-L-glutamic acid assumes an cK-helical conformation in 

solution, and therefore the decreased rate of exchange 

has been attributed to hydrogen bonding in the helix. 

Indeed, if a polypeptide is rigidly locked in helical 

conformation, i.e., if the probability is essentially 

zero for the conversion of a helical molecule to a coil, 

then the rate of exchange of amide hydrogens is negligible. 

The labile hydrogens of c<-helical poly-L-leucine and 

poly-L-phenylalanine, each polypeptide having been in

corporated between two flanking blocks of poly-D,L-sodium 

glutamate, did not exchange in 24 hours. However, gelled 

poly-L-glutamic exchanged half its hydrogens in 75 minutes 

under the same conditions (Auer and Doty, 1966), and 
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helix-coil relaxation times in the micro-second range have 

been reported for this polypeptide (Lumry, Legare and 

Miller, 1964; Schwarz, 1965). It appears, then, that 

exchange in polypeptides can occur only when conformational 

changes expose intramolecularly hydrogen-bonded protons to 

the solvent (Hvidt and Nielsen, 1966). A similar situation 

probably exists for proteins. 

Proteins. In pioneering work on the hydrogen 

exchange of proteins, Linderstrjzfm-Lang analyzed data for 

insulin using a sum of exponential decay functions: 

n -n(t) = n.e ^i*1 (6) 
o [ 1 

where k. is the first-order rate constant for the ith 
l — 

kinetic class containing n^ exchangeable hydrogens, n^ is 

the sum of the n^, and n(t) is the number of hydrogens 

exchanged at time t. Although in principle there should 

be a separate term for each exchanging hydrogen, the 

exchange curves of proteins can be analyzed using three to 

five first-order rate constants (Hvidt and Nielsen, 1966). 

The need for only a few terms may result from either the 

limiting experimental accuracy (+1%) of the various methods 

(see Comparison of Methods) or the existence of a small 

number of well-defined classes of exchangeable protons. 
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The situation is similar to that in the analysis of 

protein titration behavior. 

Linderstrjzfrn-Lang and his colleagues have proposed 

two different mechanisms to explain the hydrogen exchange 

of insulin, poly-D,L-alanine, and other macromolecules. 

First, the observed rates were understood to reflect the 

rate of exposure of exchangeable"hydrogens to solvent, 

and exchange was a measure of the "motility" of the 

conformation (Linderstrom-Lang, 1955a; Linderstrjzfrn-Lang and 

Schellman, 1959) . Berger and Linderstrjzfm-Lang (1957) 

considered the exchange rate constants of poly-D,L-alanine 

to be a measure of the equilibrium constant (free energy) 

for the transitions exposing hydrogen atoms to solvent 

water. Both proposals rest on the basic assumption that 

in any protein molecule those groups which contain labile 

hydrogen atoms can be specified as being in one of two 

classes (_I and N) . Labile hydrogen atoms in Class I are 

exposed to solvent water and exchange with rate constants 

characteristic of small model compounds; protons in Class N 

are hydrogens not exposed to solvent and exchange 

immeasurably slowly. Owing to the motility of the protein 

conformation, the distribution of the hydrogens of any one 
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molecule between these classes will change with time. 

Consequently, the mechanism of exchange may be described 

by the following reaction scheme: 

kl k3 
N * I v exchanqe (7) 
k2 > 

For a particular hydrogen, the N-I equilibrium is 

defined by averaging over all molecules in solution, i.e., 

N and I are equal, respectively, to the sum of all the 

various N and I conformations present, k^, k^ and are 

first-order rate constants, and k^ is assumed to be des

cribed by Equation 5, i.e., an amide hydrogen in an 

I-conformation in a protein is expected to exchange at 

approximately the same rate as peptide hydrogens in random 

coil conformations under the same solvent conditions. The 

proposals of Linderstrjzfrn-Lang have been expanded and 

refined by Hvidt (1964) and Hvidt and Nielsen (1966) and 

much of the discussion that follows is taken from these 

treatments. 

The complete solution of the system of rate 

equations that describe Equation 7 has been given by Hvidt 

(1964), on the assumption that there is chemical although 

not isotopic equilibrium between the various protein 
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conformations. An approximate solution for the rath 

hydrogen atom is: 

km = klk3Al+ k2 + k3 (8) 

It will become apparent that k^ is the experimentally 

measured rate constant for a given class of labile hydro

gen atoms. Several limiting cases may be considered: 

1) The rapidly exchanging I conformation is most 

stable: 

kl>> k2'k3 

km =k3 (9) 

2) The nonexchanging N conformation dominates: 

*2» 

V*lk3A2 + k3 (10) 

Two different situations may arise under the second case. 

a) If ̂ >> then: 

k = k. (11) 
m 1 

This has been designated by Hvidt and Nielsen (1966) an 

EX^ mechanism, for which the observed exchange rates 

reflect the rate of exposure of the exchangeable protons to 

solvent, b) If the rate of I form going to exchanged form 
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is rate limiting, ̂ 2>> k^ and: 

k = k k A 
m 1 J z (12) 

This has been designated an EX^ mechanism, for which the 

exchange rate constants are a measure of the free energy 

of the transitions exposing the hydrogen atoms to solvent 

water. If k^ and k2 are independent of pH and temperature 

and k^ is given by Equation 5, then for pH 4 

dlOg10km 
ipH 

^log10k3 

-pH pH-6 

^PH 

dlog^Q(10 +10 ) 

dpH 
= 1 (13) 

and 

dlOg10km ^log10k3 = 1 

20 

(14) 

pH pH 

Approximate free energies of activation associated 

with the first-order rate constants k^, k^ and k^ can be 

calculated from reaction rate theory using: 

k = RT/Nh exp (-AF /RT) (15) 

is calculated from the values of k^ found by using 

Equation 5. In the case of an EX^ mechanism the experi

mentally determined rate constant is used directly to 
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determine ̂ F^*1 . For an EXmechanism where the rate of 

hydrogen exchange determines the equilibrium concentration 

of I: 

kmA3 = Vk2 = exp C(^ >H = Keq. (16> 

The large differences in exchange with increasing 

pH or temperature often have been assumed to reflect major 

changes in protein conformation, which in the usual sense 

refers to a change in the most stable or average state of 

a protein molecule, i.e., appreciably different geometry. 

Many physical methods such as optical rotation or intrinsic 

viscosity measure a time-average property of the protein 

in which the conformation or state of lowest free energy 

dominates. Although this interpretation is not excluded 

by the preceding discussion, it is clear that large changes 

in the rate of hydrogen exchange can occur even though the 

protein remains in its native conformation (Equations 11 

and 12). In this connection, Benson, Hallaway and Lumry 

(1964) found no significant correlation between the hydro

gen exchange of bovine serum albumin and the content of 

alpha-helix as determined by the Moffitt parameter, bQ. A 

protein molecule also may assume many different conforma

tions not too different from one another in free energy. 
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The probability of any protein molecule assuming a 

particular conformation is determined by the Boltzman factor 

where the conformation of lowest free energy may be defined 

as the standard state (Linderstrjzfrn-Lang and Schellman, 

1959). Then any change in the exchange behavior of a 

protein with increasing pH or temperature may reflect a 

change in the conformational freedom or "motility" of the 

protein. It is relevant that hydrogen exchange is a 

technique well suited to examine the motility of a protein 

as contributions to the exchange from states of low proba

bility (high free energy) may make significant contribu-

tions to the overall exchange. In their extensive review, 

Hvidt and Nielsen (1966) considered the exchange characteri

stics of several proteins and found that the number of 

exchangeable hydrogens increased with increasing pH and 

temperature. Since k^ (Equation 5) is known to increase 

with pH and temperature and appears explicitly in Equation 

12, the EX2 mechanism (k^/k relatively independent of pH) 

is intuitively more likely to explain the pH and tempera

ture dependence of protein hydrogen exchange at least in 

neutral and acid aqueous solutions than the EX^ mechanism 
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which requires a continuous increase in k^ with increasing 

pH. An unambiguous interpretation is not possible, 

however, with the present data. 

Lumry, Legare and Miller (1964) found a minimum 

5 -1 
rate constant of 10 sec for the N-to-I transition in 

_3 
poly-L-glutamic acid. They estimated that = 

at pD 3.5 (extrapolated from equilibrium data at the 

transition range), which led to a value for k^ of 

8 — 1 
10 sec . Since k^, k^, the mechanism for hydrogen 

exchange of poly-L-glutamic acid is EX2* Segal and 

Harrington (1967) studied the tritium-hydrogen exchange 

o 
of myosin from pH 5.5 to 9 and from 3.3 to 28 C, using 

method D (see Isotope Techniques for Exchange Measurements). 

Under conditions where ̂ 2» k3 (low pH and low tempera

ture) , the hydrogen exchange results were consistent with 

an EX2 mechanism. At high pH (^3» ' krn WaS indePendent 

of pH and the hydrogens of myosin exchanged by an EX1 

mechanism. 

It has been assumed in this discussion that in any 

solution of protein molecules those groups containing 

labile hydrogen atoms are divided into two classes (N and I.) . 

This simplification is questionable, however, and the 
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possibility of intermediate forms should be explored 

(Hvidt and Nielsen, 1966; Harrington, Josephs and Segal, 

1966). The assumption that k^ and k^ are independent of 

pH can also be questioned, and it might be expected that 

studies as a function of pH will show marked deviations 

from the ideal case. 

Isotope Techniques for Exchange Measurements 

Linderstrj^m-Lang (Hvidt and Linderstrjzfm-Lang, 

1954) first explored seriously the use of isotopic 

exchange in conformational studies of proteins. In the 

thirteen years that have followed, a variety of approaches 

have been developed. Since the results obtained by 

different investigators studying the same protein often 

do not agree, the methods and data are compared in an 

effort to determine what factors might be responsible for 

discrepancies. A brief discussion of each technique and 

its merits follows. 

Solvent and Protein Analysis. Two methods were 

introduced by Linderstr^m-Lang and his co-workers (Hvidt 

and Linderstrjzfrn-Lang, 1954; Hvidt and Linderstr^m-Lang, 

1955; Krause and Linderstrjzfrn-Lang, 1955), which differ 

slightly in experimental approach. In method A, 1-2 mgm 



30 

of protein are dissolved in 100-200 ^|1 of D^O and 

allowed to exchange completely (20 hours at 38°C usually 

o 
is sufficient); the solution is frozen at -60 C and 

lyophilized jLn vacuo until almost dry and the remaining 

tightly bound D^O removed by heating at 60°C for 2 to 4 

hours. 100-200 jj^l of water (0.1 M in glycerol) are 

added immediately to the dried protein and 15 to 25 

aliquots are withdrawn at specified times, rapidly frozen 

at -60°C, and dried. The deuterium content is determined 

by density measurements of the sublimed water using a 

density gradient tube. In method B, in contrast, the rate 

of deuterium uptake by protein is measured. 0.1-0.3 mgm 

of protein are dissolved in 15-20 ^1 of D20 under 

appropriate experimental conditions. After a specified 

time the solution is frozen rapidly at -60°C, lyophilized 

in vacuo until almost dry, and heated at 60°C for several 

hours. 15-20 pi of H^O (0.1 M in glycerol) are added, 

and after complete back exchange the solution is again 

frozen and dried. The deuterium content is found as above. 

Leach and Springell (1962) substituted the radio

active isotope tritium (method £) for deuterium in a 

modification of method B. In a typical exchange 
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experiment (exchange-in) an aliquot of THO is added to a 

protein solution (already adjusted to the desired pH, 

concentration, etc.) and samples are withdrawn at speci

fied times, rapidly frozen at -60°C, and lyophilized 

exhaustively with heating (the dry protein must contain 

less than one part per thousand water). The dried 

protein is dissolved and analyzed for hydrogens exchanged 

by counting the sample in a liquid scintillation spectro-

photomer. Method C has several advantages over the two 

Linderstr^m-Lang methods. First, only trace amounts of 

tritium are needed as methods of detecting this isotope 

are extremely sensitive, eliminating the necessity for 

micromethods and minimizing protein conformational 

changes which might occur upon massive replacement of 

hydrogen by deuterium. In addition, protein solutions 

rather than dry protein may be used as the exchange is 

started by adding a small aliquot of THO. All three 

methods, however, require drying of the protein, and there 

is the possibility of additional exchange or introduction 

of other error during lyophilization. 

Englander (1963) developed a rapid and convenient 

exchange method (D) that takes advantage of the separation 
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of molecules on the basis of size by gel filtration. 

Freeze-drying of the protein is not necessary; instead, 

the tritium enriched protein is separated from solvent in 

about two minutes by a short Sephadex column. Both 

exchange-in and exchange-out of tritium may be studied and 

protein solutions are used. An important advantage of 

Englander's method is the elimination of the freezing of 

protein and drying at high temperature which might lead to 

conformational changes. Also, low protein concentrations 

can be used (0.1% solutions). 

Comparison of Methods. In both methods A and B 

equilibrium isotope effects (see Isotope Effects) can be 

neglected and the total number of labile hydrogen atoms 

determined accurately. High precision can be attained, 

the limits being set by the skill and patience of the 

investigator, e.g.,Linderstr0m-Lang (1955a) using pork 

insulin at 38°C, pH 3 (reaction times of 16 to 24 hours) 

found 89+1 hydrogens exchanged in 16 determinations. 

Average deviations of +1% were found for the exchange of 

bovine serum albumin (Benson, Hallaway and Lumry, 1964) 

and myoglobin (Benson, 1959) (methods A and B). When trace 

amounts of tritium are used as in methods C and D 
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equilibrium isotope effects may be important (discussed in 

Isotope Effects). Using method C, average deviations of 

+1% were found in the hydrogen exchange of ribonuclease 

(Leach and Hill, 1963) and insulin (this dissertation). 

Equally high precision can be achieved using method D 

(Englander, 1963). To summarize, within any given experi

ment average deviations of +1% can be attained using 

any of the described methods. Duplicate runs at the same 

pH, however, often show greater deviations. 

Factors which may contribute error are: 

1) _pH. Although average deviations of +1% 

were found in any one experiment on the 

hydrogen exchange of ribonuclease, for example, 

comparison of duplicate runs at the same pH 

showed average deviations of ±2%, which were 

attributed in part to the use of unbuffered 

solutions (Leach and Hill, 1963). Slightly 

better agreement (+1.5%) is found for insulin 

(this dissertation). In this connection, in 

exchange experiments with insulin there 

occurred differences in pH of 0.1 to 0.2 units 

supporting the conclusion of Leach and Hill 
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(1963) that unbuffered solutions may be 

partially responsible for deviations 

between runs. The use of buffered solutions 

can lead to complications, owing to the 

correction that must be applied for the number 

of exchangeable hydrogens contributed by the 

buffer. 

2) Isotope Effects. Method A, in contrast to 

the other three, requires complete deuteration 

of the protein before the crucial exchange-

out, and kinetic isotope effects may be a 

source of discrepancies (see Isotope Effects). 

3) Modification of the Protein During Freeze-

Drying. The effect on protein structure of 

repeated drying and heating in vacuum is 

unknown. Lyophilization of insulin and 

lysozyme led to increases in absorption at 

280 mj4 which could indicate conformational 

alterations (this dissertation). Leach and 

Hill (1963) also observed an effect on the 

ultraviolet absorption of ribonuclease follow

ing lyophilization. Repeated absorption-



desorption of water vapor on lysozyme at 47°C 

led to a weight loss of 0.609% that was not 

attributable to tightly bound water (Hnojewyj 

and Reyerson, 1961). It is of interest that 

Schildkraut and Scheraga (1960) modified 

method A by drying completely deuterated 

ribonuclease at a higher pressure for 1.5 

hours while keeping the sample frozen in a 

-5°C bath. The 150 jjil sample was then allowed 

o 
to come to room temperature and finally to 60 C 

where after one hour the pressure was reduced 

-3 
to 5x10 mm of Hg and the lyophilization 

continued for another three hours. Their 

exchange results at pH 4.7, 0°C were midway 

between the values found using methods A 

(Hvidt, 1955) and £ (Leach and Springell, 

1962), which might indicate the importance of 

drying. 

Different protein preparations may yield 

different data. Stracher (1960) used two 

samples of ribonuclease (Armour, lot number 

381-059). Marked variations in exchange were 
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found between the sample that had been stored 

for some time in a cold room and the other, 

purchased shortly before use. Hvidt and 

Kanarek (1963) found that the hydrogen exchange 

properties of Worthington and Sigma lysozyme 

were quite different and the exchange of the 

Sigma protein changed after a year of storage. 

Experimental Technique. Leach and Springell 

(1962), using method C, found fifteen fewer 

hydrogens exchanged when ribonuclease was kept 

at -20°C for the first 20 minutes of lyophili-

zation. The possibility of exchange between 

protein and ice in the freeze-drying step of 

method A was examined by Hallaway and Benson 

(1965). Fifteen pi samples of bovine serum 

albumin kept at -5°C before lyophilization 

exchanged more hydrogens at zero-time than 

equivalent aliquots immediately lyophilized. 

These differences ranged from 10 at pH 5 

(out of ca. 610 hydrogens) to 25 at pH 3.5 

(out of ca. 620) and were attributed to 

additional exchange between protein and ice. 
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They also found that hydrogens with half-times 

of exchange greater than 6 minutes did not 

exchange significantly with ice during drying. 

