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Hydrogen-Deuterium Exchange of Trypsin and 
Trypsin Derivatives* 

David E. Lenzt and William P. Bryan 

ABSTRACT: Hydrogen-deuterium exchange of trypsin 
and two trypsin derivatives, diisopropylphosphoryl- 
trypsin and N-tosyl-L-lysine chloromethyl ketone-tryp- 
sin, was studied by means of infrared spectroscopy. 
Measurements were made at 23” (0.1 M KCl  in D20)  
and a t  p D  values from 2 to 8. Four different classes of 
exchanging hydrogens were found: a fast class with a 
pD-dependent rate constant for exchange, a medium 
class with an essentially pD-independent rate constant 
for exchange, a slow class with a pD-independent rate 
constant for exchange, and a “core” class which does 
not exchange within 24 hr. The fast class could only be 
observed at  p D  values around 2 and probably consists 

N umerous physical chemical studies have been 
made on trypsin. Special mention may be made of recent 
work by d’Albis (d’Albis, 1963, 1964, 1966; d’Albis 
and Bechet, 1967), by Lazdunski and Delaage (Lazdun- 
ski and Delaage, 1965, 1967; Delaage and Lazdunski, 
1968), by Luzikov and Troshkina (1966), by Kushner 
and Bozhkov (1967), and by Arrio (1967). There has 
also been interest in the possiblity of structural changes 
of trypsin when substrates or inhibitors are covalently 
or noncovalently bound at the enzyme’s active site. 
Such interactions have been studied by physical methods 
(Oppenheimer and Hess, 1963; Benmouyal and Trow- 
bridge, 1966; d’Albis and Bechet, 1967; Johannin and 
Yon, 1966) and by chemical methods (Spande et a/., 
1966; Steiner, 1966; Feinstein and Feeney, 1966). The 
physical technique of hydrogen exchange has been ap- 
plied to chymotrypsinogen (Wilcox, 1959) and in a 
very limited way to trypsin (Blout et a/., 1961 ; Uralets 
and Luzikov, 1966). The work reported here involved 
a more complete study of hydrogendeuterium exchange 
of trypsin by means of infrared spectroscopy. In addi- 
tion, two covalently inhibited trypsin derivatives. Diiso- 
propylphosphoryl-trypsin and N-tosyl-L-lysine chloro- 
methyl ketone-trypsin were also studied in an attempt 
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of completely exposed peptide hydrogens. The medium 
and slow classes appear to exchange by a mechanism in 
which the rate is determined by transconformational 
exposure of unexposed peptide groups. The rate con- 
stants for exchange of the medium or slow classes are 
essentially the same for trypsin, diisopropylphosphoryl- 
trypsin, and N-tosyl-L-lysine chloromethyl ketone-tryp- 
sin. 

The numbers of hydrogens per class are essentially 
the same for the medium, slow or ‘Lcore” classes for all 
three substances. These results imply that the medium 
slow, or “core” peptide hydrogens are essentially struc- 
turally identical. 

to learn more about possible structural changes in the 
trypsin molecule due to covalent inhibition. 

Experimental Section 

Trypsin was obtained from bovine pancreas as sup- 
plied by Worthington Biochemical Corp. It was obtained 
as twice crystallized, dialyzed salt free, and lyophilized. 
Two separate lots were used (lot no. TRL-7CB and 
TRL-6JA). No difference was noted in exchange results 
obtained from these two lots. Before use the commercial 
preparations were dialyzed against M HCI and 
then lyophilized. Diisopropylphosphoryl-trypsin was a 
commercial preparation from Worthington (lot no. 
TDIP-7HA). N-Tosyl-L-lysine chloromethyl ketone- 
trypsin was kindly supplied by Dr. Barbara Sanborn. 
These derivatives were used as supplied. Deuterium 
oxide was a commercial preparation obtained from 
Chemi-Standards with an assay of 9 9 . 7 z  purity. 

