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ABSTRACT

Investigations are reported concerning the mechanism of
catalysis by an enzyme of known structure, bovine trypsin. Evidence
for proton transfers at the active site residues His 57 and Asp 102
during catalysis is provided by experimental techniques which speci-
fically detect the ionization state of either the carboxyl group or the
imidazole ring. The pKa of Asp 102 in a chemically modified--but
still active-—form of trypsin is shown to be 6. 8 by difference infrared
spectroscopic titration. This assignment is facilitated by the use of
inhibitory copper (Cu++) ion which lowers the pKapp of Asp 102 by
binding to trypsin between Asp 102 and His 57, as is demonstrated
crystallographically.

Information concerning the solvent accessibilities and mobili-
ties of the three imidazole side chains of bovine trypsin is provided
by measurements of the pH dependences of the rates of exchange of
' the ring C-2 protons with tritium in labeled water. Kinetic studies
of substrate hirdrolysis do not detect the pKa of His 57 anywhere in
the range 3 - 8.5. Pre-incubation of trypsin at low or at high pH
shows that the failure to detect the pKa of His 57 kinetically is not

due to a slow pH-dependent conformational change.
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The implications of the assignment of a PK, of 6.8 to Asp 102,
and of the pKa of His 57 being below 3, are discussed with regard to

the catalytic mechanism of the serine proteases.
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CHAPTER 1I: Introduction

Since the time when Buchner (1897) obtained the fermentation
system from yeast in a cell-free extract, there has been considerable
effort devoted to the study of enzymes in isolation from the living
cells from which they derive. Enzymology is one of the fields which
lies at an interface between the biological and the physical sciences.
A study of the molecular structure and catalytic mechanism of action
of a purified enzyme represents a challenging physico—chemical
problem; while an understanding of the role of the enzyme in a living
system, the consequences of its absence or deficiency, and the means
of correcting diseases associated with such a deficiency represent
aspects of the biological side of the picture.

Buchner's discovery put to rest Pasteur's argument that fer-
mentation was inseparable from living cells. The ''vital force'
theory of life has long since given way to the idea that living proc-
esses are carried out by molecules composed of the ordinary
chemical elements. Therefore nearly all approaches to the
chemistry of life have involved studying a simplification of the living
cellular system, often to the point of purifying ar;d characterizing an
individual protein, nucleic acid, lipid, or other molecule. In other
cases, assembliesrof molecules, such as membranes, chromosomes,

or ribosomes have been studied, but here again the work is often



performed with isolated components rather than with living cel}s.
Purified biological macromolecules can be studied in greater detail
than more complex cellular systems, and represent interesting
objects in their own right. In addition, the premise behind such
studies is that the pieces will eventually be put together once they are
individually understood, and that a greater understanding of the whole
cell will result.

The goals of physical and chemical studies of a purified
enzynﬁe include a description of the three—-dime-nsional structure of
the molecule; an explanation of the structural reasons for the
specificity of the enzyme toward its natural and artificial substrates
and for the action of various natural and synthetic inhibitors, acti-
vators, or cofactors which affect the action of the enzyme; and an
understanding of the catalytic efficiency of the enzyme, including a
correlation of the molecular structure with the mechanism of action
and ultimately a quantitative description of the factors responsible
for the observed rate enhancement which the enzyme achieves for the
reactions which it catalyzes. While no enzyme is completely under-
stood to the point of quantitating its catalytic efficiency, many of the
details of substrate specificity, inhibitor binding, and mechanism of
action have been correlated with molecular structure for a small but

growing number of enzymes. The subject of this thesis concerns



this general area of the correlation of enzyme structure with enzyme
function, the development of new methods for conducting such exper-
iments with enzymes, and a detailed study of a particular enzyme
molecule-—trypsin from bovine pancreas.

One necessity in understanding any enzyme is the three-
dimensional structure of the molecule, determined to a resolution
which locates all of the non-hydrogen atoms. This can be achieved
by combining electron density information obtained from x-ray
diffraction éf crystals of the enzyme with an independent chemical
determination of the linear sequence in which the various amino acids
are linked to make up the protein molecule. The slowest step in
these long and involved procedures is sometimes the growth of
crystals of the enzyme which are suitable for x~ray diffraction.
Appendix A is a reprint of a paper which describes a new pulsed
diffusion method which was developed for growing crystals of
glutamate-aspartate transaminase from porcine heart and of thymidy-

late synthetase from Lactobacillus casei. The method is useful for

eliminating unwanted amorphous precipitated protein which may
interfere with crystal growth, and for reducing the number of micro-
crystals which form and thus allowing each crystal to grow larger.
The pulsed diffusion technique can also be used to crystallize proteins

which are available in only limited quantities and so should prove



useful for the crystallization of newly purified enzymes.

Once the three-~-dimensional structure of an enzyme is known,
the importance of various parts of the structure to the activity of the
enzyme can be probed using chemical, kinetic, and spectroscopic
methods. Such techniques can also be used in the absence of a
knowledge of structure, but can be interpreted with greater confi-
dence if the complete structure is known. For example, chemical
blocking of Ser 195 of chymotrypsin by diisopropyl-fluorophosphate
(Jansen et al., 1949) and of His 57 by N-tosyl-L-phenylalanyl-
chloromethyl ketone (Schoellman and Shaw, 1963) demonstrated that
these two residues were essential for catalytic activity. However,
the proximity of Asp 102 to these two residues was unknown until the
work on the three—-dimensional structure (Blow Sﬁ_al. , 1969). The
structure of chymotrypsin also showed that Asp 194 was involved in
stabilizing the conformation of the catalytic serine hydroxyl by means
of a salt bridge to the terminal a-ammonium group (Matthews et al.,
1967). The importance of the amino terminus had previously been
demonstrated by chemical and spectroscopic methods (Oppenheimer
et al., 1966).

Another example of the correlation of chemical and crystallo-
graphic results is the story of the substrate binding pocket of tr_‘ypsin

which is specific for a lysine or arginine side chain (Hofmarm and



Bergmann, 1939). Early work on the sequence of trypsin assigned
residue 18951< as an asparagine (Walsh and Neurath, 1964). The
distinction of Asp from Asn, or Glu from Gln, is one of the most
difficult problems in sequencing, and in 1964 there was no reason to
suspect that the side chain of 189 would have any special significance
for the action of trypsin. However, the sequence was later corrected
to Asp 189 (Walsh, 1970). Then Eyl and Inagami (1971) showed that
Asp 189 could be chemically modified by water-soluble carbodiimide
(a characteristic of Asp but not of Asn). ‘Furthermore, the modifica-
tion was inhibited by benzamidine, a competitive inhibitor of trypsin.
The x-ray structure of trypsin (Stroud et al., 1971) shows that
Asp 189 is located at the bottom of the substrate binding pocket of the
trypsin molecule. Therefore, all of the evidence points to the fact
that the binding pocket is specific for positively charged side chains
(lysine and arginine among the natural amino acids) because of the
presence of Asp 189. In addition, the binding of benzamidine in a
salt bridge with Asp 189 in the pocket has been shown crystallo-
graphically (Krieger et al., 1974).

Interest in the catalytic mechanism of the serine proteases has

centered around the active site residues Ser 195, His 57, and Asp102.

* The numbering system referred to for trypsin is that of the homol-
ogous sequence of chymotrypsin (Walsh and Neurath, 1964).



The experiments reported in this thesis were carried out in order to
find out about proton transfers at the active site residues His 57 and
Asp 102 of bovine trypsin during catalysis. The aspartate and imida-
zole side chains together act as a base which participates in the
catalysis by accepting the hydroxyl proton of Ser 195 during the
nucleophilic attack by the serine hydroxyl oxygen of the substrate
(Bender and Kezdy, | 1964). An identification of the individual roles of
Asp 102 and His 57 in this process requires the use of techniques
which can distinguish the two side chains and subdivide the coupled
system. The methods used here were chosen to specifically detect
the ionization state of either the ;arboxyl group or the imidazole
ring. One such method--NMR spectroscopy of a-lytic protease con-
taining a '3C label at the C-2 position of His 57--has previously been
used by Hunkapiller et al. (1973). Our probes for the system have
been infrared spectroscopy to monitor the carboxyl group, and
hydrogen-tritium exchange at the C-2 position of the imidazole ring.
Difference infrared spectroscopy was used to determine that
thg carboxyl side chain of Asp 102 titrates with a pKaL of 6.8 in a
chemically modified-—but still active-—form of trypsin. The implica-
tions of this result for the catalytic mechanism of serine proteases
will be diécussed. A part of the procedure of assigning the infrared

titrations involved the use of specific copper ion (C u++) binding to



Asp 102. The location of the bound inhibitory copper ion was deter-
mined crystallographically from a difference electron density map
obtained from crystals of trypsin with and without copper.

His 57 was studied by measuring the pH dependence of the rate
of exchange of tritium from labeled water with the C~2 proton of the
imidazole ring. Although the .pKa of His 57 has not yet been deter—
mined, the tritium exchange data do provide information concerning
the solvent accessibility and mobility of the side chain. Boundary
conditiops can be put on the assignment of a pKa to His 57 based on
data which will be presented regarding the kinetics of sﬁbstrate
hydrolysis by trypsin. Because of the pH dependence of the rate of
hydrolysis and the assignment of a pKa of 6.8 to Asp 102, the pKa of
His 57 cannot be anywhere in the range 3. 0-8.5. A study of the
effect of pre-incubation of trypsin at low or at high pH on the kinetics
demonstrates that the failure to detect the pKa of His 57 kinetically is
not due to a slow pH-dependent conformational change. Therefore,

His 57 in the serine proteases must have a remarkably low pKa.
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CHAPTER II: On the Mechanism of Hydrolysis by Serine Proteases:
Direct Determination of the pKa's of Asp 102 and

Asp 194 in Bovine Trypsin Using Difference Infrared
Spectroscopy

Abstract

The pKa of Asp 102 in trypsin is shown to be 6.8 0.2 by
difference infrared titration. All but 2.5 of the carboxyls in bovine
trypsin were first modified with semicarbazide. The modified
enzyme still retains full activity toward nonspecific substrates. The
remaining free carboxyls include one equivalent each of Asp 102 and
Asp 194. The absorbances associated with the C+++0 and C=0
stretching modes at 1570 cm—1 and 1710 cm“:l were used to monitor
the proportion of ionized or protonafed carboxyl present in the enzyme
as a function of pD. The pKa of 6.8 was assigned to Asp 102 using
copper ions which bind to trypsin between Asp 102 and His 57, so
lowering the pKapp of Asp 102. The implication of this result for the
ionization of the active site, and for the mechanism of serine pro-—
teases, is discussed. Asp 194 and the C~terminus are shown to

titrate with an average pKa of 2.9.
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Introduction

- The crystallographically-determined structures of all of the
pancreatic serine proteases (chymotrypsin, elastase, trypsin) studied
so far show that the catalytic site contains the hydroxymethyl group of
Ser 195, the imidazole side chain of His 57, and the carboxyl of Asp
102. ! Subtilisin of different evolutionary heritage contains the same
arrangement of side chains at the catalytic site (Alden et al., 1970),
thus emphasizing the seemingly universal efficacy of this particular
arrangement of side chains in peptide hydrolysis by serine proteases.

Early .studies showed that activity depended on a single group of
pKa between 6 and 7 for trypsin and chymotrypsin (Hammond and
Gutfreund, 1955). More detailed results demonstrated that a pK,
near 7 controls both acylation and deacylation (Gutfreund and Sturte-
vant, 1956; Bender et al., 1962). This has usually been attributed to
His 57 and, since reaction occurs best above pH 7, most mechanistic
schemes haye used His 57 first as a general base. One notable ex-
ception is the charge relay mechanism of Blow et al. (1969), which
first gave functionality to Asp 102 as the base in the Asp 102-His 57
system. Jencks (1969), however, pointéd out that the group with

apparent pK, of 7 could represent another group in the enzyme

1 The numbering system referred to is that of chymotrypsin

(Walsh and Neurath, 1964),
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controlling conformation, or effecting a changé in rate-determining
step.

The assumption that His 57 was the catalytic group having a PK,
of 7 seemed to indicate a mainly structural role for the carboxyl
group of Asp 102—--perhaps in maintaining the orientation of the
imidazole of His 57, or in stabilizing an imidazolium ion during
catalysis. Although this perhaps seemed reasonable for the trypsin
family, the finding that subtilisin, of completely different evolutionary
origin, has exactly the same structure at the active site seems to
emphagize the essential role of Asp 102 and raises the question of an
even more specific catalytic function for Asp 102. In addition, it has
been somewhat puzzling as to why the pKa of 7, if it belonged to His
57, were not more perturbed from that of imidazole in aqueous solu-
tion by the negatively-charged group of Asp 102. For these reasons,
we sought ways of determining the microscopic pKa‘s of residues in
the active center of serine proteases. It should be noted that, al-
though many different studies show rate dependence on, or spectral
change associated with,a single group of PKa near 7 (which is re-
quired in its depronated form for activity), most do not distinguish the
microscopic pK of His 57 from that of Asp 102. Hunkapiller et al.
(1973) presented strong NMR evidence that His 57 in o-lytic protease

is not the group which titrates at pH 6. 8, and assigned the titration to
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a neighboring group which they presumed to be Asp 102.

Two problems are apparent in the kinds of experiments which
might attempt this definition. First, the presence of a label on the
enzyme near the active center, which could be used to sense the
changes in environment there, perturbs the enzyme in an unknown
fashion. Consequently the system might no longer be analogous to
the native enzyme and ionizations could easily be perturbed. Second,
spectroscopic methods which can define the ionization state of parti-
cular types of side chains often present a problem of assignment to
the particular group in question. The method used here overcomes
this latter difficulty through the use of metal ions which specifically
bind to the active center and perturb the native enzyme ionization in a
predictable fashion. Nevertheless, the metal label is used only for
assignment and is not present during the primary observations.