The fact that some agreement is found in the 

number of hydrogens that exchange at long 

times by different groups studying the same 

protein supports this conclusion. For example, 

Hvidt (1955) has reported that ribonuclease, 

pH 4.7, at 0°C after 20 hours had exchanged 

207 hydrogens and Stracher (1960) using almost 

identical conditions found 208. 

Infrared Techniques. Most, if not all, of the 

slowly exchanging hydrogen atoms of proteins are bound to 

amide nitrogens (Hvidt and Nielsen, 1966). Infrared 

spectroscopy is suitable for following the exchange of 

amide hydrogens, owing to large shifts in frequency that 

occur upon substitution with deuterium. Model studies 

with N-methylacetamide and polypeptides (reviewed by Hvidt 

and Nielsen, 1966) have been of fundamental importance in 

refining the infrared technique and the interpretation of 

protein hydrogen exchange. 
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The -CO-NH-group shows two absorption bands in the 

6ju region; a very strong band at 1650 cm 1 associated 

with a carbonyl stretching mode (Amide I) and a weaker one 

around 1550 cm ^ (Amide II) that originates at least in 

part in the N-H deformation and shifts upon deuteration 

to 1450 cm (Miyazawa, Shimanouchi and Mizushima, 1958). 

One comment about the technique itself should be mentioned. 

Because of the strong absorption by water in this region 

it is necessary to lyophilize the protein and then start 

the exchange by dissolving it in D^O. Originally the 

exchange was followed by observing the decrease in 

intensity of the amide II band at a single frequency. 

However, because of the complicated nature of the band 

Blout, de Loze and Asadourian (1961) recommended the band 

area be used instead. They also suggested that the ratio 

^amide 11^ ̂ amide I Was 3 better measure °f the degree of 

hydrogen-deuterium exchange (where e is the extinction 

coefficient) as it is largely independent of protein 

concentration and approximately constant for a number of 

proteins (see Hvidt and Nielsen, 1966, for a complete 
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discussion and references). Recent infrared exchange 

spectra have been analyzed almost exclusively by this 

ratio method. 

Although the technique is rapid and convenient 

it should be understood as yielding data that may be precise 

but difficult to interpret in terms of hydrogens exchanged 

per mole. First, scattered light and water vapor may 

invalidate the Lambert-Beer law and affect the band shapes. 

Secondly, difficulties may arise from the assumption of 

simple proportionality between the amide II band intensity 

and the number of -CO-NH- groups contributing to the band 

because the absorption of a single oscillator depends on 

the molecular environment (Hvidt and Nielsen, 1966). 

Finally, the most rapidly exchanging amide hydrogens are 

not observed, owing to the time necessary to scan the 

spectrum. 

Comparison of Results with Infrared and Solvent-

Protein Analysis Techniques. Although comparisons between 

the data obtained using methods A-D and infrared techniques 

are almost impossible as different solvent conditions were 

often employed, a limited number can be made. In methods 

A through D the total number of hydrogens exchanged is 
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given. The infrared results are normally reported as the 

percent or number of unexchanged hydrogens and they must 

be recalculated if direct comparisons are to be made. The 

number of hard-to-exchange-amide hydrogens (HEAH) 

(determined from the percent HEAH) was subtracted from the 

number of all hydrogens that could exchange. This leads 

to a reasonable approximation of the number of hydrogens 

exchanged, and permits direct comparison with values found 

using methods A through D. 

Insulin at 37°C, pH 3-4 exchanged all its amide 

hydrogens after two days (infrared method, Haggis, 1957) 

in agreement with results obtained using method A 

(Linderstrjzfav-Lang, 1955a) and method C (this dissertation) . 

Blout, de Loze and Asadourian (1961) found 231 hydrogens 

o 
of ribonuclease exchanged in 24 hours at pH 4.5, 24 C, 

using an infrared spectrophotometric method. This compares 

well with the value of 239 hydrogens found by Stracher 

(1960) after 24 hours of exchange at 39°C using method B 

but is significantly higher than the values found using 

method C (Leach and Springell, 1962). The hydrogen ex

change of lysozyme at pH 3.2, 38°C was followed by infrared 

absorption and method A (Hvidt, 1963; Hvidt and Kanarek, 
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1963). After 24 hours 21 less hydrogens had exchanged in 

the freeze-drying method. Hvidt and Nielsen (1966) 

speculated that the values found by infrared measurements 

might be less accurate because of the difficulty in 

obtaining reliable extinction coefficients in the amide II 

band. In addition, different solvents were used in both 

cases and the pD in the infrared experiments was only 

approximately known. Large differences were also found 

for bovine serum albumin, pH 5 at 25°C. Blout, de Loze 

and Asadourian (1961) found after 24 hours about a hundred 

more hydrogens exchanged using infrared techniques than 

by method A (Benson, Hallaway and Lumry, 1964). In 

conclusion, the infrared technique in comparison with 

methods A through D leads to high values for the number of 

exchanging hydrogens. 

Isotope Effects 

Chemical isotope effects can be either an effect of 

isotopic substitution on chemical potentials, i.e., 

differences in the equilibrium state, or on bond cleavage, 

i.e., the kinetic behavior. Kinetic isotope effects are 

important when the exchange-out of deuterium from a 

completely deuterated protein in water is considered. 



On the other hand, equilibrium isotope effects become 

important when trace amounts of an isotope are used. 

Burial of groups within the protein molecule complicates 

any discussion of equilibrium effects. An extensive dis

cussion of these problems is found in the review of Hvidt 

and Nielsen (1966). 

Kinetic Isotope Effects. Because of the small 

number of tritium atoms incorporated into each protein 

molecule when a tracer technique (method C or D) is used, 

the rate constants k^ and k^ (Equation 7) are approximately 

the same for H-H and H-T exchange. The overall kinetic 

isotope effect is therefore due to a small effect on k^ 

(Hvidt and Nielsen, 1966). However, when extensive iso-

topic substitutions occur (as in methods A and B) kinetic 

isotope effects are more important and complicated. The 

effect on k^ has been determined by exchange studies with 

N-methylacetamide in H^O and D^O. The acid catalyzed 

reaction was 2.0 times faster in D^Q (Nielsen, 1960) and 

agrees with the proposed mechanism (see Model Studies); 

the base catalyzed exchange was 2.5 times slower (Nielsen 

to be published, cited in Hvidt and Nielsen, 1966). The 

effect on k^ and k^ results not only from differences in 
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hydrogen bond strength when deuterium is substituted for 

hydrogen but also from different solvent-solvent and 

solvent-protein interactions in H^O and D20. Both of 

these factors have been examined experimentally, and some 

of the results follow. 

Model compounds have been used to study the effect 

of deuterium substitution on hydrogen bond strength. Re

placement of protium in a strong hydrogen bond by deuterium 

or tritium generally results in a weaker and more expanded 

bond (Dahlgren, Jr. and Long, 1960; Grimison, 1963); the 

opposite is found upon substitution of deuterium for hydro

gen in a weak hydrogen bond (Benjamin and Benson, 1963; 

Creswell and Allred, 1962; Tomita et al., 1962). Many of 

these experiments were in solvents of low dielectric 

constant and extrapolation to aqueous systems may not be 

valid. Many studies, however, indicate that the stability 

of proteins increases in D^O, e.g., the thermal transitions 

of ribonuclease (Hermans and Scheraga, 1959) and collagen 

(Harrington and von Hippel, 1961) occur at higher tempera

tures in D^O. On the other hand, synthetic polypeptides 

(Appel and Yang, 1965) and nucleic acids (Crespi and Katz, 

1962) are equally stable in D^O and H^O. Hvidt and Nielsen 
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(1966) believe the increased thermal stability of globular 

proteins in D^O may reflect the ability of H^O to act as a 

better solvent for denatured proteins. However, Kresheck, 

Schneider and Scheraga (1965) found that hydrophobic bonds 

involving hydrocarbons were stronger in H^O than in D^O 

but when the side chains of amino acids were involved the 

behavior was the reverse. They concluded that hydrophobic 

bonds involving the protiated nonpolar side chains of 

proteins would be slightly stronger in D^O than in H^O. 

It is evident that additional information is necessary 

before any firm conclusions can be drawn as to the effect 

of D20 on protein structure and therefore k^ and . One 

exchange experiment does bear directly on the problem. 

Englander (1963, method D) equilibrated ribonuclease in 

H20 and D^O with tritium and then followed the exchange-out 

of tritium vs. water. The deuterated protein exchanged its 

tritium atoms faster than the non-deuterated one. The 

difference could be attributed to a decreased stability, 

i.e., a greater motility, of the deuterated protein, and 

since the exchange-out in both cases was followed in water, 

it probably resulted from a decrease in strength of intra

molecular hydrogen bonds that were deuterium substituted. 
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Equilibrium Isotope Effects. When methods A and 13 

are used to follow exchange, equilibrium isotope effects 

may be neglected as the dried protein is dissolved in 

almost 100% D^O or H^O and there can be no selection of 

one isotope over the other (Linderstr^m-Lang, 1955a). 

However, when trace amounts of an isotope are used we must 

determine the extent of fractionation, if any. 

Isotopic enrichments of 13 to 16 percent have been 

reported for dry serum albumin and ribonuclease in equili

brium with tritiated ammonia (Lobunez and Karush, 1959) 

and of 29 percent for cellulose with tritiated water 

(Lang and Mason, 1960). Results for several proteins are 

inconclusive with respect to the selection of one isotope 

over another. No appreciable effect was noted for ribo

nuclease using methods C and D. Leach and Springell (1962) 

found with Method C very nearly the theoretical number of 

exchangeable hydrogens in four different samples of ribo

nuclease; two other samples showed an 8 percent excess of 

tritium, which could be attributed to either a preferential 

accumulation of tritium over hydrogen or to impurities in 

the protein sample that contained exchangeable protons and 

were non-volatile. Englander (1963) equilibrated 
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ribonuclease in H^O and D^O with tritium and then followed, 

using Method D, the exchange-out of tritium vs. water. 

There was a noticeable difference in the exchange, but 

kinetic analysis revealed that the same number of protons 

were exchanging with different rates. Insulin at high pH 

(Figures 19 and 20) appeared to exchange several more 

hydrogens than could be accounted for theoretically, but 

these were at the limit of experimental error. On the 

other hand, Leach, Hill and Holt (1964) reported an iso-

topic enrichment of 28 percent for tritium equilibrated 

with keratins. These results suggest that equilibrium 

isotope effects are generally not important. It should be 

noted that the exchange studies of keratins (Leach, Hill 

and Holt, 1964) were complicated by the use of wool fibers 

which may have been difficult to completely dry. 

The equilibrium constant for an exchange reaction 

depends primarily on the symmetry numbers and zero point 

energies of reactants and products (Melander, 1960; 

Haissinsky, 1964) providing the ratio of the partition 

functions is close to unity. In the following calculation 

the symmetry numbers of all reactants and products are 

assumed to be one reflecting the experimental 
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determination in this work of the ratio T/H rather than 

THO/HOH. Approximate equilibrium constants are calculated 

for the following two reactions: 

-N-H + DHO = -N-D + HOH (17) 

-N-H + THO = -N-T + HOH (18) 

using K = exp 
eq. c 

A <A €q) 
(19) 

kT 

where A (A€q) =|^(ND)- €q (NH)- €o(DHO)^o(HOH] (20) 

Expressed in terms of wave numbers 

A(A<=0)= 1/2 hc[^ V,(ND) vj(NH) - £ vj(DHO) +£ V;(H0H)] (21) 

There are several reports of the infrared spectrum of 

N-methylacetamide. The bands at approximately 3200 and 

700 wave numbers have been assigned to an -N-H stretch and 

an -N-H out-of-plane bending respectively while several 

others have been assigned partial -N-H character 

(Miyazawa, Shimanouchi and Mizushima, 1958). The band 

shifts upon deuteration of the amide nitrogen were re

ported by Schneider et al., (1965), and the vibrational 

frequencies of the three normal modes of HOH, DHO, and THO 

were given by Urey (1947). Using these reported values 

an equilibrium constant of 1.20 was calculated for 
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Equation 17. The frequencies for N-tritiated N-methylace-

tamide were not available and were calculated from the 

mass ratio approximation: 

However, only those frequencies assigned exclusively to 

the -N-H group could be used, further reducing the value of 

this approach. The quilibrium constant of 1.82 calculated 

for Equation 18 thus is based on only two frequencies for 

the NH and ND terms of Equation 21. 

The large value of the equilibrium constant 

probably reflects the extreme approximations made. The 

use of only two frequencies in the equilibrium calculation 

for Equation 18 has been mentioned. Also, only a primary 

isotope effect has been considered, i.e., the effect of 

substituting deuterium for the labile hydrogen. Perhaps 

most importantly, the solvent isotope effect which results 

from the interactions of -N-H and -N-D with neighboring 

solvent molecules has been ignored (King, 1965). It would 

be inappropriate to conclude from the computed equilibrium 

constants for Equations 17 and 18 that equilibrium isotope 

effects are important in exchange studies. But until more 

VHT = % 1"H + "T) 

VHH L"V % + V 
_ 1/2 

( 2 2 )  
V 
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precise data are available, the possibility of this being 

a serious problem must be entertained. 

If a labile hydrogen atom bonded to a peptide 

group is exposed to water the equilibrium isotope effect 

may be expressed by the ratio c( between the isotope en

richments in the peptide group and in water by (Hvidt and 

Nielsen, 1966): 

rj = (T/H) peptide group (23) 
(T/H) 

water 

It is evident that selection of one isotope over another 

should be relatively constant for all exposed peptide 

groups. It is precisely this situation that we considered 

in the preceding paragraph. If the peptide group con

taining the labile hydrogen atom is in the interior of 

the protein, the corresponding ratio p. expressing the 

ratio between the isotope enrichments in the ith buried 

peptide group and in water can be related to d through 

kT/K^ where, x i 
_ (exposed peptide group-T)±  { 2 4 )  

i (buried peptide group-T)^ 

_ (exposed peptide group-H) ̂ 

1 (buried peptide group-H)^ 
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Following Equation 23: 

P (buried peptide group-T). 
i = i 

(buried peptide group-H)_^ 
water 

( 2 6 )  

Substituting Equation 24 and 25 into 26 leads to: 

(exposed peptide group-H). T 
1 K. 

(exposed peptide group-T). K. 
1 X X 

water 
i 

( 2 8 )  

In this case, the fractionation will depend on which group 

T H 
is being considered due to variation of with the 

index i. X-ray diffraction studies of globular proteins 

show that most buried peptide-group hydrogen atoms are 

involved in intramolecular hydrogen bonding (Kendrew et 

al., 1961; Phillips, 1967). -*-s then a measure of 

the isotope effect on the strength of intramolecular 

hydrogen bonds discussed in a preceding section. 

from 0 to nearly 30% have been reported. Because of the 

significant effect that may be contributed by incomplete 

drying, it is plausible to weigh more heavily the 

experiments in which no fractionation was found. 

In summary, equilibrium isotope effects ranging 



Approximate calculations from theory indicate that any 

effect will be in the direction of enrichment in the 

protein component. 



EXPERIMENTAL 

Materials 

Crystalline bovine zinc insulin (Eli Lilly and 

Co., lot number QA 132Y) was stored in a tightly sealed 

o 
container at 5 C. 

The following reagents and supplies were purchased 

from Packard Instrument Company: 2,5-diphenyloxazole, 

scintillation grade (PPO); 1,4-bis- ^2-(4-methyl-5-

phenyloxazolyl)J -benzene, scintillation grade (dimethyl. 

POPOP), and 25 ml polyethylene counting vials. 

The solvent for scintillation counting (Bray, 

1960) was prepared as follows; 4.0 gm PPO, 0.2 gm dimethyl 

POPOP and 60 gm naphthalene (practical, Eastman Kodak) were 

dissolved in £-dioxane (Matheson, Coleman and Bell, twice 

refluxed over sodium and stored in the dark); 100 ml 

anhydrous methanol (Mallinckrodt) and 20 ml ethylene 

glycol (Matheson, Coleman and Bell) were added and the 

solution made up to 1-liter with £-dioxane; 25 ml TEAH 

(tetraethylammonium hydroxide, 10% in water, Eastman Kodak) 

52 



then was added (Vaughan, Steinberg and Logan, 1957) and 

the solution stored in the dark. 

Tritiated water (one curie per ml, New England 

Nuclear Corp.) was diluted to 4 mc/ml with deionized 

water and stored in the freezer. 

0 
Conductivity water (resistivity 10 ohms) was 

obtained from a Heraeus quartz Bi-distiller. 

Protein Preparation 

Crystals of insulin were grown from solutions of 

the protein in 0.1 M citric acid (Baker Analyzed Reagent) 

by the addition of 0.1 N NaOH to slight turbidity (Low 

and Berger, 1961). After several days of crystallization 

at 5°C the pH of the solution was adjusted over several 

weeks to that of minimum solubility (pH 5.5) by the 

addition of small aliquots of concentrated NaOH (50%). 

Small, well-formed crystals appeared within a few hours. 