The activity of trypsin was determined by a modifica- 
tion of the assay developed by Hummel (1959) using 
N-ct-benzoyl-L-arginine methyl ester as substrate. The 
activity of solutions for the reference cell, determined 
before and after the treatment described below, was 
found to decrease by 10-15x. The activity of sample 
solutions was usually found to be unchanged over the 
time span of the kinetic runs. In addition an active site 
titration was performed on both lots using the method 
of Bender et a!. (1965, 1966) with pnitrophenyl-N- 
benzyloxycarbonyl-L-lysine hydrochloride as substrate. 
The percentages of trypsin molecules with intact active 
sites obtained were lot no. TRL-7CB, 5 4 z ;  lot no. 

Two different methods have been used in the in- 
TRL-6JA, 64 Z. 
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vestigation of hydrogen-deuterium exchange in proteins 
by means of infrared spectroscopy (Hvidt and Nielsen, 
1966). They are both based on the fact that the amide 
I1 band of a peptide hydrogen in D2O is shifted from 
about 1540 ern-: to about 1450 cm-1 when the hydrogen 
is replaced by deuterium. Blout et  al. (1961) and Hvidt 
(1963) have used the ratio of absorbances of the peaks 
of the amide I1 and amide I bands as a measure of un- 
exchanged hydrogens. Hvidt (1963) and Bensusan and 
Nielsen (1964) used the absorbance of the amide I1 
band continuously monitored as a function of time. 
This latter method is suitable when rapidly exchanging 
hydrogens are to be measured since the spectrum of the 
exchanging protein need not be scanned. 

In our work we have used difference infrared spec- 
troscopy. The absorbance of an exchanging solution of 
protein was measured against that of a completely ex- 
changed solution under identical conditions. This allows 
continuous measurement of amide I1 absorbance auto- 
matically corrected for background. 

All spectra were measured using a Perkin-Elmer 
Model 21 double-beam recording infrared spectrometer 
equipped with a sodium chloride prism and 0.25-5 X 
continuous-scale expansion. The cells used were a 
matched pair having calcium fluoride windows and a 
path length of 0.125 mm. When both cells were filled 
with D20  and scanned against each other a good flat 
base line a t  100% transmission was obtained. This in- 
dicates that the cells are sufficiently well matched for 
good difference spectroscopy measurements of the type 
described here. No leakage of water into the cells during 
the course of the runs was observed. Special brass water 
jackets were made for the infrared cells. These jackets 
were designed so that circulating water could make good 
thermal contact with the infrared cells and thereby 
ensure constant temperature during kinetic runs. In  
this way heating of solutions by the infrared beam was 
minimized. The temperature of the circulating water 
was 23.00 0.02". The temperature of the solutions 
in the infrared cells could not be measured, but the 
heating by the infrared radiation was estimated to be 
below 0.5'. 

Preliminary scans of the spectrum of trypsin showed 
that the peak of the amide I1 band was a t  a wavelength 
of 6.500 p (1538 cm-l). This wavelength was chosen for 
all kinetic runs. Additional preliminary experiments 
established the conditions for complete exchange of 
trypsin peptide hydrogens. A 1% solution of trypsin 
in D20 showed a transmission of 95-96% upon com- 
plete exchange when measured against D20. Further 
heating or exposure to D20 gave no further change in 
transmission. Conditions for complete exchange were 
established at  the various p D  values of the kinetic runs. 
Before each kinetic run the solution for the reference cell 
was heated a t  55 O for 20 min to 2 hr depending upon the 
pD. This ensured that exchange was complete in the 
reference solution. 

Samples for use in kinetic runs were prepared from a 
1 solution of trypsin or  its derivatives in water, The 
solution was adjusted to the approximate p H  of a run 
by addition of HC1 or NaOH. Aliquots of 500 p were 
then taken and lyophilized, These samples were stored 1124 

at 4" until used but never for more than 1 week. At the 
start of a run one of the aliquots was dissolved in 500 
pi of D20 (0.1 M in KCI) and then heated as described 
above in order to exchange all exchangeable hydrogens. 
After heating, the p D  of this reference solution was 
determined using ordinary pH electrodes and a meter 
standardized with an H 2 0  buffer solution. Meter read- 
ings were corrected to p D  values according to Glascoe 
and Long (1960) where 

p D  = meter reading + 0.40  (1 1 

The concentration of the reference solution was ob- 
tained by dilution of a sample with water and measure- 
ment of absorbance at  280 mp using 1-cm cells. Con- 
centration of trypsin in milligrams per milliliter was 
calculated by multiplication of absorbance by 0.65. 