Timasheff and Rupley (1972) demonstrated that infrared differ-
ence spectroscopy could be used to study the overall ionization of all
of the carboxyl groups in lysozyme. Bovine trypsin contains eleven
carboxyl groups (Titani et al., 1975), of which three are most easily
identified as being specifically linked to substrate binding (Asp 189),
conformation (Asp 194), and catalytic function (Asp 102). Trypsin
(rather than any other serine protease) was chosen for this study

which used infrared difference spectroscopy, because it contains
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fewer carboxyl residues than many of the other extracellular serine
pr.o’ceases, because its s’tructure has been well-characterized and
refined at 1. 76 A resolution (J. L. Chambers and R. M. Stroud, un—b
published), and because it is the most specific of the pancreatic
enzymes. As a result, ionization of the active site in the many well-
known trypsin—-inhibitor complexes can also be characterized. Autol-
ysis is a particular problem with trypsin, so initial studies were

carried out on benzamidine-inhibited trypsin.

Materials and Methods

Materials: Bovine trypsin from Worthington was 2x crystal-
lized, salt—-freé, lots 2JB and 33P685. D,0 was from Stohler. Semi-
carbazide hydrochloride (Matheson) was recrystallized from ethanol/
water before use. l-ethyl-3(3-dimethylaminopropyl) carbodiimide
from Sigma and benzamidine hydrochloride (Aldrich) were used with-
out further purification.

14c-sc Z2 was prepared according to the procedure of Fersht

Z Abbreviations used: $C-SCZ, “C-semicarbazide hydrochlo-

ride; 1*C-Gly-Et, *C-glycine ethyl ester hydrochloride; DTT, di-
thiothreitol; BAEE, N-benzoyl-L-arginine ethyl ester; NPGB, p-
nitrophenyl-p'-guanidino benzoate; Ac-Gly-NPE, N-acetyl glycine-p-
nitrophenyl ester; PIPES, piperazine-N, N'-bis(2-ethane-sulfonic
acid); trypsin-SCZ, trypsin in which accessible carboxyl groups have
been blocked with semicarbazide by means of a carbodiimide coupling
procedure; DIP-trypsin, diisopropylphosphoryl trypsin.
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and Sperling (1973), starting with 14C—potas sium cyanate (ICN) and
aqueous hydrazine at pH 7. The reaction yielded 96% (of starting
OCN_) semicarbazide based on the 1, 2-naphthoquinone—4-sulfonic
acid assay (Fersht and Requena, 1971a). 4. 3% of the initial OCN
was recovered as _‘tzi_s_—urea, a side product which after recrystalliza~
tion had a specific activity of 215 2,1 cpm/nmole. "“C-Gly-Et
(50uCi) from New England Nuclear was diluted with cold carrier to a
specific activity of 285 +6. 8 cpm/nmole. All scintillation counting
was done using '"Aquasol’ (New England Nuclear) in a Beckman Model
L.S-250 Liquid Scintillation Counter. Reference solutions of known
concentrations of '*C-Gly-Et and '*C-bis-urea were used to correct
for counting efficiency.

Schwarz—-Mann ultra-pure urea was freshly dissolved to 10 M
concentration and deionized on a Column of Dowex AG 501-X8D, then
immediately diluted to 8 M in the reaction mixture. DTT, histamine,
thyrotropin~-releasing hormone (Calbiochem), ethyleneimine (East-
man), L-histidine, glycine, and glycyl-L-histidyl-glycine (Sigma)
were used without further purification.

Normal solutions of "DC1'", "DNO,;'", and "NaOD'" were pre—

" pared as described by Timasheff and Rupley (1972) by dissolving the
appropriate reagent in D,0.

Substrates used to assay trypsin activity were BAEE (Schwarz-
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Mann), NPGB (Cyclo), and Ac-Gly-NPE (Cyclo, recrystallized before
use). PIPES, used in buffers, was from Calbiochem. All other

chemicals were of reagent grade.

Preparation of trypsin—-SCZ. Although native trypsin has a

relatively small number of carboxyl groups (eleven) for a protein of
its size, it is useful to be able to reduce this number in order to ob~
serve the ionizations of individual groups. It can be difficult to de-
termine individual pKa values from a titration curve which is the sum
of eleven separate overlapping curves. The problem was simplified
by modifying accessible carboxyls \&ith semicarbazide using the car-
bodiimide reaction of Hoare and Koshland (1967) and the procedure of
Fersht and Sperling (1973). The reaction has been shown to modify
surface carboxyl groups while not affecting those which are buried
inside trypsin (Eyl and Inagami, 1971) or chymotrypsin (Carraway
et al., 1969; Fersht and Sperling, 1973).

Special precautions were taken to stabilize the active conforma-
tion of the enzyme and to prevent autolysis during the semicarbazide
labeling procedure: a) 12 mM benzamidine was present throughout;
b) the time of reaction was three hours, somewhat shorter than used
by Fersht and Sperling for chymotrypsin. 11.1 g of semicarbazide

hydrochloride (1 M) and 190 mg benzamidine hydrochloride (12 mM)
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were dissolved in 100 ml H,0 containing enough NaOH to bring the pH
to 3. 7. 600 mg trypsin was added. The reaction mixture was stirred
for three hours at room temperature and 1.2 g portions of the carbo-
diimide reagent were added at time zero and again after one hour,

At the end of the three-hour reaction period, the solution was exten-
sively dialyzed against 12 mM benzamidine at 4°C and then lyophilized

to yield 583 mg of white powder.

Infrared spectra. Absorbance of carboxyl groups in the infra-

red spectrum occurs at 1710 cm—_l for the C==0 stretch in the pro-
tonated carboxyl groups, and at 1570 cm—1 for the C—==0 stretch in
the carboxylate anion. These peaks overlap with a strong water bend-
ing mode at 1640 cm—l; therefore, the water of hydration was ex-
changed for twenty hours with D,0. Nearly all remaining solvent
hydrogen will be present at HOD (Timasheiff et al., 1973), and the
bending absorbances for both D,O (1250 cm~1) and HOD (1450 cm—l)
are well outside the 1710 - 1570 c:m-‘1 region.

The amide I band of peptide bonds also overlaps with the car-
boxylic acid peaks, so reference protein solutions were used to can-
cel out pD-independent IR absorption bands. Difference IR spectra
were obtained using pairs of accurately balanced solutions of benzam-

idine trypsin (native and semicarbazide modified) of different pD.
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- Trypsin becomes rapidly less soluble above pD 8.0, as the iso-
electric point is approached. Therefore, the concentration of enzyme
was that of a saturated solution (native or modified enzyme) at pD 7.8
(~1.5 mM), samples of which were pH-adjusted and used throughout
the entire pD range. The enzyme concentration was constant for all
spectroscopy. Unfortunately, trypsin is not soluble enough to give
good IR spectra above pD ~7. 8.

The pD values referred to above are 0.4 unit higher than thg
ones actually read on a Beckman pH meter (Glasoe and Long, 1960).
This effect is almost exactly compensated by the fact that the pKa's
of carboxyls are observed about 0.5 unit higher in D,O than in H,0
(Glasoe and Long, 1960). Therefore, we are omitting both correc-
tions in reporting our results; that is, we are using direct pH meter
readings and unaltered pKapp's. These values are too low for the
enzyme in D,0, but accurately reflect the situation in H,0O.

Trypsin (400 mg) or trypsin-SCZ (400 mg) was dissolved in 8 ml
D,0O containing 12 mM benzamidine and left overnight at 4°C for sol-
vent hydrogen exchange. The sample was then lyophilized, reconsti-
tuted in 8 ml D,O containing 6 mM NaCl, or 2 mM Cu(Cl,) with 4 mM
NaCl, as appropriate, adjusted to pD 7.4 (meter reading) with 1 M
NaOD, and filtered through a Millipore membrane (0.45p). The pD of

the bulk solution was adjusted in stepwise fashion from 7.4 to 1.5
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using 1 M DC1, and 400 pl aliquots were removed at each step change
in pD. Protein concentration was determined using the extinction co-

efficient for trypsin at 280 nm (OD =1.54 for 1 mg/ml, and mo-

280
lecular weight of 23,891 (Robinson et al., 1971)), and was always
near 36 mg/ml (1.5 mM). The difference between this and 50 mg/ml
expected from initial weighing alone is accounted for by the water of
hydration and, to a lesser extent, by the small amount of precipitated
protein which comes out of solution prior to the filtration. The 0.4
ml samples were used immediately or were frozen until used to pre~
vent degradation.

Difference spectra were recorded on a Perkin-Elmer Model 225
Infrared Spectrophotometer, or on a Beckman Model 4240 Infrared
Spectrophotometer interfaced to a Fabri-Tek Model 1062 computer,
to permit averaging of repetitive scans. Samples were contained in
matched sealed Perkin—-Elmer cells of path length 0,125 or 0.150 mm,
or in a variable path cell, all equippéd with BaF, windows. Baseline
controls were run using solutions of identical pD in the two cells,

The temperature of the samples in the infrared beam was kept some-
what below room temperature by blowing chilled dry air onto the
windows and by circulating ice water through copper coils which were

attached to the cells.
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Enzymatic Activity. The activity of trypsin~SCZ was deter—

mined for specific and nonspecific substrates, and compared to "native"
(Worthington) enzyme under the same conditions. One specific assay
used the difference in absorbance at 253 nm between N-benzoyl-L-—
arginine and its ester (Schwert and Takenaka, 1955). The enzymes
were kept in fresh stock solutions in 1 mM HC1, 50 mM CacCl,, pH3.0,
until aliquots were injected into the assay mixture. Assay conditions
were: 4.2 x 100 M enzyme, 0.3 mM BAEE, 60 mM PIPES buffer,

pH 7.0, 25.0°C, ina 1.0 cm cuvette. Change in A253 with time was
recorded using a Gilford Model 240 Spectrophotometer equipped with

a moving chart.

Another assay involved use of NPGB in a specific titration of
active sites (Chase and Shaw, 1967). A typical assay used 2.4 ml of
borate buffer (12.5 mM, pH 8.3), 0.5 ml of enzyme (5 mg/ml), and
0.1 ml of dimethylformamide containing 5 mg/ml substrate. The
initial burst of p—nitrophenol release was monitored at 412 nm. The
number of active enzyme molecules containing both specific binding
pockets and active catalytic sites was determined by comparing the
A412 value to a standard curve for p-nitrophenol concentration in the
assay solution.

Nonspecific activity was determined by following the increase in

absorbance at 412 nm due to hydrolysis of Ac~Gly-NPE. The
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substrate was dissolved in ethanol, the enzyme in pH 3 HC1 as above,
and aliquots of each were injected into the PIPES buffer. Final con-
ditions were: 2.1 x 10-6 M enzyme, 1 mM substrate, 60 mM PIPES,
pH 7.0, 25.0°C. Correction was made for the spontaneous hydrolysis
of substrate in the absence of enzyme. The effect of 0. 01 M benzami-

dine on both native and modified enzyme activities was tested.

Identification of Free Carboxyls in Trypsin—-SCZ. In order to

identify those buried carboxyl groups which had not reacted in the
coupling of semicarbazide to native trypsin, the protein was unfolded
in 8 M urea and newly exposed carboxyls were labeled with “c-scz.
To assure complete unfolding, the six disulfide bridges of trypsin
were first reduced, and then aminoethylated. Reduction of disulfides
was according to Konigsberg (1972). Trypsin-SCZ (70 mg, prepared
as described earlier) was dissolved in 5 ml of 8 M urea containing
0.5 M tris-HCI1, pH 8.1, and 2 mM EDTA. The sample was warmed
to 50°C under N, and treated with a 50-fold molar excess of DTT (138
mg) for four hours. The sample was cooled to room temperature,
and ethyleneimine was added in three portions at ten-minute intervals
according to the procedure of Raftery and Cole (1963), each addition
(140 pl) being a threefold excess over the amount of DTT used. The

product was extensively dialyzed against H,0 to remove excess



22,

i‘eagents, and then lyophilized. Part of the sample was saved for a
control thermolysin digestion (see below) and part was used for the
radioactive labeling of previously unmodified carboxyls.

In order to assay for the amounts of each carboxyl modified,
4C-SCZ or 14C—Gly—Et was coupled to the remaining free carboxyls
in reduced S-aminoethyl trypsin-SCZ by a procedure similar to those
of Carraway et al. (1969) and Fersht and Sperling (1973). 23 mg of
the protein was dissolved in 1.6 ml of 10 M urea. 0.3 ml of a solu-
tion of *C~SCZ (0. 8 M, 215 cpm/nmole) or *C-Gly-Et (1 0 M, 285
cpm/nmole) was added and the pH adjusted to 4.2 for SCZ labeling or
4. 75 for Gly labeling, with 0.5 M HCI. 38 mg of the carbodiimide
reagent was added, and the pH maintained at 4.2 or at 4, 75 with HCI.
Additional 38 mg aliquots were added after one hour and again after
two hours to ensure complete reaction with label. After four hours,
the carbodiimide reaction was quenched by adding 5 ml of 1 M sodium
acetate, pH 4. 75, which reacts with remaining reagent. The solution
was then dialyzed against H,O at 4°C until the radioactivity in the
dialysate had been reduced to the level of the background in pure
water. An aliquot of labeled protein solution was saved for scintilla-

tion counting and A2 measurement. The remaining sample was

80

lyophilized prior to digestion with thermolysin.