Repeated stirring during pH adjustment resulted in highly 

fragmented and somewhat tabular crystals no larger than 

12 microns in length. During development of the 

lyophilization system and associated techniques, crystals 

of insulin were grown by a different procedure: protein 

was dissolved in water by the addition of 1 N ammonium 
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hydroxide to pH 10 to 11; IN acetic acid was added 

dropwise with vigorous stirring until the turbidity that 

appeared after each addition no longer disappeared 

(pH 7.0-7.5). The crystallizing suspension was stored at 

5°C for a few days and during this time the pH was lowered 

to 6.5 by adding a drop of 1 N acetic acid at frequent 

intervals. Exchange data obtained with these crystals are 

in substantial agreement with those found using the citrate 

crystals and suggests the method of crystallization is not 

critical. 

Zinc-free insulin was obtained by dissolving 2 gm 

o 
insulin in 25 ml 0.025 N HCl and dialyzmg at 3 C with 

frequent changes of 0.025 N HCl (Laskowski, Jr., Leach 

and Scheraga, 1960). The dialyzed protein was analyzed for 

zinc by the method of Kinnunen and Merikanto (1955) and 

contained less than 0.04% zinc. 

All protein preparations were stored at 5°C and 

used over a 4- to 8-week period. 

Protein Concentration 

Insulin concentration was obtained from optical 

density measurements at 280 m|j» using a Zeiss PM Q II 

spectrophotometer. The molar extinction coefficient of 
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insulin (M. W. 5733) was determined as follows: citrate 

grown crystals, pH 5.5, were centrifuged, the supernatant 

discarded, the crystals suspended in a small aliquot of 

conductivity water, and the process repeated. In a few 

cases, the resuspended crystals were adjusted to pH 7 

and used directly. Generally, however, crystals were 

dissolved by adjustment to pH 2 or 8 with 6 N HC1 or 

concentrated NaOH (50%), and then exhaustively dialyzed 

at 5°C. At the conclusion of these experiements it was 

discovered that dialysis at pH 8 also leads to zinc-free 

insulin (it had been assumed that the metal-free protein 

was obtained only by dialysis at low pH). Consequently, 

19 out of the 25 separate extinction coefficient determina

tions were for the zinc-free protein. Three to five 1.00 

ml samples of protein were dried at 105°C to constant 

weight (about 6 hours). The optical density at 280 m^ 

of the insulin solution diluted in 0.035 N HCl was 

determined and the extinction coefficient of a 1% insulin 

1% solution (E„° ) calculated on the assumption of Beer's 
280 

law (Table 1). The molar extinction coefficient (Table 1) 

is given by: 

£= (p.D./dry weight of the protein (gm/rjjx M.W. (29) 



TABLE 1 

Molar Extinction Coefficient of Insulin 

pH pH Average 
E1% Experiment Zinc Zinc-free Cone. Average E1% 

Molar Insulin Insulin (mgm/ml) O.D.X Dilution 280 mjj. Molar 

1 7 38.18+0.03 .659x51 8.80 5130 

2 7 32.62+0;09 .424x61 8.75 5100 

3a 8 31.23+0.09 .465x61 9.08 5290 

3b 8 28.42+0.06 .415x61 8.99 5240 

4a 2 38.05+0.05 .418x81 8.89 5280 

4b 8 39.40+0.12 .444x81 9.12 5320 

5 2 37.80+0.03 .407x81 8.72 5180 

Twenty-five separate determinations of the molar extinction co
efficient of insulin by dry weight measurements and arranged in seven sets. 
3a, 3b and 4a, 4b were determined in parallel experiments. The average molar 
extinction coefficient ( £ )= (5220+70) M"-*-. 

aV 1% 
Slobin and Carpenter (1966) reported a value of E °  =  9 . 0 9  for 

zinc-free insulin at pH 8.0. " 
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where M. W. refers to the molecular weight in gm/mole of 

insulin and any salt ions added to the protein solution. 

If the insulin was at its isoionic point (pH 5.5) and no 

pH adjustments made, the M. W. in Equation 29 is 5733. 

At pH 2, however, 6 moles of HC1 have been added per mole 

of insulin (from the titration data of Tanford and Epstein, 

1954a) and the contribution of the 6 hydrogen chloride 

molecules to the dry weight measurement was formally con

sidered by adding their weight to 5733. Similar correction 

was made for loss of hydrogen and addition of sodium 

at pH > 5.5. 

The molar extinction coefficient and average 

deviation of each set are listed in Table 1 and lead to an 

average molar extinction coefficient (€av) °f (5220+70)M 

Examination of the results suggests that the molar 

extinction coefficient of zinc and zinc-free insulin may 

differ and, consequently, the averaging may not be valid. 

In order to clarify the matter, the effect of zinc on the 

absorbance of zinc-free insulin was examined using 

difference spectrophotometry. The absorbance of a solu

tion of zinc-free insulin in 0.035 N HCl (1.75 mgm/ml) to 

which zinc ion had been added was read against a reference 



solution of the zinc-free protein only at the same 

concentration and pH. Data were recorded at 2 to 3 mjj 

intervals between 260 and ' 300 mji. . When the molar ratio 

of zinc to insulin monomer was 16 (the normal ratio is 

0.5) no difference spectrum was observed. When the,molar 

ratio was increased another ten-fold (160 to 1), a small 

peak appeared at 285 m^ (A. 0 .D=0.032) with /\C =166, 

a value low for tyrosine perturbations usually found in 

proteins. The high concentration of zinc required to 

obtain a difference suggests that there is no effect of 

zinc removal on the absorbance of insulin under the con

ditions of these experiments (pH 2, 0.035 N HC1). It is 

possible that the difference in the molar extinction co

efficients of zinc and zinc-free insulin (Table 1) reflect 

instead the technique. In sets 1 and 2 the crystalline 

protein was not dialyzed after suspension in conductivity 

water as were the samples in sets 3 through 5, and they 

might have contained citrate ions. If there were one 

citrate molecule per molecule of crystalline protein, the 

molar extinction coefficient calculated in sets 1 and 2 

would increase about 3%. These higher values would agree 
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closely with those found for the metal-free protein and 

the average deviation would drop below, 1%. 

Sources of error in the determination of extinction 

coefficients of proteins have been discussed by Wetlaufer 

(1962) and include inaccurate concentration determination, 

sample impurities, light scattering, and instrument per

formance. Concentrations determined by dry weight are 

reliable and impurities in the protein sample are likely 

to have been removed by crystallization, centrifugation, 

and dialysis. In other experiments (unpublished data, 

Renthal, Praissman and Rupley) light scattering has been 

shown to be unimportant at pH 2. Determinations were 

performed over an 18-month period and there could have 

been small variations in the spectrophotometer. In . 

summary, two sources of error seem particularly important: 

the inability to account for citrate in zinc insulin 

solutions and instrument performance. 

Lyophilization (freeze-drying) Apparatus 

A two-stage, water-cooled, mercury diffusion pump 

(designed by Mr. Harry Nunamaker and built by Mr. Jack 

Wise, of this department) backed by a mechanical pump 
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(Cenco Hyvac) operated continuously throughout the exchange 

studies, except for very brief maintenance shutdowns. -The 

vacuum system (Figure 2) was connected to the manifold 

train through a removable trap and glass elbow. The 

trap, kept in a dry-ice acetone bath, was cleaned of 

THO and mercury after each lyophilization. The vacuum on 

the low pressure side of the diffusion pump was monitored 

-5 
with a Delmar McLeod gauge (reading to 10 mm of mercury). 

When samples were not being lyophilized a large stopcock 

between the diffusion pump and cold trap acted as an iso

lation valve. The manifold train accommodated ten bi

furcated manifolds (Figure 3) and can be fixed in two 

different positions by rotation of the glass elbow through 

180 degrees (Figure 4). After the protein was lyophilized 

in vacuo until almost dry (train in the up position, 

Figure 2), the train was lowered 15 cm, bringing samples 

into the 60°C bath where the last traces of water were 

removed. Each bifurcated manifold contained three ground 

glass joints. The donor or sublimation bulb containing 

the protein (Figure 5) fitted into one while the acceptor 

bulb, a trap kept at -60°C, fitted into the other. The 

third joint connected the bifurcated manifold to the train. 

High vacuum stopcocks were used throughout the system and 



Figure 2. Lyophilization Apparatus. 

Ten bifurcated manifolds, each containing a donor (protein) and 
acceptor (vapor trap) bulb, are connected to the train. By rotation of the 
glass elbow through 180 degrees, the bulbs containing protein are lowered 
into the 60°C bath. 
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Figure ilization Apparatus. 
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17 cm 

Figure 3. Bifurcated Manifold. 

The 14/35 joint fits into the train and the 
14/20 joints accommodate the donor and acceptor bulbs. 
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Figure 4. Glass Elbow. 
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Figure 5. Bulbs. 

The longer neck bulb contains protein (donor) 
and the other bulb acts as a vapor trap (acceptor). The 
long neck keeps the greased 14/20 joint away from the 
60 C bath and this prevents cracking of the grease and 
loss of vacuum. 
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were lubricated with Apiezon N grease. The standard taper 

ground glass joint on the donor bulb was near a 60°C bath 

during part of the drying, requiring the use of Apiezon T. 

Apiezon M was used on the remaining large joints and joints 

connecting the bifurcated manifolds to the train. 

Procedure 

Zinc insulin crystals grown from solutions 0.1 M 

in citrate were centrifuged, the supernatant discarded, 

the crystals suspended in conductivity water, and this 

process repeated. The crystal suspensions were adjusted 

to the proper concentration (usually 11.5 mgm/ml) and pH 

(Leeds and Northrup meter, standardized with 6.5 and 4.0 

buffers). In solution studies with zinc insulin at pH 6.7 

or higher, crystalline suspensions had to be titrated to 

pH above 10 before they dissolved and could be adjusted to 

the appropriate pH. Solutions of dialyzed zinc-free 

insulin were diluted to the proper concentration and then 

6 N HCl or concentrated NaOH (50%) added to obtain the 

o 
desired pH. All prepared samples were stored at 3 C for 

12 to 18 hours unless otherwise noted (see Dependence of 

the Exchange on Equilibration in Solution). 
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Ten minutes before the addition of THO the 

solution was placed in an appropriate temperature bath. 

o 
Exchange experiments at 0 C were carried out in an insulated 

container of ice-water kept in a cold room (3°C), where all 

transfers from the reaction vessel were made. Experiments 

o 
at 25 and 38 C were conducted m a Blue M Magni Whirl 

constant temperature bath (Blue M Electric Company). 

Exchange was started by adding an aliquot of tri-

tiated water (0.5 ml of 4 mc/ml THO per 3.5 ml of protein 

solution) and the solution stirred both manually and with 

a magnetic stirring bar for about 30 seconds. In most 

experiments the reaction mixture was stirred continuously 

during exchange, which might be of particular importance 

for crystal suspensions. Immediately after starting the 

reaction an aliquot was transferred to a donor bulb 

(Figure 5) and frozen at -60°C with vigorous swirling to 

yield a thin layer of frozen solution. The bulb was 

capped and stored in a container of finely chopped dry ice. 

The process was repeated until three or four samples had 

been collected over two to three minutes. These are 

called the "zero-time" samples, even though they reflect 

exchange throughout the first three minutes. Since 5 mgm 
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of dried protein were convenient for analysis and concentra

tions of 10 mgm/ml were used in most studies of insulin, 

0.5 ml aliquots were transferred. 

If the protein flakes during lyophilization the 

lighter masses can be carried out of the donor bulb by the 

distilling vapor. In order to prevent any loss of protein 

material, a copper net was placed on top of the ground 

glass joint of the donor bulb before insertion into the 

manifold (Linderstrjzfrn-Lang, 1955a) . In the few cases that 

fragmentation occurred during the drying of soluble or 

amorphous insulin, the protein was trapped on the net and 

returned to the bulb by gentle tapping of the bifurcated 

manifold after the protein was almost dry. The lyophili

zation properties of the crystalline protein were different. 

A few minutes after the distillation began, there was ex

tensive fragmentation, and finely powdered protein material 

was carried past the net by the vapor stream. As much as 

25% of the crystalline protein could be lost in this 

fashion. 

After ten samples had been collected they were 

placed on the lyophilization apparatus and a vacuum 
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introduced into each manifold by opening stopcock A 

(Figure 2). Distillation was prevented by keeping the 

donor bulbs at -60°C. When proper pressure was reached 

-4 
(5x10 mm Hg) the manifold, train was lifted slightly and 

the bifurcated manifolds rotated 180 degrees, bringing 

the acceptor bulbs over the dry-ice acetone bath. 

Lyophilization was started by lowering the acceptor bulbs 

into the -60°C bath. Within a few minutes ice formed on 

the outside of the donor bulb, and it gradually dis

appeared over the next half hour. After 90 minutes of 

lyophilization, the train and dry-ice baths were lowered 

15 cm, bringing the donor bulbs into the 60°C bath. 

Acceptor bulbs were kept at -60°C throughout drying except 

for the brief period when the train was lowered. 

After seven hours of lyophilization each bulb was 

removed from the vacuum system and the protein dissolved 

immediately by adding 2 ml 0.035 N HCl. In this connection 

the effect of various times of exposure of dried deuterated 

pig insulin to air, reported by Linderstrjzfrn-Lang (Table 2), 

point out the importance of not exposing dried protein fox-

any appreciable length of time. 



TABLE 2 

Effect of Exposure of Dried Deuterated 
Pig Insulin to Air 

Time of Exposure 
to Air 

Number of Hydrogens 
Exchanged 

few seconds 
5 minutes 
10 minutes 
20 minutes 
40 minutes 

89 
74 
64 
50 
42 

Pig insulin, pH 3, reaction times of 16 to 24 
hours at 40 C. 

The pH, concentration and isotope content of the 

reaction mixture were determined. The concentration of 

each lyophilized sample after dissolution was found by 

measuring the optical density of an appropriate dilution 

of the 0.035 N HC1 solution. The tritium content of each 

sample was determined as follows: 1 ml of the solution 

of lyophilized protein was transferred to 20 ml of 

scintillation solvent, the solution stirred, using a glass 

rod with flattened tip, and 15 ml transferred to a poly

ethylene counting vial. The samples were counted (rates 

for the protein samples varied between 8,000 and 25,000 

cpm) in either a Nuclear Chicago Liquid Scintillation 

Spectrophotometer Mark I or the Model 625 (4- or 10-minute 
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count times). A quenching correction was determined by 

adding as internal standard a 100 lambda aliquot of 

tritiated water of high specific activity (ca. 190,000 cpm) 

and then recounting the samples. 

Constriction micropipets (obtained from Herr 

Pederson, Copenhagen) were used for pipetting volumes 

smaller than 1 ml. They were carefully selected on the 

basis of ease and reproducibility of delivery, and the 

same set used throughout these studies. They were cleaned 

by soaking in a NaOH-ethanol-water solution and then 

flushed with deionized water. In transfers, solution was 

drawn up to the constriction, the outside wiped, and the 

solution adjusted to the center of the capillary con

striction by gentle tapping of the micropipet tip against 

tissue. The micropipet was lowered into the test tube or 

reaction vessel, its tip resting against the glass wall 

about one cm above the liquid in the container, and its 

contents transferred by blowing through a rubber tube 

attached to the top of the micropipet. After the micro

pipet was free of bulk solution, its tip was gently 

tapped against the glass wall 5 or 6 times while residual 

solution was blown out. 
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Considerable difficulty was encountered in the 

quantitative transfer of crystalline suspensions. Rapid 

settling of crystals occurred even when the suspension 

was vigorously stirred, and this led to a modification of 

the above technique. The reaction vessel was shaken and 

swirled rapidly for a few seconds (little surface de-

naturation occurs as over 90% of the protein is crystal

line between pH 4.5 and 6.5) and approximately 1 ml of 

the suspension transferred to a test tube. A micropipet 

was held in one hand while the tube was rapidly shaken 

in the other and an aliquot drawn up in the pipet. The 

smaller volume (1 ml in the test tube compared to 8 to 

16 ml in the reaction vessel) allowed for better sampling. 

The micropipet was held horizontally and rotated while 

wiping the outside wall and adjusting the level in the 

capillary. Rotation prevented the depositing of crystal

line protein on the micropipet walls. The aliquot was 

delivered as described above. 

Following each lyophilization, the bifurcated 

manifolds and copper nets were freed of grease in chloro

form. After four to six lyophilizations the apparatus, 
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including the elbow, was taken apart, freed of grease in 

chloroform, cleaned with concentrated HNO^ and baked 

o 
along with the bifurcated manifolds for one hour at 600 C. 

Donor bulbs, micropipets, reaction vessels, and test tubes 

used in concentration determinations of the lyophilized 

material were cleaned in a NaOH-ethanol-water solution for 

24 hours and profusely rinsed with tap water, followed by 

deionized water. The acceptor bulbs and remaining test 

tubes were soaked overnight in detergent. 

Concentration Correction: Lyophilized Protein 

The absorbance of insulin that had been lyophilized 

in exchange experiments was one to five percent higher than 

the same unlyophilized sample. Leach and Hill (1963), 

using the T-H exchange technique, found the extinction 

coefficients of lyophilized and unlyophilized ribonuclease 

differed (6.9 and 7.9, respectively), which led them to 

suggest that the vacuum drying removed an ultraviolet-

absorbing, volatile impurity with a low nitrogen content. 