A portion of the reference solution was placed in the 
reference cell. To start a run 500 pl of D20 (0.1 M in 
KC1) was added to a second lyophilized sample. Zero 
time was taken upon solution of this sample. A portion 
of the solution was quickly added to the sample cell and 
transmission at  1538 cm-I was followed as a function of 
time. Kinetics were followed for about 2 hr. A final 
reading was taken at  24 hr. A scale expansion of two to 
four times was generally used. 

Data were obtained in terms of chart reading (linear 
transmittance scale) cs. time. The data were con- 
verted into absorbance cs. time taking scale expansion 
into account. Generally duplicate or triplicate runs 
were made at  all p D  values. Absorbance values from 
different runs never disagreed by more than about 20%. 
Data from all runs at  a given pD were plotted together 
and treated as described below. 

I n  order to obtain values of specific rate constants 
for exchange of the various classes of exchanging groups 
(k,,, values), certain arbitrary assumptions must be made 
for solutions of trypsin and its derivatives in D1O. We 
assume that all exchangeable hydrogens (taken as all 
peptide hydrogens and trans primary amide hydrogens) 
absorb equally well at  1538 cm-1 and that this absorb- 
ance is independent of pD. If exchange behavior is de- 
scribed by the equation 

where hi represents the number of exchangeable hy- 
drogens per molecule not exchanged at time t and n,, 
represents the number of hydrogens per molecule in 
class rn characterized by exchange constant k,, then the 
above assumptions lead to the relationship 

where A represents absorbance. Use of eq 2, which is 
derived on the assumption that all hydrogens in a pro- 
tein molecule exchange independently of each other, 
implies neglect of the possibility that rates of exchange 
may be dependent upon degree of deuteration during 
the course of exchange (Hvidt and Nielsen, 1966). 

L E N Z  A N D  B R Y A N  
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FIGURE 1: A i  us. time for the amide I1 
band (1538 cm-1) of 1% trypsin in 
D20 (0.1 M in KCI) at various values 
of pD as indicated. Temperature was 
23.0 + 0.5". 
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Addition assumptions allow calculation of hi and n, 
from experimental absorbance data. If E, the mean molar 
extinction coefficient per exchangeable hydrogen, is 
known, measured values of A i  and A ,  can be converted 
into hi and n,,*. In calculating E we assume that all ex- 
changing peptide and trans amide hydrogens in trypsin 
can be observed at pD 2.5. The greatest absorbance 
changes are observed at this pD. Model compound 
studies (Hvidt and Nielsen, 1966) indicate that rates of 
exchange of completely exposed hydrogens should be 
observable at  a p D  of 2.5. Only peptide and trans pri- 
mary amide hydrogens are assumed to contribute to 
the amide I1 band (Miyazawa, 1967). Previous hydrogen 
exchange studies have not considered primary amide 
hydrogens as contributing to the amide I1 band. Tryp- 
sin contains 222 peptide hydrogens and 27 primary 
amide groups (Walsh and Neurath, 1964; Mikes er al., 
1967). Therefore, 249 exchangeable hydrogens are as- 
sumed to contribute to the amide I1 band at  the start 
of an  exchange experiment. Values of e were calculated 
from eq 4 

C 
X 1.25 X X 249 ~. 

23,800 

where the 2: term represents the absorbance at the start 
of an exchange experiment and c is the concentration 
of trypsin in milligram per milliliter. Values of the 2 
term were obtained by two methods: graphical extra- 
polation and computer calculation. Values of E obtained 
were: 94 M-' cm-1 (graphical extrapolation) and 101 M-' 
cm- (computer calculation). These values were also 
arbitrarily used in treating the exchange data for the 
trypsin derivatives. 