Three batches of modified S-aminoethyl trypsin-SCZ were then



23.

available: a '"cold" sample which still had free those carboxyl groups
which are buried in native trypsin, and two radiocactively-labeled
samples, one containing C-SCZ and the other containing HC-Gly-Et
attached to the previously buried carboxyls. Ten mg of each protein
sample was dissolved in 0.6 ml of 10 mM tris—-acetate buffer, pH 8.0,
containing 2 mM Ca++ and 50 pg thermolysin (Matsubara and Sasaki,
1968). Enzymatic digestion of the sample was carried out at 37°C for‘
three hours, and an additional 0.1 ml aliquot of the thermolysin solu-
tion was added after 1.5 hours to ensure maximum digestion. The
reactions were stopped by addition of one drop of_lS% acetic acid, and
the samples were lyophilized.

To determine which peptides contained the label, each sample
of thermolytic peptides was reconstituted in 100 pl H,O. Ten pl or 20
pl portions were spotted on 46 cm x 57 cm sheets of Whatman 3 MM
paper for peptide maps at pH 6.5 (Bennett, 1967). Descending chro-
matography (butanol:pyridine:water:glacial acetic acid, 15:10:12:3) in
one direction was followed by electrophoresis at pH 6.5 in pyridine
acetate buffer in the other direction. At least three maps were run
for each sample. One of the maps in each set was dipped in staining
solution (300 ml of 100% ethanol, 40 ml collidine, 0.5 g ninhydrin,
100 ml glacial acetic acid). Autoradiography was used to locate spots

with labeled peptides, on both stained and unstained maps from the
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same sample. Radiograms were made using Kodak RP-54 medical
x-ray film placed in contact with the maps for five to eighteen days.
In order to define the location of labeled residues in the trypsin
sequence, peptides were eluted from the paper using 10% aqueous
NH,OH. After lyophilization each peptide sample was reconstituted in
1. 00 ml H,0 containing an accurately known amount of norleucine to
serve as an internal standard during amino acid analysis. 100 pl
aliquots were taken for scintillation counting. The remaining portions
were hydrolyzed in redistilled constant boiling HC1 at 110° for twenty
hours. Appropriate aliquots were used for quantitative amino acid
analysis on a Beckman Model 120-C or a Durrum Model D-500 Amino

Acid Analyzer.

Results

Infrared Spectra of Benzamidine Trypsin. The direct spectrum

of trypsin dissolved in D,O (pD = 4.6) is shown in Figure 1. The most
notable features of the spectrum are the broad band centered at 1640
cm—1 due to absorbance by peptide backbone amide carbonyl groups,
and the band at 1450 cm—1 which shows extensive deuteration of the
peptide N—H groups. At the peak maximum at 1640 cm_1 the trans-
mittance drops to 3.5%, or an optical density of 1.5. Thus, differ-

-1
ence spectra will exhibit decreased sensitivity at 1640 cm = due to the
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small amount of radiation passing through the reference and sample
cells. Nevertheless, the situation is considerably improved at the
frequencies which will be of interest in the difference spectra below,
since the absorbance values are 0.6 at 1600 cm—1 and 0. 8 at 1680
cm . A shoulder due to side chain carboxylate absorbance can be
seen at 1590 cm--1 , and the population of protonated carboxyl groups
at pD 4.6 produces a barely detectéble broadening at 1710 cmml.
Difference spectra were recorded in the rangé from 1800 cm--1
to 1500 cm”1 using pairs of samples with equivalent protein concen-
tration from a series of protein solutions of varying pD. Examples of
such spectra are shown in Figure 2. At 1710 crn—1 there is a peak
representing the excess population of protonated carboxyl groups
present in the low pH sample, while at 1570 cm_1 there appears a
peak of opposite sense representing the corresponding excess of
ionized carboxyls in the high pH sample. By plotting the heights of
optained
the peaks at either frequency from a series of spectrag;sing solutions
of various different pD's, one can obtain a titration curve which is the
sum of the titration curves of all of the carboxyl groups in the en—
zyme, as was done by Timasheff and Rupley (1972) for lysozyme.
Because of variations in the baselines, the peak at 1710 cm—1 was

-1
easier to measure than the peak at 1570 cmm . Differences in base-

lines are attributed to small differences in protein concentrations and
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in HOD content between the reference and sample cells. Measure-
ments were made by converting the values of percent transmittance
to absorbance at the baseline and at the maximum of each 1710 cm—1
peak (see arrows in Figure 2). The differences in absorbance were
plotted on a graph in which the absorbance at pD 1.5 was arbitrarily
set equal to zero (Figure 3). This graph is the sum of the titration
curves of the carboxyl groups of bovine trypsin.

Rather than trying to extract and assign individual pKa's based
on the graph in Figure 3, a procedure which would reduce the number
of titrating carboxyl groups in the enzyme was pursued. The charac-
terization of the modified enzyme (trypsin—-SCZ) will be presented

prior to a consideration of the infrared spectra of trypsin-SCZ.

Catalytic Activity of Semicarbazide-Modified Trypsin. After

blocking accessible carboxyl groups of trypsin with semicarbazide,
the modified enzyme (trypsin—-SCZ) was tested for activity toward
specific and nonspecific substrates. The results in Table I show that
88-92% of the molecules have lost the ability to bind the specific sub-—
strates BAEE and NPGB, due to modification of Asp 189 in the binding
pocket. The use of the active site titrant NPGB allows one to deter-
mine that the 8% residual activity is in fact due to molecules having

normal binding pockets, and is not merely nonspecific hydrolysis by
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blocked trypsin. The agreement between the NPGB (initial burst) and
BAEE (overall rate) results indicate the the action of trypsin-SCZ
toward specific substrates can be completely accounted for by the
modification of Asp 189, and that any other carboxyl groups which
have been modified have no effect on activity.

Enhanced catalytic activity is seen for trypsin-SCZ toward the
nonspecific substrate Ac—Gly-NPE. This result is not surprising for
trypsin, when a small molecule is bound in the specific side chain
binding pocket. Inagami and York (1968) have observed similar
effects upon binding of small side chain analogues such as methyl
guanidine to trypsin. The activity of trypsin—-SCZ toward Ac-Gly-NPE
is not diminished by the presence of benzamidine (Table I), a fact
which further confirms that the binding pocket has been blocked.

The blocking of Asp 189 in the trypsin binding poéket was also
observed by Eyl and Inagami (1971) when they coupled glycinamide to
accessible carboxyl groups using the carbodiimide procedure at pH
4.75. At that pH the modification of Asp 189 was shown to be inhibit-
ed by 0.4 M benzamidine. In our hands a much lower concentration
of benzamidine (12 mM) did not prevent reaction of Asp 189 during
carbodiimide coupling of semicarbazide at pH 3. 9. These results are
expected and consistent, since benzamidine binding has been shown to

depend on a pKa of 4.6 (East and Trowbridge, 1968). In our case both
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the lower inhibitor concentration and the neutrality of Asp 189 act to
reduce benzamidine binding. The size and geometry of the semicar-
bazide group in the binding pocket of trypsin were estimated by build-
ing the blocking group into a wire model of the active site region.
Figure 4 shows the result of such model building using the trypsin
coordinates of Krieger, Kay, and Stroud (1974). The minimum
distance from the blocking group to the active site serine hydroxyl is
7.3 A in the model. Therefore, no close contact with the catalytic

groups or with nonspecific substrates is anticipated.

Identification of Remaining Free Carboxyl Groups in Trypsin-

_SE_Z_ A sample of trypsin-SCZ was denatured to expose free carbox-
yls which had escaped modification in the blocking reaction. The re-
duced S—aminoethylated trypsin-SCZ was dissolved in 8 M urea. The
carbodiimide reaction was again used to couple "*C-Gly-Et or *C-
SCZ to the remaining free carboxyls. Each protein molecule incor-
porated 2. 57 £0. 09 molecules of SCZ label, or 2.53 +£0.12 molecules
of Gly label. Thus, the two labeling tests are in agreement and show
that 2.5 carboxyl groups remained unblocked in trypsin-SCZ.
Thermolysin was used to digest S—aminoethylated trypsin—-SCZ
before and after incorporation of radioactive label. Two—dirﬂensional

peptide maps of unlabeled and *C-Gly-Et labeled samples are shown
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in Figure 5. Two peptides in the unlabeled sample which run toward
the positive electrode at pH 6.5 (Figure 5A) are absent from the map
after "C~Gly-Et treatment (Figure 5B). Because of their amino acid
composition (Table II) these peptides were identified as Leu99-—Asn—
As’n—Asp1 02 (major spot), and Leu99—Asn~Asn—Asp1OZ—Ile-Met-Leu
(minor spot), respectively. This provides a direct demonstration that
Asp 102 in some of the molecules does not react with carbodiimide in
native trypsin, but does react when the enzyme is denatured.

The Asp 102-containing peptide and other labeled peptides in
the 14C—Cvly—Et map were identified by autoradiography. The radio-
gram in Figure 6 shows the locations of the labeled spots and the as-
signments made by amino acid analysis of eluted peptides (Table II).
The peptide labeled '"102" in Figure 6 includes the composition ex—
pected for the part of the sequenc’e Leu99-Asn—Asn—Asp1 02’ although

*G]!y
contaminating peptides are also present in the same spot. With the
bulky uncharged blocking group on the f-carboxyl of Asp 102 thermol-
ysin cleavage is more efficient at the Asp1 OZ-Ile bond; and the longer
heptapeptide containing Asp 102 does not appear in the map. .The oo
peptide is assigned to Ile

Z—Ala-Ser—Asn -*Gly in the sequence.

24 245

The group of peptides labeled '"194" all have the same composition

except that they vary in valine content. The composition is consistent
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with the long peptide Leu—Glu1 86—G1y—G1y—Lys—Asp189—Ser—Cys—G1n—
Gly—AI&spl 94—Ser-Gly—G1y—Pro-(Val)—(Val), which actually contains
*Gly
three acidic side chains which are potential candidates for carrying
the YC-Gly-Et label. However, the studies of substrate specificity
of trypsin-SCZ (see section above) exclude Asp 189 as a possibility.
The three-dimensional structure of trypsin which shows Glu 186 ex-
posed to solvent and Asp 194 buried, and the fact that Carraway et al.
(1969) and Fersht and Sperling (1973) have shown that Asp 194 in
chymotrypsin will not react with carbodiimide unless the enzyme is
denatured, indicate that the assignment of Asp 194 as the radiolabeled
group is correct. Specific activity measurements were used to ex—
clude the possibility that both acids become fully labeled (see below).
To determine quantitatively the percentage of each carboxyl
which remained unblocked in the trypsin-SCZ sample, it was neces~
sary to use '*C-SCZ for the second couplirg reaction under denaturing
conditions, so that labeled and unlabeled peptides would be chemically
identical and therefore run to the same place on the peptide map. The
specific activity of each peptide after thermolysin digestion was
therefore a measure of the proportion of each particular carboxyl
which remained unblocked in trypsin—-SCZ. Figure 7 shows an auto-

radiogram and drawing of a peptide map of 14C-SCZ labeled S-amino-

ethyl trypsin-SCZ. The C-terminus of Asn 245 did not come out in a
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single peptide spbt whose specific activity could be determined.
Nevertheless, Asp 102 and Asp 194 were each labeled with one mole
of MC per mole of proteiﬁ. The compositions of the peptides, their
séquence assignments and the results of the quantitative measure-
ments are listed in Tables II, III, and IV, respectively. Asn 245
must be responsible for most of the remaining 0.5 mole of radio-
activity. Thus, the modified enzyme trypsin-SCZ contains 2.5 free
carboxyl groups, and these are identified as Asp 102, Asp 194, and

about 50% of the molecules which have the C~terminus unblocked.

Infrared Spectra of Trypsin—~-SCZ. Difference spectra were

recorded in the same way as for unmodified trypsin. Benzamidine
was present in all solutions to prevent autolysis by the 10% of mole-
cules which still had binding pockets containing unblocked Asp 189.
Difference infrared peaks due to each of the two titrations in the pH
range 1.7 - 7.5 are shown in the spectra in Figure 8. The COO
peak in most of these spectra cannot be quantitated because these
spectra were recorded without the use of a variable path length
reference cell. Any small difference in path length will be reflected
in the amide I band, centered at 1645 cm_1 (see Figure 1), and mag-
nified by the number of total amides (~220) in the trypsin molecule.

The spectra recorded in Figure 9A were made with a variable path
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length cell where the balance is corrected experimentally.

In the low pH region, an absorption due to COOH appears at the
usual frequency (1710 cm—l) and disappears between pH 2 and pH 3 as
the titration occurs (Figure 8, left). Although the reciprocal COO
peak does not show up in Figure 8, it can be seen in Figure 9A at
1590 cm_l. Between pH 3.5 and pH 6, the infrared spectrum of
trypsin—-SCZ contains no pH-dependent peaks in the region from 1800
cm-1 to 1500 <:m_-1 (Figure 8, center). Between pH 6 and pH 7.5,
difference peaks appear at frequencies which are shifted by 30 cm_1
from the usual frequencies observed for carboxyl groups. A peak at
1680 cm_1 disappears as the pH is raised from 6 to 7.5. This peak
can be seen by comparing the pairs of spectra (Figure 8, center and
right) recorded using sample solutions of pD 6.6 and 7. 05 with
various reference solutions. (pD 3.2, 3.8, 4.35, and 6.6). The spec-
trum which has ApD = 7. 05 - 3. 8 contains an unusually small peak for
two reasons: 1) part of the peak has been cut off by the uneven base-
line due to amide I imbalance, and 2) the spectrum has been recorded
at a relatively low position on the logarithmic percent transmittance
scale.

The corresponding peak at 1600 cm_1 can be seen along with the
1680 c:m_1 peak in the ApD = 7.13 - 6.5 spectrum of Figure 8, and in

the ApD = 7.4 - 4. 7 spectrum of Figure 9. Since Figure 9 is on a
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linear absorbance scale, the sizes of those peaks correspond to their
relative intensities, a feature which is not true of the logarithmic
pércent transmittance scale. The COO absorption band is known to
be several times as intense as the COOHvband (Timasheff and Rupley,
1972).