The change in the optical density of insulin upon drying 

may be a function of protein concentration and heat. In . 

three experiments the concentration of insulin in the 
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reaction mixture was increased to 15 from the usual 

10 mgm/ml and the amount of protein lyophilized to 7.5 

from 5 mgm, and no difference was found in the absorbance 

of lyophilized and unlyophilized protein. It is doubtful 

whether this reflects an association property of insulin 

as the degree of aggregation does not vary greatly from 

10 to 15 mgm/ml. In another set of experiments, the 

optical densities of reaction mixtures at 0 and 40°C were 

determined shortly after adding tritium and 24 hours later. 

No change in the optical density was found after 24 hours 

of exchange at 0°C, but an increase of 2.5% was noted at 

o 
40 C. This suggests an irreversible conformational change 

in insulin involving at least regions around the tyrosines. 

It is reasonable to assume that a similar phenomenon might 

occur during the drying of insulin at 60°C. It must be 

understood that these data are too fragmentary to be more 

than suggestive. 

Since the optical density directly enters the 

calculation for the number of exchangeable hydrogens, all 

results, except those for crystalline insulin, were 

corrected by determining in each experiment the difference 

between the absorbance of the lyophilized and unlyophilized 
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protein and applying this as a percentage correction. 

This could not be done for insulin crystals as loss of 

protein occurred during the lyophilization. As much as 

25% of the crystalline protein was carried past the copper 

nets by the vapor stream during distillation. The 

lyophilization behavior of bovine serum albumin at pH 8.5 

resembled that of crystalline insulin and Benson, Hallaway 

and Lumry (1964) have suggested that a charge effect was 

responsible. The corrections found in exchange studies 

with zinc-free insulin and zinc insulin in solution were 

averaged to a value of 3.5%^0.8% and applied as the 

correction for crystalline insulin. 

Effect of Long Drying Times at 60°C 

Drying of insulin at 60°C has been shown effective 

in removing the last traces of tightly bound water 

(Linderstrjz$m-Lang, 1955a) ; ribonuclease has been completely 

dried at lower temperatures (Leach and Springell, 1962). 

In order to determine appropriate conditions for this work, 

the effect of various drying times at high temperature 

was investigated, with the results shown in Table 3 for 

drying between one and eight hours at 60°C. Except for 

the use of a single-stage diffusion pump, the lyophilization 



TABLE 3 

Effect of Various Drying Times on Insulin 
at 60°C (Single-Stage Mercury Diffusion Pump) 

Time of 
Drying at 
60°C 
(hr) 

Exchangeable Hydrogens Per Molecule 
Time of 
Drying at 
60°C 
(hr) Exp. 1 Exp. 2 

1.0 
89.3 
96.0 
90.0 

3.5 
79.3 
84.6 
84.6 

6.0 

84.5 
87.6 
84.2 
84.2 

8.0 

86.5 
88.2 
86.5 
89.4 
92.1 
86.5 
90.8 
87.6 
86.4 
89.1 

Insulin, pH 3, reacted with THO 
for 24 hours at 40°C. 



TABLE 4 

Effect of Various Drying Times on Insulin 
at 60 C (Two-Stage Mercury Diffusion Pump) 

Time of 
Drying at 
60°C 
(hr) 

Exchangeable Hydrogens Per Molecule 

None 
87.0 
83.7 
83.2 

5.5 
84.7 
83.8 
83.6 

8.5 

86.2 
86.4 
83.8 
80.8 

Insulin, pH 6.9, reacted with THO 
for 24 hours at 40°C. 
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system was identical to the one just described. In both 

experiments the protein lyophilized for 60 minutes before 

heating. The data presented in Table 4 were obtained by 

drying the protein in the lyophilization with a two-

stage diffusion pump. In this case, samples were not 

heated until 90 minutes after lyophilization had started. 

o 
The data suggest that some drying at 60 C is helpful. 

The protein appears to be unstable, however, when dried 

for 8 hours or longer. Five and one-half hours was 

chosen as the drying time, but it is possible that shorter, 

times might work equally well. 

Retention of THO by Salt 

Removal of THO from NaCl was incomplete using the 

described lyophilization conditions. Table 5 shows the 

amount of tritium retained by various concentrations of 

NaCl. Twenty-one hundred counts per minute represents 8 

to 15% of the count rate for protein (10 mgm/ml) and salt 

(5.8%) together. Although the amount of THO retained by 

each salt sample varies, in terms of the total count rate 

(protein + salt) the error introduced is small 

(approximately 1%). 
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TABLE 5 

% NaCl cpm 

Retention of THO by Salt 

Average errors are given. 

Average — Av/% Salt 

5.8* 
2130 
2152 
2285 
2237 
2594 

2280+126 

150 
128 
5 

43 
314 

392+22 

5.25 

0.58* 

1752 
1497 

111 
193 

1624+128 

152+41 

128 
127 

41 
41 

310+24 

262+71 

*THO retention on 5.8 and .58% NaCl was 
determined in the same experiment. 
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Absorption of Carbon Dioxide at High pH 

Buffered solutions were not used for two reasons. 

A correction would be necessary for the hydrogens con

tributed by the buffer to the exchange. Of less 

importance is the difficulty in completely removing bound 

THO from the buffer salt which would lead to high results. 

The absence of buffer led to pH drifts of 0.1 to 0.2 units 

during the exchange, likely reflecting, in part, absorp

tion of CO^. Reaction mixtures of insulin at high pH 

suffered unusually large changes in pH and had to be kept 

under nitrogen; e.g., in an experiment without this pre

caution the pH drifted from 9.5 to 7.8 in 48 hours. For 

reactions run under nitrogen, the solution was exposed to 

the atmosphere only during sample withdrawal and it was 

then flushed with nitrogen for 15 minutes. Even under 

these conditions, at pH greater than 9 drifts of 0.2 to 

0.3 units still occurred. 

pH Shifts 

In several experiments the pH of the reaction 

mixture was altered during the exchange by the addition of 

acid or base. Several procedures were used. 
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In shifts from pH 5.5 to near 3 the crystals were 

dissolved either 1) rapidly by adding a small aliquot 

(10 to 20 lambda) of 6 N HCl from a micropipet directly 

to the crystalline suspension, or 2) slowly by addition 

of 0.5 to 1.0 N HCl from a microsyringe through a fine 

polyethelene delivery tube that rested on a magnetic 

stirring bar at the bottom of the reaction vessel. 

Because of the effectiveness of base catalysis 

of the exchange, shifts from pH 3.2 to 6.8 were compli

cated by the need to avoid locally high concentrations 

of titrant. 0.2 N NaOH was added slowly (over about 12 

minutes) from a microsyringe (case 2, above). Delivery 

in the immediate vicinity of the rapidly rotating stirring 

bar led to effective dispersion of base. In one case, 

pH was adjusted rapidly by adding a small aliquot of 

6 N NaOH (case 1, above). Samples were taken immediately 

after the pH shift and the number of exchangeable 

hydrogens was found to be much higher than when base was 

added slowly, likely an effect of high local base 

concentration on k^# Equation 5. 
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Calculation of the Number of Exchangeable Hydrogens 

Calculation of the number of exchangeable hydro

gens is based on two assumptions that have been discussed 

already (see INTRODUCTION): first, that the atom fraction 

of tritium incorporated into the protein is equal to the 

atom fraction of isotope in the solvent, i.e., there are 

no equilibrium isotope effects; secondly, that exchange 

stops when the sample is frozen. 

The hydrogen atoms exchanged per mole of 

protein, n, 

= (CR~CB) x I x 6/O.D. x 1/C^ x 110 (30) 

C = the cpm/ml protein solution. 
R 

C0= the cpm/ml for a blank vial containing 
all components except protein. 

I = correction determined by internal 
standard addition. 

€= molar extinction coefficient of the protein. 

O.D.= optical density of the lyophilized sample 
determined at 280 

mjA 

C = the cpm/ml reaction mixture. 
RM 

110 = gm-atom hydrogen/1 water. 

In exchange studies with salt present the count 
rate of a salt blank was subtracted from C . 

R 
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A typical calculation follows for zinc-free insulin 

reacted for 12 hours with THO at 0°C (pH 5.5). 

CR = 14519+70/ average of 3, ten-minute counts. 

CB " 35* 

O.D. _ = 0.4.20 x (dilution factor of 5). 
280m^ 

Internal standard correction = 1.005. 

CIRM = 23348, average of 3 separate determina
tions, for a 2601-fold dilution. 

€= 5220. 

n = (14519-35) x 1.005 x 5220/2.10 x 
(1/23348 x 2601) x 110 

= 65.5 

The concentration correction (see Concentration Correction; 

Lyophilized Protein) was 3.5% leading to n= 67.7. 

Kinetic Analysis 

Exchange data for insulin were analyzed using three 

or less first-order rate terms (Equation 6). Experimental 

exchange values were averaged and plotted as a function of 

time and the best smooth curve drawn through the points 

(see for example, Figures 6 and 13)'. Values were taken 

from the curve at 10 to 15 minute intervals during the 

first few hours of exchange and then at longer time 
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intervals. At pl-l 6.7 or greater, complete exchange was 

reached in 24 hours; at lower pH the exchange at infinite 

time was found by constructing plots of the rate of 

hydrogen exchange (dn/dt) as a function of the number of 

exchanged hydrogens per mole (n) and extrapolating to 

zero rate. All data were subtracted from the infinity 

point and a first-order plot of hydrogens unexchanged as 

a function of time constructed on semi-logarithmic 

graph paper. Extrapolation of the line of least slope 

to zero-time gave the number of protons in the slowest 

exchanging class and the rate constant of exchange was 

determined from the slope. Hydrogens contributed by this 

class to the exchange were subtracted point by point from 

the remaining plot. The new data, representative of faster 

exchanging classes were replotted and the above process 

repeated. In this fashion two or three classes and their 

corresponding rate constants were found. 

Errors 

The average deviations in the exchange results may 

reflect both indeterminate (random) errors of the technique 

and systematic errors assignable, at least in principle, to 
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specific origins. Reproducibility was generally good; 

average deviations of 1% in any one experiment (excluding 

zero-time values) and 1 to 2% between different experiments 

at the same pH and temperature. 

Three major sources of random errors may be listed: 

1) Pipetting. High precision is attainable with 

an average deviation of +0.4%. There were 

five transfers contributing a total error of 

+0.89%. 

2) Scintillation counting. Each sample was 

counted at least three times for 4 or 10 

minutes. Average deviations of +0.5% or less 

occurred. The phototubes were stable over 

the period of these experiments. 

3) Sample concentration. The error in absorbance 

measurements is approximately +0.5%. 

The total error is therefore: 

2 2-1* 
% deviation=+ £(0.89) + (0.5) + (0.5) J -+1.1% 

suggesting that random errors can account for deviations 

observed in the exchange in any one experiment. 

The larger deviations found between runs may 

reflect systematic errors. These include: 
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1) Drying of the protein. Differences in 

absorbance by lyophilized and unlyophilized 

insulin reflect changes in the protein. 

Corrections were applied (see Concentration 

Correction; Lyophilized Protein). 

2) Effects of aging on the vacuum system. 

Oxidation of mercury in the diffusion pump 

might lead to less efficient removal of 

water vapor. Then, too, high vacuum stop

cocks and joints deteriorate with use, which 

could lead to leaks. They were replaced 

several times. 



RESULTS 

Exchange in Crystal, Amorphous and Solution States 

The hydrogen exchange characteristics of zinc and 

zinc-free insulin at 0°C were determined from pH 2 to 9.5. 

For zinc insulin at least two runs were made at each pH; 

in one run samples were usually taken at zero-time, 1.5, 

3.0, 6.0, 12 and 24 hours, while in the other only at 

zero-time, 3.0 and 24 hours. In studies of zinc-free 

insulin, samples were taken at zero-time, 3.0 and 24 

hours, except in those cases of particular interest. 

At 38°C the exchange of insulin was studied at pH 3.2 and 

5.5. Zinc-free insulin was used at pH 5.5 as the crystal

line protein displayed unusual exchange behavior. 

pH 2.1, 0°C. Reproducible exchange data could not 

be obtained at pH 2. Except for one run (Table 6), 

internal agreement was poor. Hvidt has suggested 

(personal communication) that at this low pH HCl vaporizes 

during the lyophilization, leading to modification of the 

protein, i.e., protons could be abstracted from the amide 

groups by chloride ions followed by molecular rearrangement 

of the protein. In support of this, it was noticed that 
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TABLE 6 

Hydrogen Exchange of Zinc Insulin 
in Solution, pH 2.15, 0 C, as a Function of Time 

Time 
Exchangeable Hydrogens 

Per Molecule 
Average 

zero-
time 

58.8 
60.0 

59.4+0.6 

20 min 62.1 62.1 

1.5 hr 62.8 62.8 

3.0 hr 
66.9 
68.0 
68.3 

67.7+0.7 

6.0 hr 
73.4 
71.9 
70.3 

71.8+1.1 

12 hr 
73.9 
76.1 
75.7 

75.2+0.9 

24 hr 
78.3 
80.1 
80.1 

79.5+0.8 
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protein flaked during the drying at pH 2.1 rather than 

remaining a smooth sheet as in the lyophilization of 

soluble protein at other pH. 

pH 3.2-3.6, 0 and 38°C. In Figures 6 through 9 

the exchange of zinc and zinc-free insulin between pH 3.2 

and 3.6 at 0 and 38°C are shown. In Figures 6 and 8 

the average values are displayed, and in Figures 7 and 9 

the individual points. In contrast to behavior at higher 

o 
pH, exchange continues after 12 hours at 0 C. The exchange 

of zinc insulin was followed at both temperatures; that of 

o 
the zinc-free was examined only at 0 C. 

At 38°C loss of solvent due to evaporation was 

prevented by a double parafilm cover. Solvent which con

densed on the glass walls of the reaction vessel was 

returned to the solution periodically by tilting and 

swirling the solution up the walls of the vessel. 

A minimum near pH 3 in the exchange rate has been 

observed for ribonuclease (Hvidt, 1955; Leach and Hill, 

1963), p-lactoglobulin (Linderstrjzfrn-Lang, 1955b), lysozyme 

(Hvidt and Kanarek, 1963) ; Hvidt, 1963) , insulin (LinderstrjzSm-

Lang, 1955a) and poly-L-glutamic acid in D20-dioxane (Blout, 

de Loze and Asadourian, 1961; Liechtling and Klotz, 1966). 
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Figure 6. Time Dependent Exchange of Zinc and Zinc-Free 
Insulin at 0°C, pH 3.3-3.6. 

( O ) Zinc-containing insulin 
(0 ) Zinc-free insulin 
Average values are given and vertical bars 

represent average deviations. The exchange of zinc 
insulin is represented by the curve. 
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Figure 7. Time Dependent Exchange of Zinc insulin at 0°C, pH 3.3-3.6 
(Individual Exchange Values). 

Experiment 1, pH 3.60 ( O ) ; Experiment 2, pH 3.60 ( Z\ ) ; 
Experiment 3, pH 3.30 ( O ) " Experiment 4, pll 3.32 ( (g) ) . ^ 
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Figure 8. Time Dependent Exchange of Zinc Insulin at 38 C, pH 3.1-3.3 

Average values are given and vertical bars represent average 
deviations. 
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Figure 9. Time Dependent Exchange of Zinc Insulin at 
38°C, pH 3.1-3.3 (Individual Exchange Values). 

Experiment 1, pH 3.2 ( O); Experiment 2, pH 3.1 
( <Q> ) ; Experiment 3, pH 3.2 ( <§> ) ; Experiment 4, pH 3.3 
( • ) • 
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For insulin in solution the minimum is clearly seen in 

Figures 10 and 11, in which zero-time and 24 hour time 

values, respectively, are presented as a function of pH. 

pl-l 4.6-4.9, 0°C. Between pH 4 and 6.6 at low 

ionic strength, zinc insulin crystallizes and zinc-free 

insulin forms an amorphous precipitate. The solubilities 

of the crystalline and amorphous protein at 0°C were 

determined during each experiment shortly after the zero-

time and 24 hour samples had been taken. One ml of the 

o 
reaction mixture was centrifuged in the cold room, 5 C, 

500 lambda of the supernatant drawn off with a micropipet 

and transferred to 3 ml of 0.035 N HCl, and the concentra

tion determined by optical density at 280m . The 

solubilities of crystalline and amorphous insulin between 

pH 4.5 and 6.6 are presented in Figure 12 along with those 

determined by Fredericq and Neurath (1950) for insulin in 

0.1 N KC1 solutions. The lack of agreement between the 

two sets of data above pH 5.5 may reflect the difference 

in ionic strength as well as the qualitative determination 

of solubility in this study (accurate solubility data was 

not a principal aim of these experiments). 
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Figure 10. Zero-Time Exchange Values for Zinc'and Zinc-
Free Insulin as a Function of pH. 

Open symbols refer to zinc-containing protein 
and half-darkened circles to the zinc-free. Each symbol 
refers to one experiment in that pH range. The same 
symbols were used for 24 hour values, for direct 
comparison. 
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INSOLUBLE 

Figure 11. Twenty-Four Hour Exchange Values for Zinc and Zinc-Free 
Insulin as a Function of pH. 

Open symbols refer to zinc-containing protein and half-
darkened circles to the zinc-free. Each symbol refers to one experi 
ment in that pH range. The same symbols were used for zero-time 
values, for direct comparison. 
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Figure 12. Solubility of Crystalline and Amorphous Insulin 
Between pH 4.0 and 6.6 at 0 C. 