Experimental data were resolved graphically (eq 3) 
using points from smooth curves drawn through semi- 
logarithmic plots of A ,  os. t. The data were also analyzed 
by means of a computer program developed by Segal 
and Harrington (1967). Equally spaced points from 
smooth curves drawn through plots of A ,  us. t were 
taken and treated as described in their paper. Before 
both types of analysis, 24-hr values of A , ,  corresponding 
to A ,  values for "core" hydrogens, were subtracted from 
measured A ,  values. After this subtraction both methods 
gave only three classes of hydrogens: a fast class seen 
only a low pD values, a medium class, and a slow class. 
A ,  values were converted into n, values using E deter- 
mined as described above. These n ,  values cannot be of 
high absolute accuracy since many assumptions have 
been made in the determination of E. The k ,  values are 
somewhat more accurate since they are obtainable from 
absorbance us. time data by use of fewer assumptions. 1125 
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FIGURE 2: A i  us. time for the amide I1 
band (1538 cm-l) of 1% trypsin in 
D20  (0.1 M in KC1) at various values 
of pH as indicated, Temperature was 
23.0 f 0.5'. 

FIGURE 3: Ai us. time for the amide I1 
band (1538 cm-l) of 1% diisopropyl- 
phosphoryl-trypsin in D20 (0.1 M in 
KCl) at various values of pD as indic; 
ated. Temperature was 23.0 f 0.5". 
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FIGURE 4: A i  us. time for the amide I1 
band (1538 cm-I) of 1% N-tosyl-~- 
lysine chloromethyl ketone-trypsin in 
D20 (0.1 M in KCI) at various values 
of pD as indicated. Temperature was 
23.0 f 0.5 ’. 
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Results 

Plots of A i  YS. t for 1% trypsin solutions in D ? O  (0.1 M 

in KC1) are given in Figures 1 and 2. Similar data for 
diisopropylphosphoryl-trypsin and N-tosyl-L-lysine 
chloromethyl ketone-trypsin are given in Figures 3 
and 4. Below p D  values of about 6 an increase in p D  
is paralleled by a decrease in the total absorbance ob- 
served and by a decrease in n, values for core hydrogens. 
Above pD 6 the picture is confusing and the 11, values 
for core hydrogens appear to vary somewhat erratically 
with pD. In this region experimental error is a greater 
percentage of observed absorbance and could obscure 
real effects. Nevertheless it appears that even at  pD 
values in the region 7-9, there are some hydrogens which 
have not exchanged, even after 24 hr a t  23 ’. 

The results of the computer calculations for trypsin, 
diisopropylphosphoryl-trypsin, and N-tosyl-L-lysine 
chloromethyl ketone-trypsin are given in Tables 1-111. 
Results of graphical analysis are in general agreement 
with computer calculations. Since graphical results are 
obtained in a less objective way, they will not be given in 
detail. An over-all comparison of results obtained from 
both methods of analysis is given in Table IV. 

The data in Table I indicate that trypsin shows three 
classes of exchanging hydrogens plus a “core” class 
which is not exchanged after 24 hr at  23 ’. The fast class 

is only seen at  p D  values of 2.5 and 2.8. At higher p D  
values ktost becomes too large for measurement by the 
present technique. Values of kmedlu,,, are obtainable at  all 
experimental conditions. Computer calculated data indi- 
cate that kmedium increases somewhat as p D  increases.’ 
The slow class has a constant value of k,~,,, over the 
entire p D  range of the measurements. 

Data in Tables I1 and 111 show two classes of ex- 
changing hydrogens plus a “core” class. Values of k,,,,,~,,,,, 
are somewhat higher at pD’s of 2.3 and 3.7 as though 
fast and medium class might both be present but un- 
resolved. There appears to be somewhat of an increase 
in kmedlum values in the p D  range 4.6-8.0’ The rat: con- 
stant for exchange of the slow class is constant over the 
entire p D  range. Reference to Table IV shows that both 
methods of analysis of the data indicate agreement of 
mean k ,  values for trypsin and both derivatives. 

Figures 5-7 show plots of nr,, against pD for medium, 

1 This increase in kmed, , lm is not seen in graphically calculated 
results. Graphical calculation indicates essentially constant 
k m c d i u m  over the entire pD range. We fecl that graphical calcula- 
tion may be more correct here since smooth curves drawn through 
log A i  us. f plots would be expected to  be more reliable than 
smooth curves drawn through A ,  us. t plots a t  low values of f 
where A ,  is rapidly changing with iimc. 1127 
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TABLE I :  Rate Constants (km, min-1) and Number of Hydrogens in Each Class (nm, Hydrogens per Molecule) for the 
Exchange of Trypsin at  23 in 0.1 M KC1 at Various pD Values. Computer Calculations. 