Frequencies of 1680 c:m_‘1 and 1600 cm—1 are reasonable for a
carboxylic acid which is strongly hydrogen bonded. If the protonated
acid were in a position to act as an unusually strong hydrogen bond

donor,

then the H—-OB bond distance would be a little longer than normal,

the C-—OB bond distance would be a little stronger than a single bond,

and the C=OA bond (whose stretching is normally observed at 1710
cm‘l) would be a little weaker than a normal double bond and would

-1
absorb radiation of a lower energy, namely 1680 ctn . By the same

token, a carboxylate base which were hydrogen bonded,
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would experience an uneven distribution of charge on the two oxygens
and a nonequivalence of bonds C—-—OA and C——OB. In this case, the
symmetric stretch would be expected at higher energy than the nor-
mal 1570-1590 <:m—1 range, and the asymmetric stretch at lower
energy than the normal 1410 cm—l. Frequency shifts of 30 - 40 cm-_1
from the usual positions are common for carbonyl groups which are
hydrogen bonded (Susi, 1972).

The data from a number of difference spectra of solutions of
trypsin-SCZ in D,0O at various pD's from 1.7 to 7.3 were combined
to obtain the titration curve shown in Figure 10. The percent trans-
mittance values at the maxima and the baselines of the 1710 ¢m~1
and 1680 cm--1 peaks were measured (arrows in Figure 8). After
conversion to absorbance units, the data from the two peaks were
plotted on the same scale. Two titrations can be seen, and both are
steeper than would be expected for single or noninteracting groups.
Nevertheless, the slope of the titration having its midpoint at pH 2. 9
is 1.5 times the slope of the titration at high pH. The curve cannot
be extended beyond pH 7.5 because of the decreased solubility of
trypsin at high pH, so one cannot see the endpoint of the second
titration. However, the ratio of the slopes of the two titrations,
1:1.5, and the total of 2.5 carboxyl groups in the trypsin-SCZ mole-

cules strongly suggest that the low pH titration represents 1.5
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ca.rboxyl groups, while the titration at high pH is due to a single car-
boxyl group. In addition, the observation of an absorption at an un-
usual frequency. (1680 cm_l) can most reasonably be assigned to a
single group in an unusually strong hydrogen-bonded environment.

If the low pH titration is assumed to represent the titration of 1.5
groups, the expected endpoint (and therefore the midpoint) of the pH
6. 8 titration can be estimated. The midpoint occurs at pH 6. 8.

The average intensity of the absorption by one carboxyl group
in trypsin can be determined from Figure 3 using the total of eleven
carboxyl groﬁps (ten of which absorb at 1710 cm_l) in thé entire
molecule (Titani et al., 1975). When this average intensity is cor-
rected for the difference in path length and compared with Figure 10,
the low-pH limb of the titration curve is found to correspond to 2,0
carboxyl groups of ""average'' intensity. This value of 2. 0 does not
permit a choice between the alternatives of assigning 1.5 or 2.5
groups to the low—pH limb. In any case the extinction coefficient for
a particular carboxyl group is expected to depend on its environment
and should be quite variable (see control studies and Figure 12, be-
low). Thus a comparison of extinction coefficients is not meaningful.
The most stréightforward assignment is that 1.5 carboxyl groups titrate

with an average pKa of 2.9, and one carboxyl titrates with a pKa of

6.8.
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Infrared Spectra of Trypsin-SCZ in the Presence of Copper

(Cu++) Ions. The use of copper ions as a specific probe permits

one to assign the pKa of 6.8 to Asp 102 rather than to either Asp 194
or Asn 245. In the presence of 2 mM or 6 mM CuCl, the difference
infrared spectrum of 1.5 mM trypsin-SCZ no longer shows peaks
between 6 and 7.5 (Figure 11, center), but instead the peaks at 1680
'cm—1 and 1600 cm-_1 appear between pH 4 and 5.5 (Figure 11, bot-
tom, and Figure‘9B). The titration of PK, 6. 8 is shifted to lower pH
due to competition between Cu++ ions and protons. The observed
pKa depends on the binding constant for copper and the concentration
of copper, as well as upon the intrinsic pKa in the absence of copper.

If the system is described by the following equilibria:

=
+
Q
fe]
I

(E_)(Cu++), pKI = 4,0 (Berezin et al., 1967)

then the observed pKa will be the pH at which the ratio

E-H
(E7) + (E )(Cu' )

++
Cu

I
parent pKa will be 5.5 for the above ionization constants with 2 mM

1)}. This ap-

is equal to 0.5 {Ka (apparent) = Ka (true)(1 + [
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Cu++. This formulation assumes that Cu++‘ does not bind to the E-H
form, since Cu++ binding has been shown to depend upon a group of
pKa of 6.8 (Martinek et al., 1969).

The location of the Cu++ binding site is derived from crystal-
lographic studies of silver (Ag+) ion binding to DIP-trypsin (Cham-
bers ft_g._];. , 1974) or to trypsinogen, and from the fact that CuJrJr and
Ag+ are inhibitors of trypsin and chymotrypsin which compete with
each other (Martinek et al., 1969). An Ag' ion binds between His 57
and Asp 102 in two crystalline forms of DIP-trypsin and in trypsino-
gen. Cu++ competes kinetically with Ag+ and therefore presumably
binds in the same site. We are currently pursuing a crystallographic
study of benzamidine trypsin containing bound Cu++ in order to un-

equivocally determine the location of copper binding.

Infrared Spectra of Control Compounds. Since 1680 cm—l and

1600 cm—1 are not the most common frequencies for carboxyl group
absorption, one may questidn whether an imidazole side chain could
give rise to these bands in the infrared spectra. Being an aromatic
ring, imidazole does indeed absorb between 1600 and 1700 cmnl, bal—
though the extinction coefficient for this absorption is much lower
than for carbonyl absorption. Therefore one would expect any

imidazole bands to be difficult to detect in an enzyme solution which
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must necessarily be dilute. Furthermore, it is not obvious that
imidazole titration should shift the absorption and produce bands in a
difference spectrum. Therefore, several compounds containing
imidazole were used to teét for the presence of any histidine-depen-
dent titrations which would be seen in this region of the infrared
spectrum.

Neither imidazole nor histamine at 20 mM concentration pro-
duce any peaks in a difference spectrum over the pH range 4.5-10.5
between the frequencies 1800 cm—1 and 1500 cm-1 (Figure 12-1 and
12-II). This observation rules out the possibility that infrared ab-
sorption by a titrating imidazole could give rise to the peaks at
1680 cm_1 and 1600 crn_-1 in difference spectra of trypsin-SCZ.
Therefore, a carbonyl group of trypsin—-SCZ is the only species
which could give peaks befween 1600 and 1700 c:rn“1 which are strong
enough to be seen with the concentration of enzyme being used.

The question of whether a carbonyl absorption can be perturbed
by titration of a neighboring group is a more interesting one. This
phenomenon was studied using glycine and/or histidine in D,0O solu-
tions (Figure 12-IIT and 12-1IV). For the case of glycine, titration of
the amino group does effect the position and intensity of the glycine
carboxylate infrared absorption. This is presumably an electron-

withdrawing effect of the ammonium group, on the carboxyl of
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glycine. With histidine the same effect is seen when the amino group
titrates. In addition, there is a further perturbation of the o-
carboxyl due to titration of the imidazole, although this situation does
not occur in the protein where there is no a—~carboxyl.

Free histidine in solution is not a good model for histidine in a
protein because the amino and carboxyl groups are not involved in
amide bonds. The tripeptides Gly-His-Gly and pyro-Glu-His-Pro-
amide (thyrotropin-releasing hormone) provide examples of histidine
in peptides and enable one to test whether imidazole titration can
affect neighboring peptide carbonyl groups. Gly-His-Gly contains
two peptide carbonyl groups which absorb at 1655 crn--1 and the car-—
boxyl terminal which absorbs at 1585 cm"1 at pD 4.5 in a direct
spectrum with D,0 in the reference cell (Figure 12A-V). Difference
spectra show that titration of the imidazole of Gly-His-Gly changes
the intensity of the amide carbonyl absorption band. The ionization
state of neither the amino terminal nor the imidazole ring has any
effect on the infrared absorption of the carboxyl terminal of Gly-His-
Gly (Figure 12A-V). The intensity changes which are seen in the
control compounds such as glycine and Gly-His~Gly indicate that
absolute extinction coefficients are meaningless forv carboxyl or car-

bonyl groups in unusual environments such as proteins,
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The infrared peaks due to the amide carbonyl groups of pyro-
Glu-His-Pro-amide are also affected by imidazole titration, but only
to a very small extent (Figure 9C and Figure 12-VI). This tripeptide
has both amino and carboxyl termini blocked so that imidazole is the
only ionizable species in the molecule. Figures 9C and 12-VI show
that there are peaks in the difference infrared spectrum of this hor-
mone between pH 4.5 and 10.5. The intensities of the peaks are
quite low, and the spectrum is biphasic—-—unlike a simple difference
spectrum containing one positive and one negative peak. The histi-
dine must be influencing at least two of the four carbonyls in the
molecule, and affecting them in different ways. The peaks are of
such low intensity that they would almost not be seen at 1.5 mM con-
centration (Figure 12B). The two larger peaks in Figure 12A-VI
have intensities of less than 5% and 22% of the peaks seen for
trypsin—-SCZ when normalized to equivalent concentration. This low
intensity would seem to rule out a consideration of histidine pertur-
bation of a neighboring carbonyl being responsible for the difference
infrared spectrum of trypsin-SCZ, unless by coincidence the effects
of the three histidines of trypsin happened to be additive. That
such effects should be additive seems less likely than that they might
tend to partially cancel each other, since a biphasic spectrum is ob-

served for the effect of a single histidine on the several carbonyls of
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thyrotropin-releasing hormone.

The most telling control experiment which shows that titrations
of the three histidines of trypsin—-SCZ could not be acting in concert
to give the difference infrared peaks at 1680 cm—1 and 1600 c1rn“1 is
the enzyme itself. In the presence of 2 mM Cu++ ions the peaks dis-
appear from the pH 6-7 region and reappear at lower pH. Two of the
histidines ‘(His 40 and His 91) titrate with apparently normal pka‘s
between 6 and 7 (Markley and Porubcan, 1975; Krieger et al., 1976).
Yet no difference peaks are seen between pH 6 and 7 for 2 mM Cu++
with 1.5 mM trypsin-SCZ. The mole ratio of copper to enzyme is
1.3:1, so since Cu.Jr+ binds between Asp 102 and His 57 with
KI = 10—4 M, there is no possibility of copper binding stoichiometri-
cally to the other histidines, although some nonspecific copper bind-
ing has been observed (Berezin gt;a:}_. , 1967). Thus, the infrared
difference peaks seen at 1680 and 1600 cn'l_1 for trypsin—-SCZ must be
due to a single group on the enzyme which binds copper. The inten-—
sities of the peaks require that they be due to a protonated and an
ionized carboxylic acid, respectively, and the frequencies of the

peaks are the ones expected for a strongly hydrogen—-bonded car-

boxylic acid such as Asp 102.
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Discussion

These experiments combine the use of difference infrared
spectroscopy, chemical modification, and specific inhibitor binding
to monitor the ionization state of a single carboxyl group at the active
site of trypsin as a function of pH. That difference infrared spectro-
scdpy could be used to follow the titrations of carboxyl groups in an
enzyme has previously been shown by Timasheff and Rupley (1972).
The usefulness of this spectroscopic technique in general is limited
by the number of carboxyl groups in the enzyme, and by the effec-

‘tiveness of curve-fitting methods that can be used to deduce individ-
ual pKa's from an overall titration curve which represents the sum
of all the carboxyl groups in the molecule. The method described in
this ﬁaper overcomes these problems through chemical blocking of
most of the carboxyl groups of trypsin, and uses a specific copper
ion inhibitor to assign a particular pKa, 6.8, to a particular car-
boxylic acid side chain, Asp 102.

The carbodiimide coupling of semicarbazide to accessible sur~-
face carboxyl groups reduced the complexity of the titration curve
obtained from the difference spectra of trypsin. The trypsin-SCZ
molecule had only 2.5 free carboxyl groups, 1.5 of which titrated

with an average apparent pKa of 2.9, and one which had a pKa of 6. 8.
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The pKa values of 2.9 and 6. 8 were far enough apart to be easily re-
solved, and a two-step titration curve resulted. The pKa‘s of the
1.5 groups (Asp 194 and the carboxyl-terminal of Asn 245) contribu-
ting to the low pH portion of the curve were not resolved and thus in-
dividual assignments cannot be made for these groups, although both
titrate close to pH 2. 9. The slopes of both limbs of the titration
curve of trypsin-SCZ are steeper than would be expected for single
or noninteracting groups. The reason for the steep slopes could be
chemical, such as a pH-dependent conformation change.of the en-
zyme, or cooperativity of more than one side chain ionizing over the
same pH range. Alternatively, the explanation could involve diffi-
culties in obtaining the intensities of the infrared peaks~-such as the
use of peak heights rather than areas; or the insensitivity of the in-
struments to the very small peaks which should be present between
pH 3.5 and pH 6, but which were not observed.