Both (O) anĉ  (©) represent crystalline insulin 
and (©) the amorphous. Solubility of crystalline insulin 
in suspensions of 0.1 N KCl at 25 C {O) determined by 
Fredericq and Neurath (1950) are shown. 
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Results for the exchange of crystalline insulin 

between pH 4.5 and 5 are listed in Table 7 . The effect 

of crystal aging was examined in Experiment 2. Four weeks 

before the crystals were used in this exchange experiment 

they were removed from mother liquor and resuspended in 

deionized-distilled water and stored at 5°C. The same 

procedure used in other exchange experiments was then 

followed. Aged crystals exchanged more protons than those 

freshly prepared (compare Experiment 1 and 2 in Table 7 ), 

an interesting observation that should be investigated 

further but is at present inexplicable. However, it does 

suggest that extreme care must be taken in the prepara

tion of proteins for hydrogen-exchange studies. Except at 

zero-time there is close agreement between the exchange of 

crystalline and amorphous insulin. This behavior is found 

over the entire crystal range. The average deviations in 

the zero-time exchange are greater than those found at 

longer exchange times and probably reflect the exchange 

that accompanies mixing which is rapid and difficult to 

measure. 

pH 5.4-5.5, 0 and 38°C. Because of the very low 

solubility of insulin near pH 5.5, the exchange in this 
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TABLE 7 

Hydrogen Exchange of Crystalline and Amorphous 
Insulin, pl-l 4.6-4.9, 0 C, as a Function of Time 

Time 

Exchangeable Hydrogens Per Molecule 

Time 

Zinc Insulin Zinc-Free Insulin 

Time 
Exp.l Exp.2 
pH 4.60 PH 4.7 

Exp.l 
PH 4.90 AVerage 

zero-
time 

48.5 53.9 
49.9 52.0 51.3+1.9 
49.4 54.8 

47.5 
49.0 49.5+1.2 
51.5 
49.4 

20 min 54.8 54.2+0.6 
53.7 

1.5 hr 57.6 „ „ „ „ 
c-7 i 57.4+0.2 D / . 1 — 

3.0 hr 
62.5 63.3 
60.4 64.8 63..0+1.2 
62.4 64.6 

61.3 
61.3 61.5+0.3 
62.1 

6.0 hr 
61.0 
62.9 62.1+0.7 
62.4 

12 hr 
64.6 
63.2 63.8+0.5 
63.6 

24 hr 
66.2 69.2 

69.2 68.3+1.2 
68.8 

68.6 68.1+0.3 
68.1 

The effect of crystal aging is shown in Exp. 2. 



region is of particular interest. Owing to the absence of 

appreciable amounts of soluble material (0.1% or less), 

the results clearly reflect only exchange of crystalline 

protein. In Figure 13 exchange data for crystalline and 

amorphous insulin at 0°C are presented and close agreement 

is again found. The individual exchange values are shown 

in Figure 14. In one experiment the exchange of crystal

line insulin grown from solutions of ammonium acetate 

agreed reasonably well with values found using citrate 

grown crystals. However, most of the exchange data 

obtained (as were the acetate) before the incorporation 

of the two-stage mercury diffusion pump into the lyophili-

zation system were inaccurate and the relatively good 

agreement found in this case may be fortuitous. 

Crystalline insulin at 38°C displayed unusual 

behavior, e.g., the pH of the crystalline suspension in

creased 0.5 to 1.0 units in 24 hours; as much as 70% of 

the protein was lost during distillation. Exchange results 

were not only highly scattered at any one time but after 

six hours the number of exchangeable hydrogens decreased. 

Meaningful data at this temperature were obtained using 

amorphous insulin (Figures 15 and 16) but even here the 
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Figure 13. Time Dependent Exchange of Crystalline and Amorphous Insulin 
at 0°C, pH 5.4-5.5. 

( O ) Crystalline (zinc) insulin. 
( Q ) Amorphous (zinc-free) insulin. 
Average values are given and vertical bars represent average deviations. 

The exchange of crystalline insulin is represented by the curve. 
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Figure 14. Time Dependent Exchange of Crystalline Insulin at 0°C, 
pH 5.4-5.5 (Individual Exchange Values). 

Experiment 1, pH 5.45 ( O ) ; Experiment 2, pH 5.5 0 ( A ) ; 
Experiment 3, pH 5.45 (<§>); Experiment 4, pH 5.50 ( <^> ) ; Experi
ment 5, pH 5.4 (• ). o 
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Figure 15. Time Dependent Exchange of Amorphous Insulin 
at 38°C, pH 5.5-6.0. 

Average values are given and vertical bars 
represent average deviations. 
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Figure 16. Time Dependent Exchange of Aniorphous Insulin at 38°C, 
pH 5.5-6.0 (Individual Exchange Values). 

Experiment 1, pH 5.5 at zero-time and 6.0 at 24 hours ( O )• 
Experiment 2, pB 5.5 (<£>)• Suspension stirred for 12 hours before m 

THO added and no shift in pH occurred. 2 
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pH of the suspension increased by 0.5 units in 24 hours. 

In both the soluble (pH~3.3) and precipitated form the 

number of exchangeable hydrogens at 38°C is substantially 

o 
higher than at 0 C. The instability of crystalline insulin 

at room temperature recently has been noted by others. 

Low et al., (1966) have reported that insulin crystals 

containing UOor Hg rapidly deteriorate at 25°C 

(measured crystallographically) in contrast to the metal-

free crystals which are only damaged upon irradiation. 

Thermal damage was eliminated by cooling the metal-

containing crystals to 0°C. 

pH 6.0-7.0, 0°C. The effect of small amounts of 

soluble protein on both the lyophilization and exchange 

properties of crystalline insulin is striking. Insulin 

in solution and amorphous insulin lyophilize as smooth 

sheets with almost no fragmentation (protein is rarely 

seen on the copper nets). At pH 6.6, insulin is 12% 

soluble and lyophilizes as a smooth sheet with no loss of 

material. In contrast, between pH 6.0 and 6.5 the solu

bility of insulin varies between 1 and 7% and as much as 

25% of the protein is lost during lyophilization. Dif

ferences in exchange also appear; 3 to 5 more hydrogens 
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react at pH 6.6 than at lower pH values. The exchange of 

crystalline insulin between pH 6.0 and 6.6, 0°C is pre

sented in Figure 17. The exchange of crystalline insulin 

between pH 6.0 and 6.5 is essentially constant once the 

contribution of any soluble protein is taken into account. 

It is of importance that the almost identical exchange 

behavior of crystalline and amorphous insulin (Tables 7 

and 8, and Figure 13) in contrast to their different 

lyophilization properties suggests that the different 

exchange characteristics of insoluble and soluble insulin 

are not due to the drying process. 

All data were corrected (Table 8) by assuming 

the soluble protein exchanged at the same rate as completely 

soluble insulin at pH~6.8. The agreement between data at 

different pH is excellent considering the qualitative 

solubility determination and the assumption that data for 

pH~6.8 apply to lower pH. The dashed curve in Figure 17 

is the same as that drawn through the data for pH 5.5 and 

shows clearly the lack of a significant pH dependence for 

exchange in crystalline insulin, in contrast to the 

behavior of soluble protein (compare exchange in solution 

at pH 3.3, 6.8, 7.9 and 9.5). The hydrogen exchange of 
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Figure 17. Time Dependent Exchange of Crystalline Insulin 
Between pH 6.0 and 6.6 at 0 C. 

All values corrected for contribution of soluble 
insulin to the exchange. Vertical bars represent average 
deviations. Dashed curve is the same as that drawn 
through the exchange data at pH 5.5. 

( O ) Average values at pH 6.0 (1% soluble) . 
(O ) Average values at pH 6.25 (10% soluble). 
(• ) Average values of two experiments, pH 6.4 

and 6.5 (7% soluble). 
(O ) Average values at pH 6.60 (12% soluble). 



TABLE 8 

Hydrogen Exchange of Crystalline and Amorphous Insulin 
Between pH 6.0 and 6.6 at 0 C as a Function of Time 

Time 

Exchangeable Hydrogens Per Molecule 

Time 

Zinc Insulin Zinc-Free Insulin 

Time 
Exp. 1 Exp. 2 Exp. 3 Exp. 4 

a Averaqe 
pH 6.0 pH 6.25 pH 6.45 pH 6.5 y pH 6.60 PH 6.40 AveragS 

zero-
time 

56.3 51.3 52.9 54.8 54.6 
51.1 52.3 52.4 55.2 52.9+1.4 54.9 
48.8 53.7 54.2 56.0 

51.9 

48.6 
51.2 50.8+1.2 
50.0 
52.3 

20 min 
60.5 
62.0 

1.5 hr 
66.9 
68.1 

3.0 hr 
62.4 62.5 68.3 
62.3 63.2 62.4+0.3 67.9 

61.9 68.2 

63.2 
61.9 62.8+0.5 
63.4 

6.0 hr 
68.6 
68.4 
69.4 



TABLE 8 —Continued 

70.7 
12 hr 71.9 

68.5 

69.2 70.6 70.7 69.1 74.3 69.6 

24 hr 
69.4 69.3 70.9 

70.1 
70.4 

69.1 
72.5 

69.8+1.0 
72.8 70.6 

74.2 
71.4+1.8 

All values corrected for the contribution of soluble protein 
to the exchange. 

aAverage pH value. Shortly after "zero-time" pH was 6.40 and 
24 hours later 6.10. 

i 
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crystalline insulin at pH 6.6 even after correcting for 

the contribution of soluble protein is high in comparison 

to the exchange between pH 6.0 and 6.5. The exchange of 

amorphous insulin (corrected) at pH 6.4 (Table 8) was 

in substantial agreement with that of the crystalline 

protein between pH 6.0 and 6.5. 

The average values of the exchange of zinc and 

zinc-free insulin in solution between pH 6.75 and 7, 0°C 

are shown in Figure 18, and the individual exchange 

results are lifted in Table 9. It is only in this pH 

range that significant differences between the exchange 

of insulin in the presence and absence of zinc can be seen. 

It is possible that the higher values found jor zinc 

insulin might reflect the binding of THO by zinc, which 

suggested the following experiment. Zinc-free insulin, 

pH 6.8 was reacted with THO, samples were taken after 24 

hours, and a small aliquot of ZnCl^ was added to give a 

zinc to insulin molar ratio of 1/2 (approximately that in 

zinc insulin). The final pH was 6.2 because of the acidity 

_2 
of the ZnCl^ solution (10 M in HC1). Samples were taken 

after a half-hour. The zinc-free protein exchanged 
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Figure 18. Time Dependent Exchange of Zinc and Zinc-Free 
Insulin at 0°C, pH 6.75-7.0. 

( O ) Zinc-containing insulin. 
( Q ) Zinc-free insulin. 
Average values are given and vertical bars 

represent average deviations. The exchange of zinc insulin 
is represented by the curve. 



TABLE 9 

Hydrogen Exchange of Zinc and Zinc-Free Insulin in 
Solution, pH 6.75-7.0, 0 C, as a Function of Time 

Time 

Exchangeable Hydrogens Per Molecule 

Time 

Zinc Insulin Zinc-Free Insulin 

Time 
Exp. 1 Exp. 2 Exp. 3 Exp. 4 
pH 6.9 pH 6.9 pH 7.0 pH 6.8 verage 

Exp. 1 Exp. 2 
PH 6.75 PH 6.85 AV6ragS 

zero-
time 

63.3 65.3 62.4 62.4 
64.9 67.2 64.3 64.0 ... ... _ 
66.2 66.9 65.5 64.8+1.2 

65.3 

60.8 62.4 

ll:t 63*4 

20 min 7°:l 7i-5±i-° 

1.5 hr 
76.6 
76.7 76.7+0.0 

72.3 
70.6 71.8+0.8 
72.5 

3.0 hr 
78.7 76.0 
81.8 77.7 77.8+0.9 

78.8 

74.2 74.2 
72.0 74.7 73.9+0.7 
75.0 73.7 

6.0 hr 
81.6 81.2 
82.1 81.5 81.2+1.4 

80.0 

75.1 
74.5 74.6+0.3 
.74.3 



TABLE 9--Continued 

83.8 80.5 79.2 
83.8 81.9 

12 hr 
79.7 

81.9+1.4 76.8 
76.9 

77.6+0.7 

82.9 83.0 v 82.8 80.3 80.4 

24 hr 
84.4 
84.7 

84.7 
83.7 
85.0 
80.1 

80.1 
80.8 

82.0+1.8 
80.0 
78.9 
79.0 

80.2 
80.4 
79.8 

79.8+0.6 



82.7+2.2 hydrogens while the zinc insulin exchanged 

82.1+0.7 hydrogens. 

The effect of crystallization on the exchange 

behavior of insulin is seen between pH 6 and 7. At pH 6.5 

insulin is about 10 percent soluble and it is completely 

soluble at pH 6.7 and the transition from solid to 

solution phase is accompanied by a large increase in 

exchange rates. This is clearly seen in Figures 10 and 11. 

Ignoring the pH 6.6 data, there is an increase of 12 

protons reacting. The exchange of soluble insulin at 

pH~3.3 and the crystalline at pH~4.6, on the other hand, 

are so similar we would not expect to see a marked change 

in the transition from solution to crystal at pH near 4. 

pH 7.9-8.0, 0°C. The exchange is rapid at pH 8 

and essentially complete after 3 hours (Figure 19 and 

Table 10). In Experiment 1, the pH of the reaction 

mixture decreased to 7.4 after 24 hours of exchange, re

flecting the absorption of CO^. All reaction mixtures at 

pH 8 were subsequently kept under a nitrogen atmosphere 

and exposed to air only when samples were taken. The 

difference in the three-hour exchange value of zinc and 

zinc -free insulin may not be significant since the 
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Figure 19. Time Dependent Exchange of Zinc and Zinc-Free Insulin at 0°C, 
pH 7.5-8.0. 

( O ) Zinc-containing insulin. 
( • ) Zinc-free insulin. 
Average values are given and vertical bars represent average deviations. 

The exchange of zinc insulin is represented by the curve. 
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TABLE 10 

Hydrogen Exchange of Zinc and Zinc-Free Insulin, 
pH 7.9-8.0, 0 C, as a Function of Time 

Time 

Exchangeable Hydrogens Per Molecule 

Time 

Zinc Insulin Zinc-Free Insulin 

Time 
,a Exp. 2 Exp. 3 

EXP' 1 PH 7.9 PH 8.05 AVSrage pH 7.90 Average 

zero-time 

70.7 72.0 72.1 
73.6 72.1 73.8 
74.7 73.9 76.1 

72.2 

74.9 

It'l 76.0+0.7 / 6. 6 — 

20 min 
76.7 i __ _ , , 
79.0 ^ — 

1.5 hr 
83.3 84.6 
85.0 85.3 84.7+0.6 

85.5 

3.0 hr 
84.1 88.1 85.9 
84.2 84.4 85.9 84.5+1.1 
84.5 86.2 86.6 

87.6 
86.3 87.1+0.6 
87.6 

6.0 hr 
84.5 85.8 
84.8 85.0 84.8+0.6 
83.2 85.8 



TABLE 10—Continued 

12 hr 
84.6 
85.3 
86.5 

87.1 
88.3 
89.4 

86.8+1.2 

89.7 88.4 85.1 86.7 
24 hr 85.4 87.0 85.8 86.4+1.8 84.6 85.6+0.8 

83.1 88.6 84.8 85.7 

3Variable pH reflecting CO^ absorption. 
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apparent decrease in the exchange of the zinc-free protein 

between 3 and 24 hours suggests the three-hour value is 

high. 

At this point it is appropriate to discuss the 

number of exchangeable hydrogens theoretically contained 

by insulin between pH 2 and 9. The fully protonated mole

cule at pH 2 contains 92 exchangeable hydrogens. At higher 

pH we can use the potentiometric titration curve of bovine 

insulin (Tanford and Epstein, 1954a) to determine the 

number of hydrogens dissociated. At pH 3, 7, 8 and 9 the 

number of hydrogen ions iost per monomer is 2, 8, 10 and 

11 leading, respectively, to 90, 84, 82 and 81 exchangeable 

hydrogens. It is not until pH 8 then, that total exchange 

is reached and, in fact, apparently exceeded. However, the 

titration of insulin (Tanford and Epstein, 1954a) was in 

aqueous solution of ionic strength 0.075 and the hydrogen 

exchange was followed in solutions of lower ionic strength 

(<0.01). The effect of increased ionic strength above 

the isoionic point of insulin (about pH 5.3) would be to 

lower the PK̂ nt groups titrating and lead to more 

hydrogen ions dissociated (Tanford, 1961). It is 

plausible then, that more hydrogens will exchange than 
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expected from the titration. It is also possible that 

the additional hydrogens reflect fractionation of the 

tracer isotope between insulin and solvent (see 

Equilibrium Isotope Effects). 

pH 9.0-9.5, 0°C. In Experiment 1 (Table 11) an 

inert atmosphere was not used to reduce CC^ absorption 

and the pH dropped from 9.45 at zero-time to 7.50, 48 hours 

later. Even when the reaction mixture was covered by a 

nitrogen atmosphere, pH drifts of 0.2 to 0.3 units still 

occurred (Experiments 2 and 3). The exchange was 

essentially over by the time the first samples were taken 

(Figure 20), and ignoring the 20-minute value in Experi

ment 1, only 3.5 hydrogens exchanged over 24 hours. Once 

again several more hydrogens exchanged than expected from 

titration data and the same arguments advanced in the pre

ceding paragraph apply here. The completeness of exchange 

was supported in a separate experiment that compared the 

total number of exchangeable hydrogens of zinc-free insulin 

at pH 9, at 0 and 25°C. At the lower temperature 85.1+0.7 

o 
hydrogens exchanged and 85.2+0.3 exchanged at 25 C. 