2 .5  2 .0  x 10-1 15 2 .5  x 10+ 
2 . 8  3 .0  x lo-’ 43 3 .9  x 10-2 
3 . 8  b b 4 .1  x 10+ 
4 . 6  b b 4 .6  x 
5 .6  b b 2 .9  X lod2 
6 .1  b b 7 .2  x 
6 . 3  b b 5 .3  x 10-2 
6 . 7  b b 9 . 2  x 
6 .9  b b 1 .0  x 10-1 
7 . 1  b b 1.0 x 10-1 
7 .4  b b 3.8 x 
8.2  b b 1 .1  
8 ,  8c b b 5 .0  x 

109 
69 
71 
63 
59 
31 
37 
42 
27 
37 
24 

5 
28 

7 .2  x 10-3 

7 .8  x 10-3 
8 .1  x 10-3 
7 .6  x 10-3 
8 .1  x 10-3 
9 .0  x 
7 .3  x 10-3 
7 . 8  x 
7 . 6  x 10-3 
9 .0  x 10-3 

7 .3  x 10-3 

8 .9  X loda 

9 . 1  x lo-* 

30 
25 
48 
32 
20 
21 
5 

29 
27 
19 
5 
8 
6 

95 249 
85 222 
72 191 
65 160 
52 131 
47 99 
21 63 
33 104 
21 75 
31 93 
21 50 
22 35 
31 65 

Zn, for trypsin at pD 2.5 assumed equal to 249 hydrogens/molecule. All other n m  values calculated using E derived 
on this basis. Exchange too fast to measure. In the presence of 0.2 M “Tris” buffer to minimize pD changes due to 
autolysis. 

TABLE 11: Rate Constants (km, min-1) and Number of Hydrogens in Each Class (nm, Hydrogens per Molecule) for the 
Exchange of Diisopropylphosphoryl-trypsin at 23” in 0.1 M KCl at Various pD Values. Computer Calculations. 

PD kmedium nmedium kelow nslow noore Zn,” 

2 .3  9 . 0  x 10-2 82 7 . 6  x 44 63 189 
3 .7  1 . 5  X lo-’ 83 7.8 x 48 62 193 
4 . 6  3 .4  x 10-2 47 7 .1  x 10-3 34 31 112 
5 .7  5.9 x 10-2 39 7 .4  x 10-8 24 16 79 
7 . 0  6 . 8  x 20 7 .4  x 10-8 14 7 41 
8.0 5 .9  x 10-2 29 9 . 8  x 10-3 6 25 60 

~ 

a Zn, for trypsin at pD 2.5 assumed equal to 249 hydrogensjmolecule. All other n, values calculated using E derived 
on this basis. 

slow, and “core” classes of trypsin and its derivatives. 
The data scatter rather badly and it is difficult to  estimate 
errors in n,. No significant differences in n, values in 
any class for trypsin, diisopropylphosphoryl-trypsin, 
or N-tosyl-L-lysine chloromethyl ketone-trypsin are 
observed.2 Small differences in n, values would not be 
detected by this rather imprecise infrared method. 

Discussion 

Hvidt (1964) and Hvidt and Nielsen (1966) have dis- 
cussed a mechanism first proposed by Linderstrom- 
Lang (1955) for hydrogen exchange in proteins. The 
results for trypsin can be discussed in terms of the Lin- 
derstrom-Lang mechanism. This mechanism postulates 
exchange as occurring through some intermediate 

* If the experimental results are treated using different values 
of c for trypsin, diisopropylphosphoryl-trypsin and N-tosyl-L- 
lysine chloromethyl ketone-trypsin the agreement in n, values 
for these three substances is improved. 1 12 8 

structure I which arises by means of a transconforma- 
tional change of the native structure N. 

ki 
Dz0 + N I(D20) 

k I(DnO) 2, exchange 

Exchangeable hydrogens in I are assumed to be com- 
pletely exposed to solvent. We further assume that the 
usual steady state approximation is valid for I(DZ0). 
Then the value of k,, the measured rate constant for 
exchange, is given by 

A protein may be considered as made up of several 
regions, each of which is characterized by distinct values 
of k, and n,. 