The assignments of the two limbs of the titration curve to the
carboxyls——Asp 102, and to Asp 194 and Asn 245--of trypsin-SCZ
were made possible by the use of the spectra recorded with Cu++
present. The consequences of Asp 102 having a pKa of 6. 8 will be
discussed below. That assignment leaves Asp 194 and the C~termi-
nus with an average pKa of 2.9, the individual values not resolved

but probably neither one too far away from 2. 9. A pKa near 2.9 is
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in ag?eement with previous suggestions of a pKa of 3 for Asp 194
based on observed changes in optical rotation, UV-absorption, and
fluorescence which accompany a pH-dependent conformation change
in 8-chymotrypsin having a pKa of 3 (Garel et al., 1974). The
characteristics of the conformational change are similar to the ones
observed for the alkaline pH transition controlled by the deprotona-
tion of the amino terminal (Fersht and Requena, 1971b). Since Asp
194 is involved in an essential buried salt bridge with the amino ter-
minal of the enzyme (Siglér etal., 1968), the two conformational
changes might be expected to be similar. In addition, a lower than
normal pKa would be expected for a carboxyl group in a buried salt
bridge due to the added stability derived from the overall neutrality
of an ion paii'. Thus, a pKa for Asp 194 in the region near 2.9 is
very reasonable. pH 2 - 3 is the normal range for a pKa of an a—
carboxyl group, such as the C~terminal of Asn 245, so again the
assignment is reasonable. Furthermore, this carboxyl group exists
in a solvent—-accessible salt bridge with Lys 107 and Lys 87, which
presumably also contributes to the diminished activity of this car-

boxyl to the blocking reagent.

The Ionization of the Catalytic Site. This experiment provides

a direct determination of the PKa of Asp 102 in trypsin-SCZ. The
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modified ehzyme is still fully active toward nonspecific substrates
indicating that the éctive sites are affected to an insignificant extent
by the labeling procedure. Furthermore, if either Asp 102 or Asp
194 had been labeled to any small extent, the labeled groups would
not contribute anywhere to the infrared absorption spectra, which
would respond only to the titration of the total number of free car-
boxyls in the enzyme solution. Therefore, the pKa of Asp 102 in
native (unmodified) trypsin must be about 6. 8, and this pKa, rather
than that of His 57, is responsible for the low limb of the pH-activity
profile. It should be noted that this assignment is totally consistent
with the wealth of kinetic evidence on serine proteases which shows
that an apparent pKa of 6. 8 controls both acylation and deacylation.

The enthalpy of ionization of the rate-controlling group of pKa
6.8 has been determined and is 5. 0 kcal/mole for acylafion and 4.1
kcal/mole for deacylation of a—chymotrypsin (Rajender et al., 1971).
These values are intermediate between the expected enthalpies of
jonization in water solution for an imidazole ring (7 kcal/mole) and a
carboxylic acid (1 kcal/mole; Greenstein and Winitz, 1961). The en~
thalpy of ionization of Asp 102 in trypsin is therefore 3-4 kcal/mole
higher than that of a free carboxyl group in solution. A similar value
of AHioniz. = 3.5 kcal/mole has been reported for Asp 52 of lyso-

zyme (Parsons and Raftery, 1972). Such unusual thermodynamic
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parameters for carboxylic acids illustrate the ability of the folded
protein to gequ,ester specific groups away from aqueous solution in
hydrophobic pockets.

The pKa of His 57 in trypsin is still unknown, although there is
evidence that the imidazole ring of His 57 in a bacterial serine pro-
tease remains neutral between pH 8 and pH 4. This derives from
the NMR experiments of Hunkapiller et al. (1973), who incorporated
histidine labeled with '3C at the C, position into a-lytic protease (a
bacterial homologue of the trypsin family). The C—H coupling con-
stant in this enzyme resembled that of the neutral imidazole species
down to about pH 4.0 even at 34°C. At pH 3.3, the C—H coupling
constant and the line width behaved as though the imidazole were
partially ionizing and partially ejected into solution at 34°C. This
may represent partial or local denaturation of the protein. There-
fore, the true PKa of His 57 in the enzyme may in fact be lower than
3.3. In any case, their results provide strong evidence that His 57
in a-lytic protease, and by inference in the other serine proteases,
has an abnormally low pKa.

Other evidence for an abnormally low pKa for His 57 comes
from kinetic measurements which show that the pH rate profile can
be satisfactorily explained by a single pKa of 6. 8 between pH 8 and

pH2-3. The rate of deacylation of acetyl-L~tryptophan-chymotrypsin
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(Kezdy et al., 1964) and the rate of hydrolysis of acetyl- L-phenyl-
alanine-p-nitrophenyl ester by §-chymotrypsin (Fersht and Renard,
1974) both depend on a single pKa of ~6. 8 from pH 8 down to pH 2.
The deacylation rate dui‘ing trypsin-catalyzed hydrolysis has simi-
larly been shown to depend only upon a pKa of ~6. 8 in the pH range
3-7 for the specific substrates N-benzoyl-L-arginine ethyl ester
(Stewart and Dobson, 1965) and N-a-carbobenzoxy-L~-lysine-p-nitro-
phenyl ester (Koeppe et al., 1976), and for the nonspecific substrate
N-a-carbobenzoxy-L~-tyrosine—-p-nitrophenyl ester (Bender et al.,
1964). If His 57 became protonated above pH 2 in chymotrypsin or
PH 3 in trypsin, the SIOpé of the line in a plot of log rate vs. pH
(Dixon, 1953) should change from one to two with a small region of
curvature at the pKa value. Instead, data in all of the above experi-
ments fall on single straight lines of unit slope over the pH ranges
indicated. Therefore, His 57 must have a pKa below 2 in chymo-
trypsin and below 3 in trypsin. The proportion of protonated imida-
zolium ion at His 57 is expected to be extremely low at neutral pH.
One puzzling feature of this system is that the pKa of His 57
has to be less than 2. 0. While there is precedent for a much raised
pKa of a carboxyl group in lysozyme (Parsons and Raftery, 1970;
Timasheff and Rupley, 1972), there is as yet no other case of an

imidazole in a protein having a pKa as low as 2. 0. The presence of
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an adjacent carboxyl of high pKa would be expected to stabilize the
neutral form of imidazole somewhat, and so lower its pKa whenever
the carboxyl pKa exceeds that of the imidazole. One can only con-
clude that it is exceedingly difficult to protonate the solvent—inacces-
sible 6-nitrogen of His 57, and that the high stability of the active
center structure simply prevents this from occurring above pH 2. 0.
Since the pKa of Asp 102 in trypsin has been determined, the
ionization of the active site residues at pH 6. 8 is as described in
Figure 13. It would previously also have been reasonable to assume
that the pKa of His 57 was about 7. 0 while that of Asp 102 was fairly
low. In either case the ionization at pH 6. 8 leads to the same state
for the active form of the enzyme above pH 6. 8—namely a charged
carboxyl and neutral imidazole. Below pH 6. 8 the system as a whole
takes up a single proton, and this is relayed via the imidazole to
Asp 102. In the process the e—nitrogen of His 57 receives a proton
from solvent and the carboxyl of Asp 102 receives the proton pre-
viously on the §—nitrogen of His 57. Below pH 6. 8 the active center
contains neutral aspartic acid and neutral imidazole (Hunkapiller
EE’_a_l. » 1973), as opposed to an ion pair which would be present in the
previously more accepted scheme. The proportion of imidazolium
ion at pH 7. 0 is probably less than 10_4. Both the reverse separa-

tion of the pKa's and the interaction between these groups in trypsin
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above pH 7. 0, which shows a symmetrical interaction between Asp
102 and His 57 (Krieger _e_t_a_l_. » 1974; Blow g_‘f_a_l_. ,», 1974; Huber igl. ,
1974) are unlike the situation expected for solvated groups in aqueous
solution, but demonstrate the importance of the protein folding in
creating a special environment for its active site.

Robillard and Shulman (1974) have shown that a single proton
can be seen in the PMR spectrum of chymotrypsin. This proton,
easily‘identiﬁed by its downfield position (13-18 ppm downfield of
H,0), was ascribed to the proton on the 6-nitrogen of His 57. The
change in chemical shift as a function of pH was ascribed to the
titration of His 57 at about pH 7. 0, and this conclusion is at variance
with the result we report here. If indeed that is the proton in the
active site, wé would have to conclude that the change in chemical
shift going down through pH 7. 0 was caused by the proton moving
over from histidine to the carboxyl of Asp 102. Yet, the chemical
shift is apparently in the wrong direction for this interpretation.
Another way out of this dilemma would occur if the proton seen in
the low-field region could possibly be some other proton which is
hydrogen bonded to Asp 102, and is in a particularly strong hydrogen
bond. In any case, with our interpretation the titration seen in
chemical shift presumably reflects the ionization state of Asp 102

rather than His 57.
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The Mechanism of Catalysis by Serine Proteases. The ioni-

zation of the active center at pH 6. 8 has important consequences for
the mechanism of catalysis by serine proteases. Some of the impli-
cations of ti’xe assignment of the pKa of 6.8 to Asp 102 have been pre-
sented in other discussions of the catalytic mechanism (Hunkapiller

et al., 1973; and Stroud et al,, 1975; Appendix B).

The new assignment scheme means that Asp 102 rather than
His 57 is the base of pKa ~7.0 responsible for the low limb of the pH
activity profile found in all these enzymes, including subtilisin.
During formation of the tetrahedral intermediate, a proton is re—
moved from the hydroxyl group of serine 195 and, in the process, the
hydroxyl proton may first be transferred to the e -nitrogen of His 57,
as first proposed by Cunningham (1957). The expectation then is that
the proton in the hydrogen bond to Asp 102 and attached to the §-
nitrogen of His 57 will be in fast exchange and consequently will be
immediately transferred to Asp 102. This gives obvious evolutionary
significance to Asp 102 in its catalytic role as the base, but it does
not immediately show why this situation should be mechanistically
more favorable than the alternate system in which imidazole itself
acts as a general base—-general acid catalyst. Such a situation might
not require an aspartate at all.

The most obvious hypothesis is that subsequent proton transfer
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from His 57 to Asp 102 during catalysis would eliminate an unfavor-
able charge separation during the proton transfer (Jencks, 1971;
Hunkapiller et al., 1973). It is clear that if the pKa of His 57 were
greater than that of Asp 102, as formerly seemed most reasonable,
then the active site would contain a negatively-charged carboxyl
group, a positively-charged imidazolium ion, and a negative charge
on the substrate carbonyl oxygen in the tetrahedral intermediate. It
now seems that as negative charge builds up on the carbonyl oxygen,
the negative charge will be neutralized on Asp 102 by proton transfer
from imidazole, and that imidazole itself will remain neutral.

This mechanism requires that two proton transfers be associ-
ated with the formation of the tetrahedral intermediate; namely the
Ser 195 O—H proton moving to N—e of His 57, and the His 57 N—§
proton moving to the carboxyl of Asp 102. These transfers could
take place in either a stepwise or a concerted manner. A concerted
scheme would seem to involve intermediates of lower energy, for
then at no stage would there be a significant amount of positive
charge anywhere in the system. The usual entropic disadvantage of
concerted events would in this case be overcome by the precise
alignment of the residues on the enzyme. Such concerted proton
transfer in solution would require a simultaneous four-body encoun-

ter (substré.te, Ser, His, and Asp), and therefore could not occur.
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By bringing all of the reactants together in the proper orientation,
the enzyme can provide access to an energetically favorable reaction
pathway which would otherwise be impossible due to an enormous
entropy of activation.

A small but apparently primary deuterium isotope effect,
kH/kD in the range of 2-3, has been observed for both the acylation
and deacylation steps during hydrolysis by chymotrypsin (Bender and
Hamilton, 1962; Pollock g_t_g.l. , 1973). Based on a linear fall-off in
rate recorded with an increasing atom fraction of deuterium in mix-

tures of water and deuterium oxide, Pollock et al. (1973) concluded

that only one proton could be involved in the rate-determining step of
the deacylation of a-chymotrypsin. However, Kresge (1973) pointed
out that such data do not exclude multiple-proton transfer models,
because the contributions of secondary isotope effecté to the rates
obtained using mixed isotopic solvents are unknown. Therefore, the
isotope effects so far reported for hydrolysis by serine proteases
are consistent with either stepwise or concerted transfers of the fwo
protons.

As was pointed out by Hunkapiller et al. (1 973), the scheme
outlined above gives another role to Asp 102 besides the purely
structural one of maintaining the orientation of His 57. Nafnely, the

negatively-charged carboxyl rather than imidazole is the base of pKa
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6. 8 seen in the catalysis. The imidazole ring shields Asp 102 from
solvent, and thus raises the pKa of the carboxyl above that of imida-
zole itself, It also facilitates proton transfer along the hydrogen
bond, and so smoothes the transition state energy barriers between
intermediates as well as reducing the internal energy of the tetra-
hedral intermediate states.

The binding studies of Johnson and Knowles (1966) show that the
active form of chymotrypsin assists in repelling the final product
from the enzyme surface. Their conclusion that a net of two negative
charges in the product complex is in most part responsible for this
effect is unaffected by the assignment of a pKa of 6. 8 to the carboxyl
of Asp 102. One of the charges is due to the carboxylic acid of the
second product of hydrolysis, and the other is due to the side chain of
Asp 102 in the active form of trypsin or chymotrypsin (Figure 13).

A direct catalytic function for Asp 102 was first proposed by
Blow et al. (1969). Our results are consistent with their suggestion
that Asp 102 and His 57 could act as a proton relay and together in-
crease the nucleophilicity of the serine 195 hydroxyl.

One might wonder whether the protonated or the deprotonated
form of the serine hydroxyl were the attacking nucleophile. Unless
the PKa of Ser 195 were lowered by a large amount (for which there is

as yet no evidence), the serine hydroxyl would be deprotonated for no
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more than about 10“7 of the time (assuming a pKa of 14 for serine) at
neutral pH. Bender and Kezdy (1964) have estimated that the rate of
acylation would in fact be several orders of magnitude higher than ob~-
served if the alkoxide ion were the attacking nucleophile. Further-
more, the nucleophile of deacylation has been replaced by isonitro-
soacetone (Green and Nicholls, 1959), and by glycine- and phenyl-
aceto-hydroxamic acids (Cohen and Erlanger, 1960). Whereas the
pKa of water (the normal nucleophile) is well above the range where
chymotrypsin is active, the pKa's of the other reagents are not. 1In
these cases the pH-activity profile shows a dependence on the pKa of
the nucleophile, shovﬁng that it is required in its protonated form.