TABLE 11 

Hydrogen Exchange of Zinc and Zinc-Free Insulin in 
Solution, pH 9.3-9.5, 0 C, as a Function of Time 

Time 

Exchangeable Hydrogens Per Molecule 

Time 

Zinc Insulin Zinc-Free Insulin 

Time 
,a Exp. 2 Exp. 3 

EXP' 1 PH 9.5 PH 9.3 AV6rage 

Exp. 1 Exp. 2 
PH9.45 PH 9.5 Aver3g6 

zero-
time 

82.7 83.1 82.4 
83.4 79.9 82.9 82.3+1.3 
84.8 79.9 84.1 

80.5 

86.3 
86.2 85.9+0.4 
85.4 

20 min 
85 9 ll:l 86•1±°-2  

1.5 hr 
84.4 81.3 

82.4 83.1+1.2 
84.4 

3.0 hr 
85.2 81.3 87.6 
84.6 83.3 85.4 84.6+1.7 
87.2 82.5 

86.1 
86.5 86.3+0.2 

6.0 hr 
84.5 84.2 
84.2 82.5 84.3+0.8 
86.4 



TABLE 11—Continued 

12 hr 
84.7 
83.6 
84.6 

. 84.7 
83.7 
83.6 

84.1+0.5 

86.1 83.2 86.0 84.2 
24 hr 87.2 84.2 87.6 85.8+1.0 83.2 85.3 84.9+1.1 

85.8 86.6 85.0 85.9 
86.0 

aVariable pH reflecting CO^ absorption. 
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Figure 20. Time Dependent Exchange of Zinc and Zinc-Free Insulin at 0°C, 
pH 9.3-9.5. 

( O) Zinc-containing insulin. 
( • ) Zinc-free insulin. 
Average values are given and vertical bars represent average deviations. 
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Effect of Aggregation 

The aggregation of insulin in solution is a 

function, at least partially, of pH and ionic strength. 

Under most conditions it involves no more than 6 to 8 

monomeric units, but on the other hand, insulin crystals 

may be considered as immense molecules that are.aggregates 

of thousands of these subunits. The ionizable and polar 

side chains of proteins exchange their hydrogens in times 

less than one minute when freely exposed to solvent. But 

in the transition from solution to crystal a fraction of 

the surface groups are buried in the intermolecular 

contacts of the crystal lattice. The effect of burial of 

these groups upon the hydrogen exchange of insulin was 

considered through several experiments. 

The crystalline protein, after 24 hours of exchange, 

at pH 5.5, was dissolved at low pH (Table 12). No increase 

was observed either immediately upon dissolution or above 

the value expected at pH 3 in solution. 

The average molecular weight of insulin in solution 

at pH 2.65, 25°C, is 2 & 1/2 times greater in 0.20 M KCl 

than in 0.05 M KCl (Steiner, 1952) . The exchange was 

examined under similar salt conditions at pH 3 (Table 13) 



TABLE 12 

Effect of a Change in Phase and pH 
on the Exchange 

Exchangeable Hydrogens Per Molecule 

Exp. 1 Exp. 1 Exp. 2 Exp. 2 Exp. 3 Exp. 3 Exp. 4 Exp. 4 Av. pH~5.5 
Time 5-4b 

2.7 
Av. 5-5b 

2.7 
Av. 5 5a 

b 
2.6 

Av. 5*3J 
2.9 

Av. all 
Values 

pH~ 3.3 \ 

24 hr 67.9 65.0 66.9 66.9 

crystal 66.6 
68.4 

67.6 
+0.7 

65.2 
65.9 

65.3 
+ 0.3 

66.8 66.8 
+0.0 

66.1 66.5 
+0.4 

66.5 
+0.6 

67.2 
+ 1.1 

66.5 67.4 67.9 64.2 
zero- 70.0 68.0 69.5 68.5' 65.4 67.1 65.9 65.6 67.3 
time 68.5 +1.3 68.8 +0.9 67.9 +0.9 65.7 +0.7 +0.9 
solution 67.2 67.4 67.3 66.6 

71.2 71.2 
3.0 hr 69.7 

70.0 
70.3 
+0.6 

70.5 
69.8 

70.5 
+0.4 

70.4 
+0.1 

71.4 68.5 d 
69.3 24 hr 70.3 71.5 69.8 68.9 70.2 

d 
69.3 

72.6 +0.8 68.6 +0.5 + 1.3 +0.9 

Crystals, pH 5.3 to 5.5 at 0°C, exchanged 24 hours and then dissolved 

at low pH. 
ro 
u> 



TABLE 12—Continued 

apH of crystalline insulin exchange. 

kpH after crystal dissolution. 

c 
Average value at 24 hours for the exchange of crystalline insulin, 

pH 5.4-5.5 (Figure 13). 

d 
Average value at 24 hours for the exchange of insulin m solution, 

pH 3.3-3.6 (Figure 6) . 

to 
4* 
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and no significant differences were noted. In another 

experiment the zero-time exchange values in 0.24 M NaCl 

at 0°C, pH 2.9 were significantly higher than those found 

in the absence of salt (Table 14). The difference is 

opposite to that expected for a shielding of protons by 

aggregation and must reflect some specific effect of salt 

or ionic strength. Insulin under these conditions pre

cipitated, but at this low pH a high concentration of 

soluble material was probably present, because the protein 

at the same pH and salt concentration at room temperature 

was completely soluble. Furthermore, the lyophilization 

properties were characteristic of those of soluble insulin, 

i.e., there was no fragmentation and loss of protein during 

distillation. 

Effect of Ionic Strength 

There was no appreciable effect of 0.87 M NaCl on 

the exchange of insulin in solution at pH 7 (Table 15) 

except for a small increase in the zero-time value. The 

presence of appreciable amounts of soluble protein during 

the exchange of crystalline insulin leads to difficulty in 

interpretation. Insulin at high ionic strength was 

relatively soluble; at pH 6.4 the protein in 0.87 M NaCl 
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TABLE 13 

Effect of Aggregation on the Exchange 
of Insulin in Solution, 25 C 

Exchangeable Hydrogens Per Molecule 

Time 
No Salt 
Added 
pH 3.0 

Average 0.20 M NaCl 
pH 3.0 

Average 

zero-time 
47.4 
50.1 
52.0 

49.8+1.3 
51.5 
50.1 
51.4 

51.0+0.6 

3 hr 
72.4 
73.2 
.73.2 

72.9+0.4 
69.5 
70.2 
71.0 
72.8 

70.9+1.0 

24 hr 
84.7 
84.5 
81.3 
85.4 

83.9+1.3 83.0 
81.1 

82.0+1.0 

Average molecular weight of insulin in 0.20 M NaCl 
is 2.5 times higher than in 0.05 M NaCl at pH 2.65, 25 C 
(Steiner, 1952). Exchange was at pH 3.0, 25 C. 
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TABLE 14 

Effect of Aggregation on the Exchange 
of Insulin in Solution, 0 C 

Exchangeable Hydrogens Per Molecule 

Time 
No Salt Added 0.24 M NaCl 

Average Time 
pH 3.3-3.6a pH 2.9 

Average 

49.9 

zero-time 46.9+1.3 
52.0 

51.0+1.3 
52.8 
49.5 

60.4 
3 hr 59.2+0.6 61.3 59.8+1.4 

57.7 

72.9 
24 hr 69.3+0.9 70.6 71.0+1.2 

69.7 

Average molecular weight of insulin in 0.24 M NaCl 
is assumed to be 2.5 times higher than in 0.05 M NaCl at 
0 C Cbased on data of Steiner (1952) and Oncley et _al 
(1952) at 25°<3 . 

aValues taken from Figure 6. 



TABLE 15 

Effect of Ionic Strength on the Exchange 

Exchangeable Hydrogens Per Molecule 

Soluble Insulin Crystalline Insulin 

0.87 M 0.87 M 0.0 M 0.0 M 
Time NaCl Av. 0.0 M NaCl NaCl b Av. Av. Values NaCl NaCl 

pH 7.0 pH 6.75-7.0a pH 6.4 Corrected pH 6.6° pH 6.0-6. 

68.3 52.5 
zero- 69.6 69.2 64.8 53.5 54.3 48.9 55.1 52.9 
time 69.8 

69.6 
+0.6 +1.2 57.0 ±1.7 ±0.5 ±1.4 

77.3 67.6 
3 hr 81.0 78.1 77.8 68.4 68.6 64.5 68.1 62.4 

75.9 ±1.9 +0.9 69.9 ±0.9 ±0.2 ±0.3 

82.8 79.5 
24 hr 81.9 82.4 82.0 76.3 78.7 78.0 73.5 69.8 

82.5 +0.3 +1.8 80.2 ±1.6 ±0.7 ±1.0 

Comparison of the exchange of crystalline and soluble insulin in solutions of 
high and low ionic strength. Crystal values were corrected for contribution of 
soluble protein. 



TABLE 15 —Continued 

3Values taken from Table 9. 

^33% soluble. 

c 
Values taken from Table 8. Solubilities vary between 1 and 12 percent. 
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was over 30% soluble. Moreover, even at pH 7 a faint pre

cipitate was observed and consequently the exchange of 

crystalline and soluble insulin at high salt concentration 

could not be compared at close to the same pH. The 

exchange of the crystalline insulin in 0.87 M NaCl at 

pH 6.4 was corrected for soluble protein and salt. The 

soluble fraction was assumed to exchange at the same rate 

as soluble insulin at pH 6.8 in the absence of salt. 

Furthermore, 1900 cpm had to be subtracted from the gross 

count rate of each sample, representing the THO retained 

by the salt as determined in control experiments (10 to 

14% of the gross count rate). The calculated exchange 

values of the crystalline protein in 0.87 M NaCl (Table 15) 

differed significantly from those found in the absence of 

salt at zero-time and 24 hours. It should be noted that 

the uncorrected value at zero-time (substantially identical 

with that in the absence of salt) may be truer than the 

value found by correcting for soluble protein. The crystal

line protein in 0.87 M NaCl was not stirred until a few 

minutes before exchange was started, but the solubility 

was determined six hours later. If the protein crystals 

were only slightly soluble at zero-time, correction would 



131 

not be necessary. Since after a few hours of stirring 

the solubility should approximate the equilibrium value, 

the corrected 3 and 24 hour values are likely to be 

accurate. Moreover, the corrections for these times are 

small. 

pH Shift During Exchange 

The effect of a change in pH during exchange of 

soluble insulin was investigated. In one experiment 

insulin in solution at pH 3.3 was reacted with THO for 24 

hours, samples were taken, 0.2 N NaOH added very slowly 

from a microsyringe (see EXPERIMENTAL) until the precipi

tate disappeared (pH 6.6). Samples were taken immediately, 

and again at 3 and 24 hours (Experiment 1, Table 16). 

In Experiment 2, THO was added to an insulin solution at 

pH~3.2 and the solution then adjusted as above, i.e., less 

than one minute of exchange at acid pH. Samples were 

taken as in Experiment 1. 

Hydrogen Exchange During Lyophilization 

The possibility of additional exchange during the 

drying of insulin was explored. Tritiated water was added 

to a zinc insulin solution, pH 3.2 at 0°C and six samples 

withdrawn and frozen immediately. The samples were treated 



TABLE 16 

Effect on the Exchange of a Shift in pH. 

Exchangeable Hydrogens Per Molecule 

Time 

Exp. la 
3.3 
6.6 

Exp. 1 

Av. 

Exp. 2^ 
3.2 
6.8 

Exp. 2 

Av. 

Av. 
all 
Values 

pH~ 3.3 
pH~ 6.8 

24 hr 
low pH 

65.3 
67.6 
69.1 

67.3+1. 3 67.3+1.3 69.3+0. 9C 

zero-time 
69.2 
68.3 
70.5 

69.3+0. 7 
69.1 
70.6 
68.6 

69.4+0.7 69.3+0.0 64.8+1. 2d 

3.0 hr 
75.4 
75.8 
75.2 

75.4+0. 2 
78.3 
78.3 
78.4 

78.3+0.0 76.8+1.4 77.8+0. 9d 

24 hr 
81.6 
80.9 

81.2+0. 3 
81.2 
81.7 

81.4+0.3 81.3+0.1 82.0+1. 8d 

ain Exp. 1 zinc insulin in solution at pH 3.3, 0°C, exchanged for 24 
hours; samples were taken and the solution adjusted slowly (12 minutes) to pH 6.6. 

V Q 

In Exp. 2 THO v/as added to a zinc insulin solution at pH 3.2, 0 C, and 
the solution adjusted slowly (12 minutes) to pH 6.8, i.e., only a few minutes of 
exchange at pH 3.2. 



TABLE 16 --Continued 

c 
Average value at 24 hours for the exchange of insulin in solution, 

pH 3.3-3.6 (Figure 6). 

d 
Average value for the exchange of insulin m solution, pH 6.75-

7.0 (Table 9). 



as two sets. In one, the temperature of three samples was 

o 
kept at -20 C for the first 40 minutes of lyophilization, 

o o 
then -17 C for 20 minutes and finally -8 C for 30 minutes. 

o 
After 40 minutes at -20 C the protein was almost dry but 

the lyophilization was continued for the same length of 

time normally used (90 minutes) which allowed for gradual 

warming of the samples. The other set lyophilized with 

no external control of temperature for the first 90 

minutes (normal drying conditions). All six samples were 

then dried for another 5 & 1/2 hours at 60°C. The samples 

that had been kept at -20°C for 40 minutes exchanged 

47.1+1.5 hydrogens; the other set exchanged 48.4+1.0 

hydrogens. The lack of any significant difference indi

cates that in this study no additional hydrogen exchange 

occurred during the lyophilization of insulin. 



DISCUSSION 

Exchange in Solution 

Before comparing the exchange of crystalline and 

soluble insulin, it is necessary to consider the behavior 

of the soluble protein. The exchange of insulin in 

solution was followed below pB 3.6 and above pH 6.7, 

approximately the solubility limits in solutions of low 

ionic strength. Under these conditions insulin exhibits 

the general exchange behavior found for most proteins, 

i.e., in a given time of reaction the number of protons 

unexchanged decreases with increasing pH (Figure 10) 

and temperature (Figures 8 and 15 ). This may reflect 

either a pH-dependent change in average conformation or 

the importance of protein motility. 

The pH-dependent aggregation of insulin might 

affect exchange either by inducing conformational changes 

in the interacting subunits or by retarding the exchange 

of labile hydrogen atoms that are freely exposed in the sub-

unit but become involved in intermolecular contacts upon 

association. In the first case the problem is simplified 
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by the relatively high concentrations of insulin used in 

exchange experiments, making it unnecessary to consider 

the effect of dimer formation. The following literature 

data, although not extensive, indicates that significant 

changes in average conformation do not occur upon 

association. 

1) The optical rotation of highly associated zinc 

insulin between pH 7.5 and 10 was as low as 

that found for the dimer at pH 2 (Schellman, 

1958). 

2) No changes in optical density were observed 

in association of the insulin dimer into 

higher aggregates (Rupley, Renthal and 

Praissman, 1967). 

3) Kowalsky (1962) has reported that the NMR 

spectrum of insulin (at a concentration of 

10%) indicates that aggregation does not 

interfere with the internal motions of the 

molecule. 

This conclusion is further supported by exchange experi

ments in which the degree of association was varied at 

constant pH by changing the ionic strength (Tables 13 

and 14). There was no effect upon the exchange rate of 
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a change in the state of aggregation. These experiments 

also bear on the effect of intermolecular contacts, but 

additional information was obtained by dissolving crystal

line protein at pH~3 after 24 hours of exchange at pH 5.5 

(Table 12). Groups containing labile hydrogen atoms that 

may be involved in intermolecular contacts in the crystal 

are presumably like those important in the interactions 

in dilute solution. The absence of any effect (Tables 12, 

13 and 14 ) suggests that labile hydrogens on the protein 

surface are either 1) not involved in intermolecular inter

actions, or 2) if they are shielded by intermolecular 

contacts, the contacts can be disrupted sufficiently 

frequently for exchange to occur. Clearly, some side-

chains containing exchangeable hydrogens are involved in 

contacts, considering the pH-dependent solubility of 

insulin and by analogy with the structures of myoglobin 

and lysozyme. Consequently, the second alternative 

must be true for them. The independence of the exchange 

behavior for the association is of interest as it suggests 

that this technique may be a useful probe of the internal 

structure of associating systems, in that it can 
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isolate from the association one structural parameter, 

specifically, the motility of the subunit. 