Two limiting cases of eq 6 are of interest. If k3  >> k2, 

L E N 2  A N D  B R Y A N  
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TABLE 111: Rate Constants (k, ,  min-1) and Number of Hydrogens in Each Class (n,, Hydrogens per Molecule) for the 
Exchange of N-Tosyl-L-Lysine Chloromethyl ketone-trypsin at  23" in 0.1 M KCI at  Various p D  Values. Computer 
Calculations. 

PD krnedium nrnediurn kslow nslow ncore L a  

2.3  9 . 0  x lo-* 103 7 . 1  x 10-3 76 99 278 
3.7 4 . 4  x 10-2 53 7 . 5  x 10-3 29 65 147 
4 .6  2 . 3  x lo-* 40 7 .1  x 10-3 34 50 124 
5 . 5  1 .1  x 10-1 78 8 .3  x 10-3 22 40 140 

7 . 4  3 .6  x 10-l 45 7 .6  X 16 48 109 
6 . 2  9 . 1  X lo-* 52 8 .0  x 10-3 24 44 120 

a Zn, for trypsin at  p D  2.5 assumed equal to 249 hydrogens/molecule. All other n, values calculated using E 
derived on this basis. 

TABLE I V :  Mean Values of Rate Constants for Exchange 
of Trypsin and Derivatives at 23" in 0.1 M KCl (pD 
2-9). 

Class of 

Exchange- Mean k ,  (min-I) 
able 

Substance Hydrogens Computer Graphical 

Trypsin Medium 5 .7  X 12.2  X lo-* 

DIP-trypsin Medium 5 . 9  X lo-* 12 .6  X lo-* 

Slow 8 .0  x 6 . 8  X 

Slow 7 .9  x 10-3 2 . 9  x 10-3 

Slow 7 . 6  x 10-3 5 .7  x 10-8 
TLCK-trypsin Medium 6 .6  X 14.0  X 

a Results at p D  8.2 excluded. 

then k ,  = k l .  The rate of exchange is given by the rate of 
a transconformational opening of the protein region. 
This limiting case can be designated as EUI (W. P. 
Bryan, unpublished data). If k l  > > k3,  k ,  = (kl/k2)k3. 
In this case I(D20) is formed and removed many times 
before exchange can occur. This limiting case can be 
designated as EUZ. 

Special interest resides in the estimation of ka .  Stud- 
ies of model compounds (Hvidt and Nielsen, 1966) have 
indicated that k 3  is approximately given by 

The exchange of exposed peptide hydrogens is acid and 
base catalyzed. Reference to eq 7 shows that in the EU2 
case k ,  should be p H  dependent even when kllkz is pH 
independent. In  the EU1 case k ,  is pH independent pro- 
vided kl is. 

The best model substance corresponding to an I 
region in a protein is difficult to choose. Hvidt and Niel- 
sen have suggested randon coil poly-m-alanine in water 
as such a substance. We can use data for the exchange of 
poly-m-alanine in DsO (Bryan and Nielsen, 1960) in 
discussing our trypsin results. 

Table I shows that trypsin has a fast class of exchang- 
ing hydrogens which is only seen at  pD values of 2.5 
and 2.8. The data in Tables I1 and I11 also indicate the 
possibility of unresolved fast hydrogens at  the lowest 
p D  values. The poly-m-alanine data indicate that k S  
for poly-Dt-alanine has a minimum value of 1.1 X 10-1 
rnin-l a t  p D  3.2 and 22". Since trypsin is positively 
charged at  these low p D  values, we would expect that 
any completely exposed hydrogens would exchange 
with about the same value of k ,  as for PO~Y-DL- 
alanine (Leichtling and Klotz, 1966) and that the pD 
value for minimum k ,  (here E k 3 )  would be shifted 
somewhat below p D  3.2. This is because the positive 
charge on trypsin would tend to enhance OD- catalysis 
and diminish D+ catalysis in comparison with POIY-DL- 
alanine. The kfast values obtained for trypsin (2-3 x 
10-l min-I) are of the right order of magnitude and the 
minimum in rate for the fast hydrogens appears to oc- 
cur at  a p D  value less than 3.0. Thus these fast hy- 
drogens apparently correspond to exposed hydrogens 
of the trypsin molecule. 