By the principle of microscopic reversibility, the serine hydroxyl
should likewise be required in its protonated form for activity
(Bender and Kezdy, 1964).

The mechanism discussed here has interesting consequences
for the activity of methylated chymotrypsin. Henderson (1971) has
shown that chymotrypsin methylated at the e-nitrogen of His 57 has
about 1/5000 of the chymotrypsin activity, and that the pH profile
shows again that activity depends on a group on the enzyme of pKa
~7.0. As we have shown here that the pKa of 6.8 normally belongs
to Asp 102, one wonders what the group of pKa 7.0 could be in the

methyl enzyme where the e-nitrogen is no longer available to
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transfer the proton. Henderson (1971) proposed that residual activity
could be retained if the imidazole were to swing out into the solvent,
or even to reverse its orientation in the active site, leaving the §-—
nitrogen free to participate in catalysis. Either way, the pKa of
Asp 102 can no longer be relayed to the active site via histidine be-
cause the hydrogen bonds are necessarily broken. However, the
pKa of 7. 0 is not unreasonable for methyl imidazole swung out into
aqueous solution. Thus, if the methyl imidazole of His 57 acts alone
as the base in catalysis, this gives a measure of the upper limit to
the rate enhancement due to Asp 102 in the normal catalytié mech-
anism. The actual effect of Asp 102 in contributing to the reaction
rate may in fact be much less, since orientation effects must also
contribute adversely to the activity of methyl chymotrypsin. Thus it
seems that Asp 102 cannot contribute more than a factor of 5000 to
the catalytic rate—maybe even much less. While methyl chymotryp-
sin is still a good catalyst, 5000 is nonetheless a large factor when

one realizes that it would take 100 days to digest a meal with the

methyl enzyme.
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Table I

Activity of trypsin—SCZ toward specific and nonspecific substrates.

The data show retention of the catalytic site but loss of the binding

pocket carboxyl (Asp 189) in 90% of the molecules. Assay conditions

are given in the Methods Section.

Substrate

Specific

BAEE :

Nonspecific

Ac-Gly-NPE

Specific

NPGB

)
)

Enzyme Activity of pH 7.0, 25°C
with 1072 M BA™
E 100%
E-SCZ 8% +£0.2%
E 100% 16% + 4%
E-SCZ 146% :l:8% (92% + 5070
of E-SC2Z)
Moles Active Site
" per Mole A280 Units
E, from bottle 0.7 +0.1
E, after G-25 0.95 £ 0.07
column at pH 3
E-SCZ, after dialysis 0.11 3 0.03

sk
BA refers to benzamidine hydrochloride.
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Table II (continued)

TThe codes for the peptides refer to: C - peptides of trypsin-SCZ
having a net negative charge from a pH 6.5 map stained with
ninhydrin; G - radioactive peptides from trypsin—-SCZ which had been
denatured and labeled with *C-Gly-Et, PH 6.5 map stained with
ninhydrin; Z - trypsin—-SCZ, denatured and labeled with 14C—SCZ,
radioactive peptides from an unstained pH 6.5 map. The numbers in
parentheses are the expected values for amino acid composition
based on the sequence assignments for the peptide fragments as listed

in Table III. ~ - N-terminal residue, partially destroyed by nin-

hydrin.
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Table IV

Radioactive Peptides Found in ['*C]-SCZ-treated Trypsin-SCZ

Sequence

Leu—Asn—Asn~Asp1 02

Leu1 85 to Val1

Ile242 to Asn24:5

99

Entire protein

Specific Activity

1.02 £0.1
0.97 £ 0.1
N.D.

2.55 £ 0.12

Unblocked Residue

Asp 102
Asp 194

Asn 245

"Not determined. (Estimate 0.3 - 0.5 from “C~Gly peptide map. )
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Figure Legends

FIGURE 1. Direct infrared spectrum of trypsin in D,0, re-
corded on a Perkin-Elmer Model 225 Spectrophotometer. Path
length, 0.125 mm. 1.5 mM trypsin, 12 mM benzamidine, 6 mM

NaCl, pD 4.6. D,0 in reference cell,

FIGURE 2. Difference infrared spectra of trypsiﬂ recorded on
a Perkin Elmer Model 225 spectrophotometer. Path length, 0.125
mm. | 1.5 mM trypsin, 12 mM benzamidine, 6 mM NaCl. The
pD's of the solutions in thé sample and reference cells are listed
next to each spectrum. Except in the two spectra where ApD = 0
(where arrows indicate the expected carboxyl absorption frequencies),
the arrows show the peak heights used for the titration curve in

Figure 3.

FIGURE 3. Titration curve for the carboxyl groups of bovine
trypsin. Data are taken from the heights of the peaks in the series

of difference infrared spectra shown in Figure 2.

FIGURE 4. ORTEP drawing of the active site of trypsin with a

model of semicarbazide built into the binding pocket. Coordinates
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for the drawing are from Krieger et al. (1974). The alpha-carbon
atoms are numbered. The SCZ group does not come closer than
7.3 A from the hydroxyl of Ser 195. This computer plot was drawn

using a modified version of ORTEP (Johnson, 1965).

FIGURE 5. Ninhydrin staining patterns of pH 6.5 peptide maps
of thermolytic digests of S—aminoethyl trypsin—-SCZ with and without
carbodiimide coupling of glycine ethyl ester under denaturing condi-
tions. The origin of each map is near the bottom edge and just to the
right of center. Descending chromatography in the vertical direction
was followed by electrophoresis in which the positive pole was on the
right and the negative pole on the left. The map of trypsin-SCZ (A)
contains tw§ peptides of net negative charge. Both have been shown
to be peptides containing Asp 102 (see text). After blocking the acid
of Asp 102, these peptides run in the neutral region of the map at
pH 6.5 (B). The negatively charged spot in map B is phenol red,

which was used as a marker dye.

FIGURE 6. Autoradiogram and drawing of peptide map of *C-
Gly-Et labeled S-aminoethyl trypsin-SCZ. The origin is in the lower
right-hand corner of the mé.p. Descending chromatography in the

vertical direction was followed by electrophoresis in the horizontal
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direction. The three major radioactive peptides contain Asp 102,

Asp 194, and the a—carboxyl terminus of the protein at Asn 245 (00).

FIGURE 7. Autoradiogram and drawing of peptide map of *C-
SCZ labeled S—aminoethyl trypsin-SCZ. The origin is in the lower
right-hand corner of the map. Descending chromatography in the
vertical direction was foliowed by electrophoresis in the horizontal
direction. The two major radioactive peptides contain 1 mole of
14C-label per mole of Asp 102 and Asp 194, respectively. In this
case the C-terminus did not appear in a sipgle cleanly digested

peptide, but was scattered over the map.

FIGURE 8. Difference infrared spectra of trypsin-SCZ re-
corded on a Perkin Elmer Model 225 spectrophotometer. Path
length, 0.150 mm. 1.5 mM trypsin-SCZ, 12 mM benzamidine,

6 mM NaCl. The pD's of the solutions in the sample and reference
cells are listed next to each spectrum. The carboxyl groups which
have been modified with semicarbazide do not show up in these
spectra. The spectra indicate that one or more groups which absorb
at 1705 cm-—1 titrate at low pH, and one or more groups which ab-

-1
sorb at 1680 cm ~ titrate around pH 6. 8.
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FIGURE 9. Difference infrared spectra recorded on a Beckman
Model 4246 spectrophotometer interfaced to a Fabri-Tek Model 1062
computer. A) 1.5 mM trypsin-SCZ, 6 mM NaCl, 12 mM benazmi~
dine. B) 1.5 mM trypsin-SCZ, 2 mM CuCl,, 4 mM NaCl, 12 mM
benzamidine. C) 20 mM pyro-Glu-His-Pro-NH,. The vertical scale
is absorbance (rather than transmittance as used elsewhere). All
spectra are computer sums of 5 repeated scans; and all are plotted
on the same scale, except that in Column B, the spectrum having
ApD = 3.6 - 5.6 is plotted on a scale expanded by a factor of 2 over
the others. Baselines were obtained using protein solutions of iden-
tical pD in both cells and were subtracted to give the spectra shown

in columns A and B.

FIGURE 10. Titration curve for the carboxyl groups of trypsin-
SCZ. Data are taken from the peak heights in a series of difference
infrared si)ectra including those shown in Figure 8. Of the total of
2.5 carboxyl groups per molecule, 1.5 titrate with an average pKa
of 2.9, while one carboxyl >titrates with a pKa of 6.8, as evidenced

by comparing the slopes of the two titrations.

FIGURE 11. Difference infrared spectra of trypsin~-SCZ in the

presence of copper (Cu++) ions recorded on a Perkin Elmer Model
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225 spectrophotometer. 6 mM CuCl,, 1.5 mM trypsin-SCZ, 12 mM

benzamidine, path length = 0.150 mm.
FIGURE 12. Difference infrared spectra of control compounds.

III) 20 mM glycine; IV) 30 mM histidine; V) 20 mM Gly-His-Gly;
and VI) 20 mM pyro-Glu-His-Pro-amide.
B - Schematic drawing to scale with each spectrum normalized

to an equivalent concentration.

FIGURE 13. State of ionization of the active site residues

above and below pH 6. 8.
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Figure 12A

pD pD
SAM-REF SAM-~-REE

¥ 35 i
; HHHHI ;1[ 8 fL T E=
T g R it IR R f

it o
Lot

g
i
-]
~
1O
==
=
w0
v
~nN
~N
u:
—

i
i i

i it i
0-0,01} 00 L]
p%r({)nn%zm‘ i i hﬁﬂ%’!’ i :

il

pD
SAM-REf

80 FLARERSS 28 28ERes b35313; H

74-46 3 # l0i1-74

L Sa s --J-‘—
P i s

i 1 HHHHH R

s i L e
St 78-4 5N 110.3-4.5 1
s THHH b it i T

5 i H 8 HEH80 E
E : HiHH i .
4.5-1 83 i it * Y
I i & fHE
e il il #
i i : {HHAH il

1750 1650 1550 1750 1650 1550 1750 1650 1550

..... :E Hf /\I

I |

it i

I750 1650 1550 1800 1700 1600, 1500
WAVENUMBER (CM™)



84.

Figure 12B
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Figure 13
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CHAPTER III: A Crystallographic Determination of the Site at

Which Inhibitory cu’? Ton Binds to Trypsin

Introduction

Thé’use of copper iops in Chapter II to assign the carboxyl
infrared peaks of trypsin-semicarbazide requires a proof of the
copper binding site. The assumption that Cu++ would perturb the

‘t;ltration of Asp 102 rather than Asp 194 or the C-terminus was based
on two facts: 1) that Ag+ binds between His 57 and Asp 102 in DIP-
trypsin (Chambers et al., 1974), and 2) that Cu.‘l-Jr and Ag+ compete
with each other in inhibiting chymotrypsin (Martinek et al. , 1969).
Although this evidence is suggestive that Cu++ may bind between
Asp 102 and His 57, the observation that silver and copper compete
kinetically doe;s not necessarily mean that they bind to the same site.
A positive proof of the copper binding site can be provided by a
crystallographic determination of the location of bound copper in
crystals of trypsin. lThe experiment described in this chapter was

carried out by John L. Chambers, Lois M. Kay, and the author,
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Experimental

Crystals of DIP-trypsin were prepared as described by Stroud
et al. (1974). Copper was diffused into the crystals by soaking them
at 20°C, for six days 1n the dark, in a solution of 17 mM
Cu(NO;)," 3H,0 (Merck ;z'eagent) containing 0. 66 M MgSO,, 11 mM
benzamidine HC1 (Aldrich), and 0. 05 M cacodylate buffer at pH 6. 9.

X~-ray diffraction data were collected using a Syntex Pl auto-
mated four-circle diffractometer using the Wyckoff method of scan-
ning through steps in w (Wyckoff et al., 1967). (For a description
of the four—-circle geometry, including definitions of the 20, ¢, w, and
x angles, see Stout and Jensen (1968).) Only the tops of the peaks
were scanned, not the entire profiles. Seven steps were used to
cover the scan range of 0.1° in a time of 50 seconds. If the largest
number of counts did not occur in the middle step of the seven, the
diffractometer automatically took one or more extra steps——up to a-
maximum of six extra steps--until the highest step was flanked by at
least three others on each side. In computing intensities, the five
contiguous steps which gave the highest total number of counts were
used. The scan rate was slowed to 0. 08° per minute for the reﬂéc—
tions which had values of 26 between 29.5° and 34. 0°, and to 0. 05°

per minute for 26 between 34.0° and 35.5°.
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The intensities of 7704 independent reflections were measured
in the range of 20 between 3. 0° and 35.5°; 6905 of these reflections
had intensities more than two standard deviations above background.
For the monochromatized CuKa radiation (A = 1.54 A) .which was used,
a value of 20 = 35,5° corresponds to a resolution (_Z?EIT of 2.53 A.
In order to monitor damage to the crystal caused by the x-ray beam,
five check reflections were measured repeatedly after every 120
reflections throughout the entire data collection process. The check
reflections were \;vell spaced from each other in the reciprocal lattice
at values of 20 ranging from 7. 86° to 25.11°, and were used to calcu-
late a two—parameter least squares fit for the decay of peak intensities
as functions of time and of sinB. A single crystal was used for the
entire data collecﬁon, and the intensities of the check reflections
diminished to values ranging from 85% to 97% of original during the
148~hour exposure to x-rays.

| Rather than observing individual backgrounds next to each re-
flection, backgrounds were anisotropically interpolated from curves
measured at the end of the data collection, according to the method of
Krieger Et_a_,l. (1974a). The backgrounds were subtracted before
applying the time decay correction to each reflection.