The invariance of the optical rotation between 

pH 2 and pH 7-10 (as just discussed) suggests that over 

this pH range no significant conformational changes occur 

within the insulin subunit, a conclusion supported by the 

following exchange experiment. If conformational 

differences exist between insulin molecules at pH 3 and 7, 

they should be brought out by changing from one pH to the 

other during exchange. The results of such a pH shift 

are presented in Table 16. After 24 hours at pH~3, ex

change continued at pH~6.7 as if there had been no pre-

exchange (compare Figures 6 and 18; the number of hydro

gens exchanged at pH 3 after 24 hours is only slightly 

greater than the number of instantaneously exchanging 

hydrogens at pH 7), showing that the nonexchanging 

hydrogens at pH 3.3 are not exposed and are not in the 

instantaneously exchanging class at pH 6.7. A similar 

restriction on conformational differences is provided by 

the experiment in which insulin was exposed briefly at 

pH~3.2 (less than one minute) before adjustment to pH 6.8 

(requiring approximately 12 minutes). Exchange was as if 



139 

there had been no pre-equilibration (Table 16, Experiment 

2), indicating that none of the slowly exchanging and 

presumably buried hydrogens at pH~7 are in the 

instantaneously exchanging and exposed class at pH~3. 

Consequently, mechanisms of protein hydrogen 

exchange that explain the observed behavior without in

voking changes in average conformation must be considered 

the most likely. As has been discussed in the 

INTRODUCTION, the observed rate of exchange is approxima

ted by 

k = kl k3 (k k ) (10) 
» k2 + k3 1 

The EX^ and EX^ mechanisms were limiting cases for which, 

respectively, k3» k2 (k = k ) and k2 >> k3 (k^ = k1k3/k2) . 

For any given amide hydrogen, the exchange can be EX^ or 

EX2 over the entire range of pH. However, an EX^ mechanism 

becomes more likely as the pH (and therefore k^) increases 

above. pH 3, and the opposite is true at pH near 3, where 

the EX^ mechanism is likely because of the minimum value 

in k^. There may be different classes of hydrogens, with 

different values of k^ and k^, and there is no reason 

that k^, or k2> or the ratio k^/k2 should be the same for 
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all exchanging hydrogens. Exchange data permit the 

grouping of hydrogens into kinetic classes, but these 

groups must be understood as empirical and as reflecting 

the accuracy of the data (i.e., the more precise the 

measurements, the more distinguishable from each other 

will be the individual rates for the 48 amide and approxi

mately 40 side-chain hydrogens of insulin). Large changes 

in exchange behavior can be shown to occur without an 

observable change in average conformation, provided for 

each hydrogen or class of hydrogens ;''s either 

constant or always very small. Restated, the exchange 

rates can be understood as reflecting protein motility 

instead of average conformation. It must be emphasized 

that kinetic information can be used only to rule out or 

consider the plausibility of a mechanism, not to prove one. 

The situation is even more complicated for reactions of 

proteins than for those of simpler systems, in that there 

are many, e.g., for insulin approximately 90, microscopic 

rates to be explained. 

The exchange curves were analyzed as sums of ex

ponential decay functions; the size of each class and the 

corresponding rate constants for exchange at pH~3.3, 6.8 
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and 7.9, at 0°C are listed in Table 17. The data suggest 

for several reasons that an EX^ mechanism is unlikely in 

solution. 1) Using Equation 5 for k^, and the require

ment that k
2 ̂  k3/10^' than for the 

observed rates of Table 17, which for each class of 

hydrogens in an EX^ mechanism would be k^, the ratio 

k^/k^ may be' estimated. For all exchanging hydrogens 

at pH~3.3, k^/k-2 » 1, and since these include 2/3 of 

the amide hydrogens, at least half of the time the insulin 

molecule would have to be in an expanded conformation with 

the amides accessible to solvent. However, investigation 

of the myoglobin (Kendrew et al., 1961) and lysozyme 

(Phillips, 1967) structures shows that the major part of 

the amide groups are not exposed, and by analogy this is 

likely to be true for insulin, in conflict with the EX^ 

assumption. 2) The foregoing comment could be even 

stronger at pH near 7, where all of the amides would be 

exposed half of the time provided there were no com

pensating increase in k2< 3) An EX.^ mechanism will be 

shown as probably obtaining in the crystal, and if it is 

followed at pH 3.3, then there is no substantial change in 

exchange behavior between pH 3.3 and 6.5, but there is a 



TABLE 17 

Class Sizes and First Order Rate Constants9 for the Exchange 
of Insulin at 0 and 38 C and Various pH Values 

PH 
o 
T C 

b 
Class A Class B kB/m: in 

Class C 
^C/min 

Class D 
^D/min Class E 

3.3-3.6 0 47.0 4.8 1.01 
lO"1 

x 6.8 1.28 
10" 2 

X 14.3 1.14 x 
10"3 

15.1 

6.75-7.0 0 • 64.7 5.0 1.64 
IO-1 

X 8.3 1.34 
10~2 

X 6.7 1.42 x 
10" 3 

0 

7.9-8.0 0 73.1 3.0 1.01 
lO-1 

X 8.3 2.10 
io-2 

X 3.7 3.6 x 
10~3 

0 

3.1-3.3 38 59.0 11.9 6.45 
10-2 

X 10.2 1.89 
10"2 

X 9.7 1.00 x 
10~3 

0 

5.4-5.5 0 52.1 9.2 1.42 
10"2 

X 7.1 2.20 x 
10~3 

16. 6 

5.4-5.5° 38 60.4 2.6 1.09 
lO"1 

X 6.6 1.82 
10-2 

X 11.3 1.29 x 
10"3 

4.1 

aEach exchange curve (average values) was analyzed as a sum of exponential 
decay functions. 

^Class A represents the hydrogens exchanging instantaneously. 



TABLE 17—Continued 

c 
Zinc-free insulin; all other class sizes and rate constants refer to the 

exchange of zinc insulin. 
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very large change between pH 6.5 and 7.0, which appears 

intuitively unlikely. In contrast, an EX^ mechanism 

easily explains the cha'nge in exchange rates with pH? 

the minimum rate at pH 3 is in accord with the minimum in k. 

Reasonable values of k^/*^ are obtained, i.e., at pH~3.3 

the ratio is 0.1 or less for Class D and Class E, so 

that 2/3 of the amide hydrogens are in a folded conforma

tion . 

Several further comments are appropriate about 

the numbers and exchange rates of Table 17. There are 

42 side-chain hydrogens at pH 3.3, and these are likely 

to be in the instantaneously exchanging class. Con

sequently, there are approximately ten amide hydrogens 

that exchange with a rate constant of 0.1 min or 

greater. This is an order of magnitude above the exchange 

rate for an amide hydrogen in a randomly-coiled poly

peptide, and presumably reflects unusual local environments 

(Hvidt and Nielsen, 1966). Class C has a rate expected 

at pH~3.3 for exposed amides. At pH above 6.5 the rate for 

exposed amides is greater than 15 min \ i.e., all rates 

for slow exchange under these conditions are for buried 

hydrogens. It is of interest that at pH~6.8 there are 20 

slowly exchanging hydrogens, five more than in Class E at 
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pH~3.3. It is plausible that these five are what remain 

of Class D at pH~3.3, and that Class C and D at pH~6.8 

correspond to Class E at pH~3.3. In support of this, 

there are 15 slowly exchanging hydrogens at pH~7.9, 

distributed among three kinetic classes, and these are 

likely to have come from the two classes just discussed 

at pH~6.8, and therefore from Class E at pH~3.3. 

In accord with the arguments of previous in

vestigators (Hvidt and Nielsen, 1966), it is possible to 

derive estimates of k /k from the rate constants of 
Ju ^ 

Table 17. . Assuming exchange through an EX^ mechanism, 

the free energies given in Table 18 were calculated from 

Equation 16. For the analysis to be open to meaningful 

interpretation, the free energy for the conformational 

transition exposing each class of-hydrogens should remain 

constant as a function of pH, i.e., the ratio k^/k^ should 

be independent of pH. This is not found and suggests that 

the assumption of hydrogen exchange of soluble insulin 

through an EX^ mechanism may be invalid. However, the 

class numbers in Table 17 do not necessarily refer at all 

pH to the same group of exchanging protons, as has been 

just discussed. An analysis that takes this into account 



TABLE 18 

Free Energies (in kcal/ ^e) f°r ^he Exchange of Each 
a b 

Class of Hydrogens Through an EX^ or EX^ Mechanism 

PH T°C 

Class B Class C Class D 

PH T°C 
Z ^ F  *  F  * - / \ F  *  

1  1 2  

EXi EX2 

^ F+-^F* 

EX- EX 
1 2 

<£^F * ^ F -̂Z^F* 
1 12 

EX]_ EX2 

3.3-3.6 0 -1.13 -0.01 1.30 

6.75-7.0 0 2.86 3.37 4.34 

0
 

CO 1 cn • 

r* 

0 4.50 5.35 6.29 

3.1-3.3 38 1.75 2.05 4.20 

5.4-5.5 0 20.4 21.4 

5.4-5.5 38 21.0 22.1 23.7 

See Table 17 for the sizes and first order rate constants of each class. 
cl 1 The first order rate constants were used directly in Equation 15 to find . 

^Free energies for exchange through an EX^ mechanism were calculated from 
Equation 16. 

CT> 
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was applied to myosin by Segal and Harrington (1967), but 

it requires exchange data at closely spaced pH intervals, 

and a similar treatment for the present insulin data is 

not possible. The results of kinetic analysis of exchange 

o 
at 38 C are also listed in Table 17. The inability to 

o 
match classes of exchangeable hydrogens at 0 and 38 C pre

cludes any meaningful calculation of the activation energy 

for the exchange process. 

Comparison of Exchange in Crystal and Solution 

The hydrogen exchange behavior of insulin differs 

markedly between solution and solid phases, and several 

explanations may be offered: 

1) Intermolecular interactions between insulin 

molecules occur in the crystal and prevent 

the exchange of labile hydrogen atoms that 

are either directly involved in an interaction 

or sterically protected from solvent by it. 

2) The molecule has a different average conforma

tion in the crystal and in solution, i.e., the 

most stable state of the protein differs between 

phases. 
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3) The conformational freedom of insulin is 

reduced upon crystallization, i.e., there 

are differences between phases in the motility 

of the protein. 

If intermolecular contacts are responsible for 

exchange differences, labile hydrogens immobilized in the 

crystal because of these contacts should exchange im

mediately upon crystal dissolution. The experiments 

discussed in connection with the possible effects of 

aggregation are relevant, in particular the absence of 

an immediate increase in the number of exchanged hydro

gens when crystalline insulin was dissolved at pH~3 after 

24 hours of exchange at pH 5.5. The foregoing exchange 

experiment also discounts a change in average conformation 

upon insulin crystallization. After 24 hours, crystalline 

and soluble insulin at pH~5.5 and 3.3, respectively, have 

exchanged nearly the same number of amide protons (Figures 

6 and 13, Table 12). After 24 hours of pre-exchange in 

the crystal at pH 5.5, the few hydrogens (3) that did 

exchange at pH~3 were expected (i.e., Class E differs by 

1.5 between pH 3.3 and 5.5, within experimental error of 

the 3 in the shift experiment). The lack of significantly 
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greater exchange than predicted suggests that the peptide 

groups that do not exchange at pH~3.3 also do not at pH 5.5. 

Furthermore, hydrogens that exchange instantaneously at 

pH~3.3 are not present in the nonexchanging Class at pH 5.5. 

It is experimentally impossible to dissolve insulin crystals 

by changing the pH from 5.5 to 7, because of the long time 

required for dissolution and because exchange is too fast 

under conditions where dissolution is rapid. However, the 

information that could be obtained is available indirectly 

through the pH shift from 3.3 to 6.7 (Table 16). The 

nonexchanging protons at pH~3.3 (15 in number) and 5.5 

(16 to 18) and those that exchange slowly at pH~6.8 

(Class C and D, 15 total) are likely to be deeply buried 

in the protein structure (k^/k2<< 1). It is clear that 

for an EX^ mechanism (which is assumed in solution at 

pH~3.3 and 6.8) ̂ /k^ f°r these protons will be small. 

For an EX^ mechanism (likely for the crystal, as discussed 

below) , k^/k^ Pr^nc-'-P^e can large according to 

Equation 11, because k^ does not affect the exchange rate; 

however, if it were not in fact small, then the exchange 

rate could not be so much less than for an exposed amide 

hydrogen. The class of strongly inaccessible hydrogens, 
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shown equivalent at pH~3.3, 5.5, and 6.7 by the shift 

experiments (those "buried" at pH 3.3 are included among 

the "buried" at pH 5.5, and the "buried" at pH 3.3 ex

change slowly at pH 6.7), should be a more sensitive 

indicator of changes in structure than relatively exposed 

hydrogens. In this connection, because of the cooperative 

nature of protein folding, bringing an amide group from 

the interior of a protein is likely to involve a number of 

other elements of the chain. 

Consider now the additional 1.5 (Table 17, 

Class E at pH~3.3 and 5.5) to 3 amide hydrogens (Table 12) 

that exchange at pH near 3 relative to 5.5. As just 

discussed, the switch experiment shows that the non-

exchanging at pH~3 also are in this Class at pH 5.5. It 

is, however, difficult to compare exchange through an 

EX^ mechanism (in the crystal) with that through an EX2 

(in solution), because in the latter at fixed pH the rate 

for an amide hydrogen is determined by the ratio k^/k^, and 

in the former only by the constant k^. Restated, the order 

in which hydrogens or sets of hydrogens exchange may not 

be the same at all pH. Precise comparison is possible if 
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for the EX^ mechanism is the same for all hydrogens at 

each pH or if does not change with pl-l. Consequently, 

the additional hydrogens in the nonexchanging Class E at 

pH 5.5 might owe to improper behavior of k^. The agree

ment between what appears to be most deeply buried at 

pH 3.3 and 5.5 is, as noted above, remarkable, and any 

change in conformation that might be introduced to explain 

the several additional buried hydrogens in the crystal 

would be small. Furthermore, the total number of buried 

hydrogens at pH~3.3 (k /k ^ 0.1) is. 29.4, and at pH 5.5 
X  ̂

(k , ̂  k is 32.9. Agreement is good and within 
obs. 3/10 

experimental error, again suggesting that there is no 

change in structure upon crystallization. 

As in solution, the mechanism of exchange in the 

crystal is likely to reflect the protein motility. If 

only because of the restraint of the crystal lattice, 

changes in average conformation with pH and other environ

mental factors must be negligible. An EX^ mechanism, 

because of the constant exchange behavior between pH 4.5 

and 6.5 would require that 

dlog k3 " _ 

dpH 
T T 

dlog 

dpH 
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This is possible, but such an exact compensation that is 

the same for all hydrogens seems unlikely. An EX^ 

mechanism does not exhibit this difficulty, since k^ can 

be independent of pH. It also gives limits on k/k^ that 

are reasonable for the several classes of hydrogens. 

Specifically, k2 is limited by k^ for an EX^ mechanism 

(k2« k^) . Assuming at least a 10-fold difference in 

rates, at pH~4.5, from Equation 5, k^ = 0.15, 

k2 < 0.015 

k^k 1 Class C 

k^/k2^ 0.1 Class D 

kl/,'k2^ °"01 Class E 

These ratios are in accord with those derived assuming an 

EX2 mechanism at pH~3.3, except that the pH~3.3 Class D 

(as just discussed) appears to be split into two classes at 

pH 5.5, one with, a 10-fold higher value of This 

again may reflect the effect of local environment upon 

exchange rates (Hvidt and Nielsen, 1966). 

It is of interest to compare the values of k2 

in solution and in the crystal. Bearing in mind that EX2 
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and EX^ mechanisms, respectively, are assumed to be followed, 

-2 - 1  
k^ (solution) k^ (pH 3.3)=10 min 

k2 (crystal) » k^ (pH 4.5)=15 x 10 2min ^ 

Assuming 10-fold separation of constants 

k^ (solution)^ 7k^ (crystal) 

Apparently, there is a change in motility that explains 

the change in exchange properties; it is in accord with 

the preceding discussion, which suggested that in crystal

lization there is no change in average conformation. In 

this regard, other evidence suggests that upon crystal

lization the motility of a protein decreases without a 

change in conformation. Azide binding to ferrihemoglobin 

is 21 times slower for one phase of the reaction in the 

crystal than in solution (Chance and Ravilly, 1966). 

Rupley (unpublished data) measured the equilibrium 

constant for the binding and found it to differ by only 

0.2 from that of the soluble protein. Therefore, a change 

in average conformation almost certainly does not occur 

upon crystallization, and an effect upon protein motility 

must explain slow reaction in the crystal. 

Assuming the EX^ mechanism, the observed rate 

constants (Table 17) are the rates of opening the exchanging 
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units (k =kn), and they indicate that the half-lives for 
ml 

this reaction are 45 and 300 minutes for Classes C and D. 

As exchange in the crystal as a function of pH is almost 

constant, the classes and rates at pH~4.5, 5.5 and 6.5 

refer to the same exchanging units (the pH 4.5 and 6.5 

data were not extensive enough for detailed kinetic 

analysis, and this conclusion is based on the corres

pondence of the exchange data with that at pH 5.5). 

Comparison of Zinc and Zinc-free Insulin 

The similarity between exchange of zinc and zinc-

free insulin can be seen clearly in Figures 6 and 13. 

Although the close agreement between the exchange of zinc 

and zinc-free insulin at most pH suggests that removal 

of the metal ion does not lead to conformational changes, 

a naive interpretation is not satisfactory because at 

pH~6.8 significant differences are observed (Figure 18). 

In this regard, differences in the physical and chemical 

properties between zinc and zinc-free insulin have been 

reported (see Zinc Binding). 