Inspection of Tables I-IV indicates that kmedium is 
essentially constant for trypsin and the two derivatives. 
Furthermore kmediurn values for all three substances are 
essentially the same. The same statements apply to ke lOw.  
Constancy of these k ,  values is consistent with an EUI 
type of mechanism (k,n = kl) for these two classes. Evi- 
dently kl for both medium and slow classes is essentially 
p D  independent. The possibility that k ,  = (k l /k2)ka;  
and that increases in k 3  due to p D  increases (eq 7) are 
compensated for by decreases in k l /k l ,  with the result 
that k ,  is approximately constant, is unlikely. This is 
because Lazdunski and Delaage (1967) have shown that 
for trypsin the equilibrium constant for thermal dena- 
turation is independent of pH at pH values from 3 to 8. 
Since k i / k z  is similar to such an equilibrium constant it 
should also be essentially pH independent. Therefore if 
exchange were by an EU2 mechanism k ,  would not be 
expected to  be independent of pD. 

Figures 5-7 show decreases in n, values as p D  is in- 
creased. This is not in agreement with the EU1 type of 
Linderstrom-Lang mechanism which predicts constant 
n,n values. It is unlikely that exchange in trypsin is by an 
EU2 type of Linderstrom-Lang mechanism and that the 
decrease in Zn, is due to various classes becoming too 1129 

H Y D R O G E N - D E U T E R I U M  E X C H A N G E  O F  T R Y P S I N  A N D  T R Y P S I N  D E R I V A T I V E S  



B I O  C H E hi I S T R Y 

100 

0 ' -  
a 

v) 
Z 
w 
0 
0 > z 
L 
0 

W 
a 

z JO-  
3 
Z 

1130 

L E N Z  A 

- 

r 

I 1  I I I I I I I 

0 NATIVE TRYPSIN 

+ 0 DIP- TRYPSIN 

+ TLCK- TRYPSIN 

\ + '\ 
e 0 e 

+ 

0 

70 

v) 

w 
(3 
0 e 5 0 -  

z 60- 

a 

I 

L 
0 4 0 -  
0: 

I 30- 
t;l 
3 z 

20 

10 

- 

- 

- 

FIGURE 5 :  Number of hydrogens per class, n,, for medium class of exchanging hydrogens as a function of pD for trypsin, diiso- 
propylphosphoryl-trypsin, and N-tosyl-L-lysine chloromethyl ketone-trypsin. 
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FIGURE 6: Number of hydrogens per class, nm, for slow class of exchanging hydrogens as a function of pD for trypsin,diisopro- 
pylphosphoryl-trypsin, and N-tosyl-L-lysine chloromethyl ketone-trypsin. 

fast to measure as pD increases. In general the n, values 
observed cannot be fitted by such a model3 and the k ,  
values are essentially constant. 

- 
3 The data for diisopropylphosphoryl-trypsin (Table II), 

but not the data for trypsin or N-tosyl-L-lysine chloromethyl 
ketone-trypsin, are in approximate agreement with an EUz 
mechanism. However, we favor an EU1 mechanism for all three 
substances because the k ,  values for diisopropylphosphoryl- 
trypsin are pD independent, and the k,, values for all three sub- 
stances are in good agreement with each other. 

N D  B R Y A N  

The changes in n, values can be explained if structural 
changes of the trypsin molecule are taken into account. 
Work of Lazdunski and Delaage (1967) has indicated the 
presence of four structurally distinct forms of trypsin in 
the acid p H  region. The transitions and their midpoints 
are IV -+ I11 (pH 1.5), 111 + I1 (pH 3.0), 11 -+ I pH - 
5.0). Similar transitions would be expected in D20,  prob- 
ably at  roughly the same or slightly higher p D  values. 
Our data can be explained, then, by postulating that in 
the transitions 111 -+ I1 and I1 -+ I there are partial un- 
foldings of the trypsin structure resulting in decreased 
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n, and unchanged k ,  values. The trypsin derivatives 
also appear to show such behavior. 