The diffracted intensity measurements were further corrected

for absorption (North et al., 1968), and for Lorentz and polarization
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factors (Levy and Ellison, 1960) using standard techﬁiques. The final
corrected intensities (I) were converted to structure factors (FanT )
and were scaled to the data for the isomorphous crystals of DIP-
trypsin containing no copper (Stroud et al., 1974; Chambers et al.,
1974). The scaling was performed according to the procedure of
Krieger et al. (1974b) By determining the best two-parameter (k, B)
fit to the equation

(F)
lnz—fi = ln(k)- B s,

computed from 20 zones of s = 4 sin?6; where <F>1 and <F>2 are
the average values of F in the zone of thickness As = 0.017 for data
sets 1 and 2 respectively.

Difference electron density maps were calculated between
copper-DIP-trypsin and DIP-trypsin, using appropriately scaled
structure factors. The difference maps were calculated using the

Fourier transform expression:

= mAFS exp (27l r*s + @)
< rs

<=

Ap(r) =

where p is the electron density in real space at the point determined
by the vector r from the origin and V is the volume of one unit cell of

the crystal. ¢ and AFS are respectively the phase and the difference
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between the structure factors for the copper derivative and the native
trypsin at the particular reflection in reciprocal space located by the
vector s from the origin. The phases, ¢, and associated figures of
merit, m, were those determined by Stroud et al. (1974) using the
method of multiple heavy atom isomorphous replacement for DIP-
trypsin to a resolution of 2.7 A.

The difference map was contoured at intervals of 0, 1
electron‘/A3, beginning with the first contour at 0.2 electron/A3,

using an approximate absolute scale factor (Stroud et al., 1974).

Results

The difference electron density map for Cu++—DIP—trypsin
minus DIP-trypsin contain only two significant peaks of positive elec—
tron density (Figure 1). These peaks are in the same positions found
for silver—DIP?trypsin (Chambers et al., 1974), and correspond to
the location of the bound‘Cu-H- ion (large peak) and to the movement of
the ring of His 57 (small peak). The binding of Ag+ or Cu++ forces
tvhe imidazole ring away from its native position and in the direction
of the solvent.

This crystallographic determination of the site of copper bind-

ing in crystals of DIP~trypsin proves the assumption stated in
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Chapter II that Cu++ and Ag+ inhibit trypsin at the same site. The
result validatgs the use of Cu++ ion as part of the procedure of
assigning the diffel;ence infrared peaks to the individual carboxyls of
trypsin-SCZ. Cu—i-+ pérturbs the titration of the carboxyl group which
has a pKa of 6. 8. Since Cu++ binds to Asp 102--and not to Asp 194 or
to Asn 245--Asp 102 is fhe carboxyl group in trypsin which has a pKa

of 6. 8.
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Figure Legend

FIGURE 1. A view perpendicular to the crysfallographic b
axis of a difference Fourier map of DIP-trypsin using the coefficients

'FCu'H" - |F |. The view shown is a projection through four

native
sections and represents a total thickness of 4.7 A. The scale mark-
ers in the lower right-hand corner represent 2 A distances. Contours
begin at 0.2 electrons per A® and are drawn at successive intervals
of 0.1 electrons per A3, using an approximate absolute scale (Stroud
et al., 1974). Solid contdurs enclose regions of positive electron
density; broken lines enclose regions of negative electron density.
The remaining sections of the map along the b axis contained no peaks
above the noise level of the map.

The two significant peaks correspond to the location of the
copper ion binding site and to the movement of the imidazole ring of
His 57 away from its native position in order to accommodate the ion.
The imidazole movement peak occurs 24 sections (about 3 A) above.
the copper peak, and the movement is in the direction of the solvent.
The asterisks (*) mark the positions of the corresponding peaks in
silver-DIP-trypsin (Chambers et al., 1974). Based on the approxi-
mate scale shown, the occupa.ncy of the Cu++ site is about 50% in
crystals of DIP-trypsin which have been soaked for six days in 17 mM

Cu*t at pH 6. 9.
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Figure 1
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CHAPTER IV: What is the PKa of His 577

Introduction

The assignment of the rate—controlling pKa of 6.8 to Asp 102 in
trypsin (Chapter II) leaves open the question of what the pKa of His 57
might be. Attempts to measure this pKa directly have been reported.
Hunkapiller et al. (1973) used 13C NMR spectroscopy to monitor the
ionization state of the imidazole ring of His 57 in e-lytic protease, a
bacterial homologue of the trypsin family. In that experiment the
only histidine of a-lytic protease—-His 57--was labeled with }3C at the
C-2 position by growing the bacteria on labeled histidine. Based on
the '3C—H coupling constant, the authors showed that His 57 was un-
protonated above pH 4. At pH 3. 3 and 34°C three NMR signals were
seen and were assigned to: deprotonated imidazole in the native con-
formation, protonated imidazole in the native conformation, and pro-
tonated imidazole swung out into solution. The pKa of His 57 in
native a-lytic protease may be even lower than 3. 3 because that
enzyme-—in contrast to trypsin or chymotrypsin--exhibits decreased
solubility and stability at low pH (M. W. Hunkapiller, personal com-
munication). The NMR signal which has characteristics similar to

that of free histidine in solution may in fact be evidence of partial
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denaturation at pH 3. 3.

Support for the idea that the‘ pKa of His 57 is even lower than 3
comes from kinetic studies of trypsin and chymotrypsin. The pH-
rate profiles can be explained by a single pKa of 6. 8 for both acyla—
tion and deacylation during hydrolysis of a number of substrates by
trypsin and chymotrypsin in the pH range between 2 or 3 and 8 (Kezdy
et al., 1964; Bender etal., 1964; Stewart and Dobson, 1965; Fersht
and Renard, 1974). 1In all of these cases plots of log rate versus pH
(Dixon, 1953) fall on straight linés of slope one in the pH range |
between 2 or 3 and 6. Between pH 6 and 7.5 the slope changes from
one to zero, indicating the titration of the carboxyl of Asp 102.

Conflicting evidence regarding the pKa of His 57 has been re—
ported by Markley and Porubcan (1976), who used 250 MHz proton
NMR spectroscopy to follow the resonances of the C~2 protons of the
histidines of porcine trypsin as a function of pH. The chemical shift
of the peak assigned to His 57 did not titrate in the pH range 6-9, but
did undergo a titration with a midpoint of 5. 0 which had half the
normal amplitude. At pH 4.5 there was observed a discontinuity in
the chemical shift of the peak assigned to His 57, apparently indi-
cating a conformational transition between two states having lifetimes
of approximately 18 msec. The data were interpreted in terms of

either His 57 or Asp 102 titrating with a pKa of 5. 0 and the other
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group having a pKa of 4.5. One explanation advanced for the small
amplitude of the chemical shift change for the titration at pH 5. 0 was
that perhaps there could be an equilibrium in the pH range 4. 5-5.0
between two states: protonated His 57-negative Asp 102, and neutral
His 57-neutral Asp 102; with the populations of the two states being
roughly equal. Neither Asp 102 nor His 57 was assigned a pKa of

6. 8, for all observed titrations between pH 5 and pH 7 were assignéd
to the other three histidines of porcine trypsin. Nevertheless, all
kinetic stl;.dies of the action of serine proteases show that both acyla-
tion and deacylation rates depend on a single group of pKa 6. 8.

The apparent conflict between the results of Markley and the
kinetic data might be resolved if the ionization of His 57 were depen-
dent on a slow pH-dependent conformational change which could not
be detected in fast kinetic experiments. This question can be re-
solved by measuring the pH~dependence of the rate of substrate
hydrolysis by trypsin which has been pre—-incubated at various pH's.

This chapter is concerned with the possibility of a slow con-
formational change affecting the observed pKa's of the active site
residués of the serine proteases, as well as the general question of
what the pKa of His 57 is. The fact that only a single pKa of 6. 8
affects the rate of trypsin—catalyzed hydrolysis in the range of pH

3.0-7.0 will be reconfirmed; and the effect of pre—incubation of
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trypsin at low or high pH on the rate of hydrolysis of a specifiq ester
substrate will be presented. Finally will come a report of an attempt
to directly measure the pKa of His 57 by following the pH-dependence
of the rates of exchange of the C-2 protons of thé three histidines of
bovine trypsin with tritium in tritiated water. These experiments
were conducted jointly with Monty Krieger, and complete descriptions

appear in Appendices C and D.

' The Effect of Pre-Incubation on Trypsin Kinetics at Low pH

The rate of hydrolysis of Na—carb'obenzoxy-—L—lysine—B—nitro—
phenyl ester (CLNE) by trypsin was measured over the pH range 2. 0~
5. 0 using trypsin which had been pre-incubated for up to three hours
at pH 6.9 or at pH 2. 0. Complete details are given in Appendix C.
Under the conditions used for this ester substrate, the deacylation of
the Na—carbobenzoxy—L—lysylétrypsin was the rate-determining step
of the ‘reaction (Bender and Kezdy, 1965).

The deacylation rates were identical for trypsin pre—-in_cubatéd
at pH 2.0 or af pH 6. 9 for up to three hours at 0°C. Since the mixing
time before the reaction was a few seconds, this result excludes the
possibility that the kinetics could be affected by any pH-dependent

conformational change with a time constant between about fifteen
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seconds and three hours. Since this time scale covers the range of
times which are used for spectroscopic measurements of titrations.,
a conformational argument cannot be invoked to explain any discrep-
ancy between kinetic and spectroscopic data. The methods should
give consistent results.

The pH-dependence of the deacylation rate during hydrolysis of
CLNE by trypsin between pH 3.0 and 5. 0 is also available from the
data of the pre—incubation experiment. A plot of log rate versus pH
(Dixon, 1953) is linear between pH 3 and pH 5 and has a slope of
approximately one, as would be expec;ted if a single rate-controlling
group had a pKa anywheré above the pH 3. 0-5.0 range. Since activity
is known to depend upon a pKa of 6. 8, the Dixon plot referred to
abové provides evidence that no other group which affects the deacyla-
tion rate can have a pKa between 3.0 and 6. 8.

The pH dependence of the réte, the pre—incubation studies, and
the assignment of a pKaL of 6.8 to Asp 102, taken together, indicate
fhat the pKa of His 57 in trypsin must be below 3. Any spectroscopic
technique which measures a pKa between 3.0 and 6.5 must be moni-
toring a group—-or a fast conformational change—~which has no effect
on activity. The pH-rate profile for chymotrypsin further indicates
that the PKa of His 57 in chymotrypsin, and presumably in trypsin

also, is below 2 (Kezdy et al., 1964; Fersht and Renard, 1974).
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The pH Dependence of Tritium Exchange into the Histidine Side

Chains of Trypsin

The Method

This section reports an attempt to determine the pKa of His 57
in bovine trypsin. The technique used involves the rate of exchange
of the C-2 proton of the imidazole ring in deuterated or tritiated
water. A full account of the work appear.s in Appendix D.

The kinetics of deuteration of imidazole (Vaughan é_tj_l_. » 1970)
and of N-acetyl-L-histidine (Matsuo gc__a_l_. , 1972) in aqueous solution
have been studied as a function of pH. The pH dependence of the ex-
change rate can be explained by a mechanism whichvinvolves rate—
determining abstraction of the C-2 proton by OH or by H,0 to form
an ylide intermediate, followed by a fast protonation of the ylide
(Vaughan et al., 1970). Evidence that proton abstraction is indeed
involved in the rate-determining step is proﬁded by the deuterium
isotope effect of 7.5 which has been observed when conip&ring the
rates of exchange of tritium into the tripeptide Gly-His-Gly with 'H
or 2H in the C-2 position of the imidazole (Markley and Cheung,
1973). The pKa of the imidazole ring can be determined by fitting

the pH-exchange data to the rate equation derived from the ylide
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mechanism.

The rate of exchange at the C-2 of imidazole is intermediate
between the rates for fast-exchanging O—H and N—H protons and non-
exchanging C—H protons. The uniqueness of this rate makes possible
the specific .la,beling of the histidine rings of a protein in tritiated
water (Matsuo et al., 1972). The tritium can be incorporated under
mild (non—denaturing) conditions (37°C for two days); and the labile
protohs can be back-exchanged, thus leaving only histidines labeled.
Studies of the pH dependence ;)f tritium incorporation into the histi-
dines of lysozyme (Matsuo et al., 1972) énd ribonuclease (Ohe et al.,
1974) have been used to determine the pKa of each histidine in these
proteins.

Our experiments with trypsin involved incubating the enzyme at
37°C in buffers of various pH ranging from 2 to 9, containing tritiated
water. The incubation time was either 38 hours or 14 days; autolytic
digestion during these long periods was prevented by including the
inhibitor benzamidine in the solutions.‘ Following the incubations,
each labeled protein sample was separated from the bulk tritiated
water by gel permeation chromatography and lyophilization. The
three histidines of bovine trypsin were separated from each other by
enzymatic digestion and subsequent isolation of pure ?eptides by

means of chromatography and electrophoresis on paper (Bennett,
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1967).

The peptides were isolated under conditions whereby the
tritium attached to the C-2 carbon of histidine did not undergo back-
exchange with the solvent. Nevertheless, all other tritions were
eliminated from fhe samples by the back-exchange which took place
during the purification procedures. That only the histidines remained
labeled was shown by the absence of radioactivity in the peptides
which did not contain histidine. | The specificity of the ihcorporated
label for the C-2 position in the ring was demonstrated by a separate
study of the deuteration of L-histidine using NMR spectroscopy.

The specific activity of the histidine in each peptide was deter-
mined by scintillation countin\g and amino acid analysis. The time of
incubation, and the specific activities of the incubation water and
histidine samples, were used to calculate half-times and pseudo-

first-order rate constants for the exchange reaction.