Several comments are appropriate in explanation 

of the exchange behavior. 
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Zinc ion is octahedrally coordinated in 

aqueous solution. Electron donor groups in 

insulin displace one or more water molecules 

about the cation, but the remaining sites are 

still occupied by solvent. It has been an 

unstated assumption throughout the preceding 

discussion that these water molecules are 

removed by lyophilization. If not, they will 

contribute to the overall tritium content of 

the sample and lead to high exchange results. 

Therefore, if a difference exists between zinc 

and zinc-free insulin that results in lowered 

overall exchange for the zinc-containing pro

tein, the additional tritium atoms might be 

sufficient to make up the difference. This 

argument is untenable because at high pH the 

numbers of hydrogens of zinc and zinc-free 

insulin that exchanged at 24 hours (Figures 19 

and 20) were the same and near the theoretical 

number. Furthermore, ligand binding energies 

are weak and it is reasonable to assume that 
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the lyophilization conditions were suffi

ciently strong to remove zinc-bound water. 

The nature of the exchange of zinc and zinc-

free insulin suggested an EX^ mechanism, for 

which, owing to the effect of increased 

hydroxy1 ion concentration on , the increase 

in exchange with increasing pH can be attri

buted to the contribution of hydrogen atoms 

from peptide groups in less motile regions. 

The almost identical behavior of zinc and 

zinc-free insulin at pH~3.3 then suggests that 

the motility of the regions containing these 

exchanging hydrogens is the same in both 

proteins. At pH~6.8, the hydrogens of less 

motile regions that are not seen at pH 3.3 

become important in the exchange, and the. 

differences observed reflect changes following 

zinc removal in the motility or conformations 

of these portions of the molecule. Regions 

which exchanged slowly at pH 6.8, exchange in 

less than two hours at pH 8, and at the higher 

pH the differences again are obscured. 
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3) It is possible that the changes in conforma

tion upon zinc removal are greater than 

suggested by the relatively small differences 

seen at pH 6.8 (Figure 18). Specifically, 

conformational changes may not be reflected 

in the exchange if they exactly compensate 

with regard to exchange behavior. In this 

case, although the most stable or average 

states might differ and there might be 

different protons in each class, the ratios 

k^/k2 (or the' constant k^ in an EX^ mechanism) 

and the number of protons in a class of ex

changeable hydrogens could remain the same. 

Furthermore, exchange measurements do not 

define clearly the properties of hydrogens 

that under all conditions exchange too 

rapidly or too slowly for measurement. 

To summarize, it is reasonable to conclude that removal of 

zinc leads to some changes in the structural properties of 

insulin. It is of interest that no difference was observed 

in the exchange behavior of crystalline and amorphous 

insulin (zinc-containing and zinc-free, respectively). 
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It is probably this fact that reduces the pH region over 

which differences upon zinc removal can be observed, 

because these are found in less motile regions that are 

inaccessible in the crystal at 0°C. Comparison could not 

be made at higher temperatures because it was impossible 

to obtain reasonable exchange data for the zinc-containing 

crystalline protein. Kinetic parameters derived for 

amorphous insulin at 38°C are summarized in Table 17 

and at this temperature three rate constants are required 

to fit the data. k^ increases almost 100-fold between 0 

and 38°C (Equation 5) and if it is assumed that k^ and 

k^ do not increase at a faster rate, then k^ is still 

greater than k^ and exchange is through an EX^ mechanism. 

On this assumption, the increased exchange with temperature 

may be attributed to an increase in k^ (the motility of 

the protein), which requires that the rate of opening of 

exchanging regions of the molecule be greatly increased 

(e.g., for the eight additional hydrogens in the 

instantaneous class, that are derived from classes which 

exchange at 0°C with a rate constant k^=1.4xl0 2 or less, 

this is nearly 100-fold, with a corresponding value for 

of at least 20.4 kcal/mole) . It is of interest that 
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c o 
Classes D and E at 38 C account well for Class E at 0 C, 

Class C at 38°C for Class D at 0°C, and Class B and the 

excess in A at 38°C for Class C at 0°C. This is in 

accord with operation of the same exchange mechanism at 

the two temperatures. Similar consistent shifts in 

solution for experiments at pH~3.3, 6.8 and 7.9 (Table 17) 

have already been noted. Simple correspondences are 

not possible between pH 3.3 at 0°C and either pH~3.3 

at 38°C or pH 5.5 in the crystal; the crystal and 

solution are likely to, exchange by different mechanisms, 

as has been discussed, and it is possible that there 

also is a change in mechanism between 0 and 38°C in 

solution. 

Effect of Ionic Strength 

The effect of ionic strength on the catalysis of 

p-nitrophenylacetate (NPA) hydrolysis by soluble and 

crystalline insulin has been studied by Pecoraro and 

Rupley (unpublished data). The catalytic rate is a 

measure of the availability of histidines, and for both 

zinc and zinc-free insulin in solution it decreased from 

that for two free histidines to that for one between 

o 
ionic strength 0 and 1.0 at pH 6.9 and 31 C. In contrast, 
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only a slight dependence on ionic strength was found for 

the crystalline protein. Although insulin crystals used 

by Pecoraro and Rupley were grown from solutions at high 

pH, in contrast to the citrate crystals used in this 

investigation, limited evidence already considered 

suggests that the method of crystallization is not 

critical. 

In solution there was no significant effect of 

ionic strength on the exchange of insulin (Experiments 

at 0.20, 0.24 and 0.87 M NaCl in Tables 13, 14 and 15). 

There might be 1 to 4 additional hydrogens that exchange 

instantaneously, but a difference of this size is nearly 

within the average error and it has already been noted 

that zero-time data are the least reliable. In contrast, 

exchange in the crystals shows an effect of salt (Table 15) . 

Four hydrogens less exchange in 0.87 M NaCl at zero-time, 

which is not necessarily significant for the reasons just 

discussed. After 24 hours, however, eight hydrogens more 

exchange in 0.87 M NaCl solutions than in the absence of 

added salt. There are several possible explanations. 
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1) Owing to the restrictions imposed by the 

crystal, it is unlikely that the average 

conformation can change with salt concentra

tion. However, the different exchange 

behavior might be explained by assuming that 

some regions in the crystalline protein are 

more motile under conditions of high ionic 

strength. If the slow exchange at zero-time 

is in fact meaningful, then other regions 

must be less motile. Moreover, since there 

is no effect of salt on the soluble protein, 

the effect on the crystal must develop because 

of intermolecular contacts introduced in 

crystallization. 

2) The effect of increased ionic strength above 

the isoionic point of insulin (about pH 5.3) 

would be to lower the PK^nt groups titrating 

at high pH and lead to more hydrogen ions dis

sociated (Tanford, 1961). The difference in 

the exchange between crystalline insulin in 

0 and 0.87 M NaCl therefore should be a loss 

of exchangeable hydrogens for the protein at 
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high salt concentrations, as was observed at 

zero-time. However, at 24 hours more hydro

gens exchange in the crystal at high ionic 

strength than at low, an observation in

consistent with the effect of salt on pro

ton binding. Ionic strength effects on the 

exchange might also appear through an effect 

on k^ (Equation 5). Polar reactions are 

influenced by the ionic strength of the re

action medium (Hine, 1962), and if the rate 

of the reaction is increased in solutions of 

high ionic strength, the rate of hydrogen 

exchange should also increase. An effect on 

is unlikely, however, because of the lack 

of an effect on the exchange of the soluble 

protein. 

Dependence of the Exchange on Equilibration in Solution 

The catalysis of NPA hydrolysis by zinc and zinc-

free insulin in solution is time dependent (Pecoraro and 

Rupley, unpublished observation). Pre-equilibration of 

insulin solutions with stirring under nitrogen for 14 to 
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18 hours prior to addition of NPA led to increased rates 

over those found with only brief equilibration. 

The exchange properties of soluble and crystalline 

insulin were not affected by pre-equilibration. In 

Experiments 1 and 2 at pH 6.9 (Table 9 ) the solutions 

were equilibrated for only 20 minutes; in other studies 

at this pH the protein solutions were equilibrated for 

12 to 18 hours before use. Pre-equilibration stirring 

of crystalline insulin also did not affect the exchange. 

At pH 5.5 (0°C) the crystals (represented by in 

Figure 14) were stirred for 18 hours before exchange 

was started. The data can be compared with other results 

in Figure 14 , obtained under the same conditions but 

without stirring. 

Effect of Storage i 

Stracher (1960) and Hvidt and Kanarek (1963) have 

found an effect of storage and source of protein on the 

exchange properties of ribonuclease and lysozyme. In 

contrast, the insulin experiments stretched over 15 months 

and often 3 to 6 months elapsed between exchange experi

ments at the same pH. The same sample was used throughout 
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these studies and was stored at 5°C in a tightly sealed 

container. In contrast to the substantial variations 

found for the proteins just mentioned, the results of 

different runs at the same pH agreed within +1-2%. in all 

zinc insulin experiments the protein solution was pre

pared from citrate grown crystals which had been washed 

twice with conductivity water before use, and enough 

crystals were grown at any one time to last through 

several months of experiments. However, in several 

experiments the results for crystalline insulin were not 

only highly scattered but the number of hydrogens ex

changed decreased after three hours, although soluble 

insulin prepared from these crystals exchanged normally. 

The difficulty was traced to the particular batch of 

insulin crystals used, but the cause was not determined. 

It is of interest that the same problem was encountered 

for all preparations of crystalline insulin investigated 

at 38°C. 

sL -Helix Content 

No simple correlation is found between the alpha-

helical content of insulin and its hydrogen exchange 
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properties. Under conditions of minimum exchange 

(pH~3.3, 0 C) 47 out of a total of 88 hydrogens exchanged 

instantaneously. There is good evidence (see Model Studies) 

that all or most of these rapidly exchanging hydrogens 

belong to side chain groups of amino acid residues, and 

it is plausible that the remaining 41 hydrogens are 

attached to peptide nitrogens. Since insulin contains 48 

amide hydrogens, at least 7 must have exchanged before the 

first samples could be taken "*• rn:'-nute) • Another 

12 (Classes B and C, Table 17) exchanged with a half-

life of about 50 minutes or less and it seems reasonable 

to identify these as belonging to peptide groups in random-

chain conformations ( a half-life of about 70 minutes is 

calculated for the exchange of the amide hydrogens of 

predominately non-helical poly-D,L-alanine in aqueous 

solution at pH 3; Bryan and Nielsen, 1960). The 29 

remaining protons exchange slowly or not at all. If all 

29 are assigned to ci- helices, insulin would have a highly 

ordered structure containing 60% cA-helix—close to that 

found for myoglobin. A more reasonable estimate is 

obtained by assuming that only unexchanged hydrogens are 

involved in alpha-helices which then leads to a value of 31%. 
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Following the same procedure at pH 7, the o(-helical 

content based on the zero-time exchange is 42%, and it 

drops to 0% at 24 hours (total hydrogen exchange). Since 

it is likely that insulin undergoes no significant con

formational change between pH 3 and 7, it is clear that 

a simple interpretation of this kind for the exchange 

rates is not sufficient. The o(-helical content of zinc 

insulin is between 30 and 40%, determined by optical 

rotatory dispersion studies (Herskovits and Mescanti, 1965; 

Marckus, 1964), and the agreement of certain of the exchange 

estimates is probably coincidental. 

Hydrogen Exchange During Lyophilization 

Previous investigators have suggested that 

additional hydrogen exchange may occur during the lyophili

zation of proteins (Bryan and Nielsen, 1961; Hallaway and 

Benson, 1965). Hallaway and Benson (1965) found hydrogen 

exchange did not cease when bovine serum albumin was kept 

at -5°C for 30 minutes before lyophilization. Leach and 

Springell (1962) reported 15 fewer instantaneously ex

changeable hydrogen atoms in ribonuclease when the tempera

ture was kept at -20°C during lyophilization. The 

additional exchange has been traced to labile hydrogen 
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atoms which exchange at an appreciable rate in frozen 

solutions at temperatures somewhat below 0°C, e.g., 

poly-D,L-alanine exchanged approximately 0.7 hydrogen 

atoms per peptide group after 2 hours when frozen at -5°C 

(Bryan and Nielsen, unpublished, cited in Hvidt and 

Nielsen, 1966). 

The hydrogen exchange encountered during the 

freeze-drying of proteins may reflect the inefficient 

removal of water vapor in the lyophilization systems used. 

Two factors are of importance (Meryman, 1960). First, 

the force responsible for the transfer of vapor across a 

drying protein shell is a water vapor concentration 

gradient, which can be increased by reducing the vapor 

pressure at the sample surface. If the gradient is not 

sufficiently high, however, a substantial concentration of 

water vapor can develop throughout the shell of dried 

solid and the rate of exchange of solid protein with water 

vapor could become significant (exchange of dry protein 

has been reported; Reyerson and Hnojewyj, 1963). Hallaway 

and Benson (1965) found no exchange between nearly dry 

protein and water vapor in equilibrium with ice in a cold 

trap. However, it is the vapor transversing a dried protein 
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shell that is of importance and that can lead to additional 

exchange, i.e., there might be a high steady state con

centration of vapor during lyophilization but a low 

equilibrium concentration after drying is complete. 

Secondly, the temperature of the sample is determined by 

the rate of vapor transfer away from the drying protein, 

which results in cooling of the sample (latent heat of 

sublimation), and by the rate of heat input from the 

environment. The balance between these two contributions 

determines the temperature; if the vapor is not removed 

at a rate comparable to heat input, the temperature of 

the sample will rise, and in a poorly designed system this 

problem may become so great that samples melt, which oc

curred in our earlier lyophilization systems. The problem 

was overcome through use of a two-stage mercury diffusion 

pump, by which more rapid removal of water vapor was 

possible. 

The possibility of additional exchange during the 

drying of insulin was examined (see RESULTS). At pH~3.3 

and at zero-time, insulin exchanged 47.1 hydrogens when the 

protein was kept at -20°C for the first 40 minutes of 

drying, and 48.4 hydrogens when the temperature was not 
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controlled. The lack of significant additional exchange 

indicates that the vacuum system, and- in particular the 

pumping speed was adequate. 

Comparison of the results obtained in this study 

with those of Linderstrom-Lang (1955a) for insulin show 

marked deviations at short time but little difference at 

longer times of exchange (e.g., for exchange at 0°C and 

pH 3.4, and at zero-time and 24 hours, respectively, Lang 

found 58 and 70 and we 47 and 69 hydrogens exchanged). 

This behavior is consistent with additional exchange 

during lyophilization, since the rapidly-exchanging hydro

gens (the exposed ones) should be the most sensitive. 

Summary 

Both literature data and certain exchange experi

ments (Table 16) suggest that no significant conformational 

changes occur within the insulin subunit between pH 2 and 

pH 7-10. Two mechanisms which can explain the hydrogen 

exchange behavior of proteins without invoking changes in 

average conformation have been discussed; in one, the 

exchange rates reflect rates of exposure of hydrogen atoms 

to water (EX^) and in the other, the rates are a measure 

of the free energy of the conformational transitions which 
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expose the hydrogen atoms to water (EX^). Both the strong 

pH-dependence of the exchange and kinetic analysis of the 

data argue for an EX^ mechanism for the hydrogen exchange 

of soluble insulin. On the other hand, the lack of a 

general pH-dependence in the exchange of crystalline 

insulin suggests that in the insoluble phase the mechanism 

is EX . 

Hydrogen exchange is a sensitive indicator of 

changes in the motility of proteins. Evidence has been 

presented that suggests the average conformation of 

proteins are not altered upon crystallization and this 

conclusion is supported by exchange studies with insulin. 

Furthermore, the decreased exchange rate in the insoluble 

phase cannot be explained by intermolecular contacts in 

the crystal which involve groups containing labile hydro

gen atoms. The most plausible explanation then, is that 

the exchange differences reflect a change in motility of 

insulin upon crystallization. 

Valuable information can be obtained by changing 

pH during an exchange experiment. In the present work, 

pH shifts were used to exclude significant conformational 
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changes as a function of pH. However, experiments of this 

type may also be useful in following a particular class of 

hydrogens exchanging through an EX^ mechanism as it goes 

from the nonexchangeable, through the measurable, and into 

the instantaneously exchangeable regions over a range of 

pH. 

Aggregation does not affect the hydrogen exchange 

behavior of insulin, indicating that labile hydrogen atoms 

on the surface of the protein are either not involved in 

intermolecular interactions or, if they are, the contacts 

are disrupted sufficiently frequently for exchange to 

occur. The independence of the exchange behavior for the 

association suggests this technique may permit examina

tion of changes in the motility of proteins following 

aggregation. 

Removal of zinc leads to changes in the structural 

properties of insulin, which are apparently located in 

less motile regions of the molecule. It should be pointed 

out, however, that because of the cooperative nature of 

protein structure, these changes may be larger than 

indicated by the data. 
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Additional hydrogen exchange during lyophilization 

of proteins may be a significant contributor to the large 

variations in exchange data reported in the literature. 

Data obtained from experiments in which the drying protein 

was kept at -20°C for 40 minutes were compared with those 

obtained without this precaution and no difference found. 

The described lyophilization system and, in particular, 

the two-stage mercury diffusion pump allowed for efficient 

removal of water vapor and probably prevented additional 

hydrogen exchange. 
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