Other physical chemical studies give some indication 
of a “tightening” of the trypsin structure as pH increases. 
Studies using autolysis (Lazdunski and Delaage, 1965), 
optical rotation (Lazdunski and Delaage, 1965; d’Albis, 
1966), and ultraviolet spectroscopy (d’Albis, 1964; Laz- 
dunski and Delaage, 1965, 1967) as criteria for trypsin 
“compactness” indicate increased stability as p H  is in- 
creased from 2 to 8. However, it is difficult to see just 
how these methods relate to “compactness” of trypsin, 
whereas our interpretation regarding n, values is 
straightforward in this regard. Hydrogen exchange is a 
better method for such study since n, values are directly 
determined. We might also mention that the sedimen- 
tation coefficient for trypsin is the same at  pH 2.4 and 
8 (Nord and Bier, 1953). 

If our interpretation is correct, our results indicate 
that a t  least three forms of trypsin can be present under 
our experimental conditions.4 One form (T) would cor- 
respond to all exchanging regions in N forms. The other 
two would correspond to the medium (TI) and slow 
(T”) regions in I forms. This can be indicated as 

k d w  kmedlurn 

kn” kn’ 
T” T zz T’ 

The extent of formation of T‘ and T” is unknown since 
kz‘ and k2” have not been determined 

4 Provided all trypsin molecules present are essentially struc- 
turally equivalent. There is some evidence that this may not be 
so. For example, all of our trypsin is not enzymatically active 
and two forms of trypsin can be separated by salt fractionation 
(d’Albis, 1963). 

Luzikov .and Troshkina (1966) have measured the 
kinetics of reversible and irreversible inactivation of 
trypsin a t  pH 3 and higher temperatures. They form- 
ulate the scheme 

Di, +@- N z? 81 D, 
82 (9) 

Their measurements of O1 and p3 when extrapolated to 
23” (by means of their experimentally determined ac- 
tivation energies) give: = 6 X lo-? min-1 and Ba = 
1 X 10-5 min-I. These rate constants are much slower 
than kslow and klnedlum. Evidently the thermal unfolding 
of trypsin may involve more than one step. 

The positions for the attachment of inhibitors to form 
inhibited trypsin derivatives are well known. Diisopropyl- 
phosphoryl-trypsin has a diisopropylphosphoryl group 
onserine 183 and N-tosyl-L-lysine chloromethyl ketone- 
trypsin has histidine 46 alkylated by N-tosyl-L-lysine 
chloromethyl ketone. Both of these residues are involved 
in enzymatic activity. Studies in the literature indicate 
some structural differences between trypsin and its de- 
rivatives. Oppenheimer and Hess (1963) have shown dif- 
ferences between diisopropylphosphoryl-trypsin and 
trypsin by means of ultraviolet difference spectroscopy. 
Delaage and Lazdunski (1968) have measured dena- 
turation rates in 6 M urea. Rates of denaturation increase 
in the order: N-tosyl-L-lysine chloromethyl ketone-tryp- 
sin < trypsin < diisopropylphosphoryl-trypsin. Ultra- 
violet difference spectra are also shown by nonconvalent 
complexes at  the trypsin active site (Benmouyal and 
Trowbridge, 1966; d’Albis and Bechet, 1967; Johannin 
and Yon, 1966). These results generally indicate involve- 
ment of tyrosine (Oppenheimer and Hess, 1963; d’Albis 
and Bechet, (1967) but noninvolvement of tryptophan 
(Spande et at., 1966). 1131 
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The results reported here indicate that, within the 
rather low precision of our measurements, no signifi- 
cant differences are obtained in k ,  values between tryp- 
sin and the derivatives for medium or slowly exchang- 
ing hydrogens and no significant differences are obtained 
in n, values for medium, slow, or “core” hydrogens. 
Thus large structural changes between trypsin and its 
two derivatives are ruled out. The differences observed 
by other physical techniques are probably due to local 
effects. Hydrogen-deuterium exchange studies can de- 
tect structural changes due to interactions at enzyme 
active sites (Hvidt and Kagi, 1963; DiSabto and Ottesen, 
1965). That such changes have not been detected in the 
present study indicates that they cannot be very exten- 
sive. 

This conclusion is in agreement with the recent X-ray 
results for chymotrypsin (Mathews et al., 1967). These 
results indicate only minor differences in structure be- 
tween tosyl-a-chymotrypsin (tosyl group at serine 195) 
and a-chymotrypsin itself. 
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