Results and Discussion
AN NSNS NSNS NSNS N NS N NS N NS N NN NS NN

The observed rates of tritium~hydrogen exchange are extremely
slow for all of the three histidines of bovine trypsin. In fact, the ob-
served levels of tritium incorporation were so low that careful con-

trols had to be performed to make sure that active trypsin--and not
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just a small impurity of denatured trypsin--was actually exchanging
at all. Two of the histidines, His 40 and His 91 in the sequence,
exhibit half-times for exchange of greater than 1000 days at pH 9, a
period which is indeed long when compared with the 1.5 day half-time
for free histidine in solution (Matsuo 315_2,_1_. , 1972), The very slow
exchange rate for His 40 is consistent with the buried position of the
imidazole ring in the tertiary structure of trypsin, which renders the
ring totally inaccessible to solvent (Stroud et al., 1971; Chambers
and Stroud, unpublished). In the case of His 91 the slow rate of ex-
change is not so easy to rationalize, for the side chain is quite near
the surface of the protein, and the ring is not obviously hindered from
interaction with solvent. An adequate explanation for the slowness of
hydrogen-tritium exchange at His 91 has yet to be presented.
Although the C-2 proton of His 57, the active site histidine,
exchanges more readily than those of His 40 or His 91, the rate of
exchange is still very slow when compared to the rates for histidines
in other proteins. The slowest rate reported for a protein other than
trypsin is the case of His 48 of ribonuclease, which exchanges with a
half-time of 58 days at 38°C and pH 9 (Ohe et al., 1974). The other
histidines of ribonuclease and lysozyme exchange much more readily
(Ohe Et_a;}_. » 1974; Matsuo e_t_al. » 1972). His 57 of trypsin, on the

other hand, exhibits a half-time of 73 days for hydrogen-tritium
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exchangé at 38°C and pH 9. The slowness of this rate should be
taken into account when intérpreting the pH dependence of the rate.

The data for the pH depehdence of tritium exchange into His 57
of’try'psin can be fit to the ylide mechanism (Vaughan et al., 1970)
with a pKa of 6.55 for the imidazole ring. Although this mechanism
is generaily accepted, the fact that it fits the data does not prove that
it is gorrect or that an alternative mechanism would not fit as well.
Of particular interest are possible mechanisms in which the ioniza-
tion of a neighboring group affects the rate of tritium exchange of the
imidazoble. There is at least one such alternate mechanism which
would p:edict the same rate equation and the same pH-rate profile as
the ylide mechanism, and would have its '"primary' pH dependence
due to the pKa of Asp 102 (see Appendix D). However, the alternate
mechanismrpredicts a different rate—-determining step, which is not
compatible with the deuterium isotope effect for tritium exchange into
Gly-His-Gly (Markley and Cheung, 1973). Nevertheless, the situa—
tion in the enzyme coule possibly be different.

So far only His 57 in the active conformation of tfypsin has
been considered as the species undergoing tritium-hydrogen exchange
at the C-2 carbon. However, the unusual slowness of the rate of ex—
change and the three-dimensional structure of trypsin (Stroud M. ’

1974) indicate another possible explanation. The imidazole ring of
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His 57 is half buried in trypsin, so that although the C-4 carbon and
N-3 nitrogen are accessible to solvent, the C-2 carbon and N-1
nitrogen are sequestered away from solvent. The ring is sandwiched
from above and below by other parts of the structure. The N-1
nitrog‘en is hydrogen-bonded to Asp 102 and the C-2 carbon points
toward the center of the molecule. One explanation for the slow ex—
change rate is that the C-2 proton of His 57 simply does not exchange
~in the active conformation since it is inaccessible to solvent, but that
the imidazole ring occasiohally swings out from its normal position
and exposes the C-2 proton'to the solvent, at which point exchange
- with tritium can occur. If tHis "breathing' did occur, the pKa of 6.55
vx;ould refer to the imidazole ring out in solution—--not in its active
conformation. The results could be satisfactorily explained by an
"out'" form of His 57 which has a pKa of 6. 55 and undergoes exchange
at C-2 at a rate typical for histidine in solution or in other proteins,
but which is populatea only a small percentage of the time. His 57 in
the active conformation might exchange at a rate comparable to those
for His 40 and His 91, a possibility which seems reasonable from the
structure.

The tritium exchange experiment takes such a long time that it
cannot distinguish "in—out;’ swinging of the histidine from slow ex-—

change of the "in'" form. The method could trap a conformational
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. state in which a molecule existed only a very small amount of the,
time. Therefore, several interpretations are possible.

NMR and infrared techniques have provided evidence that
Asp 102 is the group at the active site of the serine proteases which
has a pKa near 6.7 (Hunkapiller et al., 1973; Chapter II). The pH
dependence of the kinetics of substrate hydrolysis by trypsin and
chymotrypsin shows that only the single pKa of 6.7 affects the rate of

hydrolysis between pH 2 and pH 8 (Kezdy et al., 1964; Bender et al.,

1964; Stewart and Dobson, 1965; Fersht and Renard, 1974; Appendix
C). This would lead to the conclusion that His 57 of trypsin has a
pKa below 2 in the active conformation (the active conformation is not
stable much below pH 2). The tritium exchange data would be con-
sistent with this cbnclusion if histidine in the active form had a low
p]i{a and did not exchange, but had a pKa of 6. 55 when swung out into
solution in the exchangeable form. Unlike His 91 or His 40, the
imidazole ring of His 57 in a model of trypsin can be rotated out into
solution without much disruption of the rest of the structure. This
interpretation seems to be the most reasonable one which is consis-
tent with all of the data because the "in" conformation of His 57 |

appears completely inaccessible to proton exchange at C-2.
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APPENDIX A

A Pulsed Diffusion Technique for the Growth of Protein
Crystals for X-ray Diffraction '
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Reprinted from J. Mol. Biol. (1975) 98, 165-160

Crystals of proteins suitable for X-ray diffraction have been grown using a method
that combines dialysis (Zeppezauer e al., 1968) and relaxation (Salemme, 1972)
techniques. This pulsed-diffusion method is useful for (a) eliminating unwanted
amorphous precipitate, and (b) reducing the number of crystal nuclei which form
and thus growing each individual crystal larger. The method is iltustrated for
glutamate—aspartate transaminase and thymidylate synthetase. Preliminary
crystallographic data are reported for crystals of thymidylate synthetase.

1. Introduction

Prerequisite to the determination of the tertiary structure of an enzyme using X-ray
diffraction is the growth of crystals of the enzyme. Unfortunately, many interesting
and important enzymes cannot be studied because of the lack of suitable crystals. We
report a technique that has proven useful for crystallizing enzymes that are available
in only small quantities. Applications to crystallization of glutamate-aspartate trans-
aminase from pig heart, and thymidylate synthetase from Lactobacillus casei are
discussed.

Several methods for growing protein erystals have been described in the literature.
In most cases such methods use a slow approach toward some predetermined precipi-
tant concentration. Two micro-diffusion techniques have been described by Zeppe-
zauer et al. (1968) and Salemme (1972). The Zeppezauer method involves holding the
protein concentration constant inside a capillary closed by a dialysis membrane, and
increasing the salt or organic solvent concentration outside the membrane until the
protein becomes insoluble and crystallizes. Figure 1(a) illustrates that the precipitant
concentration may be raised in one large increment or by a series of small steps, as
first suggested by Zeppezauer (1968). In either case, supersaturation of the protein is
approached in a slow exponential manner.

156
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Fia. 1. (a) Schematic diagram illustrating the approach to protein saturation in a dialysis
experiment described by Zeppezauer et al. (1968). (————— ), Precipitant concentration at which
the protein begins to crystallize. This concentration may be approached in a single step of dialysis
(curve 1) or by gradually changing the precipitant concentration outside the dialysis capillary
in a series of small steps (curve 2). (b) Schematice diagram showing the relaxation from transient
supersaturation in a free diffusion experiment described by Salemme (1972). (—————), The
distributions of protein and precipitant in the tube near the beginning of the experiment. Nuclea-
tion ocours at the interface, where a high precipitant concentration meets a high protein
concentration, (——-—— )» The system at a later time, when the steep gradients of precipitant and
protein have diminished and the condition of nucleation has changed into one favoring growth of
existing nuclei.

Salemme’s (1972) free diffusion method is fundamentally different in.that a relaxa-
tion of the protein and precipitant concentrations from a transient condition of
supersaturation is produced. Figure 1(b) shows the situation for protein solution of
lower density layered above a salt solution of higher density. The protein at the
interface experiences its highest salt concentration at the beginning of the experiment
(solid curves in Fig. 1(b)), and the solution becomes nucleated with seed crystals. As
time progresses (dashed curves) both protein and salt concentrations decrease so that
small nuclei dissolve, but more protein comes into contact with salt and the large
nuclei grow larger. '

The method we have developed combines favorable features from both of the above
methods, namely: (a) the maintenance of a constant and well-defined protein con-
centration; (b) the ability to carefully define conditions by dialysis; (c) a time-scale .
that can be readily varied and controlled (Zeppezauer et al., 1968); and (d) a relaxation
from supersaturation (Salemme, 1972). In addition, our method uses a cycling of
precipitation conditions, a feature that has been exploited for small molecule crystal
growth, particularly in growing crystals from melts (Samson, 1967).
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Using a cell of the Zeppezauer design, a protein solution is dialyzed against a con-
centration of precipitant which is more than sufficient to bring the protein out of
solution. A high gradient of precipitant across the dialysis membrane, and indeed
throughout the entire capillary, serves to generate crystal nuclei. Before complete
equilibration has taken place, the cell is transferred to a less concentrated precipitant
solution so as to dissolve the precipitated protein. This method takes advantage of the
observation that protein precipitate will generally redissolve more easily than protein
crystals, and provides a means of forming seed crystals. The erystals may be grown
larger by pulsed diffusion between alternately high and low concentrations of precipi-
tant. Once crystal nuclei have formed, the protein will preferentially crystallize on
them, rather than precipitate. Thus the method may be useful in reducing the number
of crystals in one cell, and in growing the smaller number of crystals larger, while
eliminating the amount of precipitated (non-crystalline) protein. Concentrations of
precipitant used in this pulsed-diffusion method can be closely defined to regulate
number and size of crystals and total precipitate. Two applications of the method are
discussed.

2. Experimental

2-Methyl-2,4-pentanediol (Aldrich; 999%) was purified by stirring overnight with
charcoal. Enzyme-grade ammonium sulfate was obtained from Schwarz-Mann. «-Keto-
glutarate was obtained from Calbiochem. Cytoplasmic glutamate—aspartate transaminase
from pig heart was the generous gift of Dr M. Martinez-Carrion, University of Notre Dame,
Indiana.

Thymidylate synthetase was purified from amethopterin-resistant L. cases by two of us
(Santi and Pena; see Santi et al., 1974).

Crystallization cells closed by dialysis membrane were prepared as described by
Zeppezauer et al. (1968), from thick-walled glass capillary tubes, 1 mm internal diam. and
20 mm long. The cells were placed horizontally on the bottoms of beakers during the dialy-
sis. The rate of dialysis of ammonium sulfate into membrane-closed capillaries was
determined by conductivity measurements. In general, about 16 h at room temperature
were required for the average concentration inside the cell to reach half the concentration
outside the dialysis cell (¢;). However, average concentrations do not reflect the steep
gradient of ammonium sulfate inside the capillary itself, a gradient which probably contri-
butes to the success of this method. Crystals have been observed near the membrane much
earlier than in the other part of the capillary. Thus at ¢; = 16 h, the concentration near
the membrane was shown to be relatively close to that outmde, while the concentration
in the remote part of the capillary was still low.

3. Results
(a) Glutamate-aspartate transaminase

Initial trial experiments were made to determine (a) the precipitant concentration
necessary to bring protein out of solution, (b) the precipitant concentration above
which crystals were stable, and (¢) the stability criteria for precipitated protein.

When this enzyme was dialyzed against 289, 2-methyl-2,4-pentanediol containing
10 mM-phosphate and 20 mm-«-ketoglutarate (pH 7-5, room temperature), a precipi-
tate appeared after 1 to 2 weeks. Thus, 28%, MPD{ was identified as the precipitant
concentration necessary to bring protein out of solutions (Fig. 2). Higher concentra-
tions produced the precipitate faster and occasionally some tiny crystalline nuclei

1 Abbreviation used: MPD, 2-methyl-2,4-pentanediol.
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F1e. 2. Diagram of the pulsed-diffusion technique applied to glutamate-aspartate trans-
aminase. Crystals were produced at room temperature using 10 mm-phosphate buffer (pH 7-5),
20 mM-a-ketoglutarate and varying concentrations of MPD. Above 289, MPD (arrow) the protein
came out of solution either as crystals or as precipitate. The precipitate readily dissolved below
289% MPD, but the crystals were stable for several weeks at concentrations as low as 109, MPD
(arrow). ’

could be seen along with the precipitate. Precipitated protein could be dissolved by
lowering the concentration below 289, although the crystal nuclei did not dissolve for
several weeks at concentrations of MPD above 109,

The above observations were used to design a pulsed-diffusion experiment that gave
considerably improved results (Fig. 2). Enzyme solution (20 mg/ml) was put into
Zeppezauer capillaries (1 mm internal diam. by 20 mm long), which were placed on
their sides (horizontally) in a beaker for two days of dialysis against 109, MPD
containing 10 mm-phosphate and 20 mm-«-ketoglutarate (pH 7-5, room temperature).
A vertical orientation of the capillaries did not work as well, for the aggregates of
protein tended to fall to one end of the tube. The initial time lapse permitted the pH
and cofactor to equilibrate with the enzyme, and also served to decrease the steepness
of the precipitant gradient in the next dialysis step. The capillary cell was then
transferred to a solution containing 409, MPD (all other conditions unchanged), but
was left there for only 16 hours, enough time to pass through the critical concentra-
tion (289, MPD) to initiate precipitation in the end of the cell closest to the membrane,
but not long enough to actually reach 409%,. The cell was then returned to 10%, MPD
to dissolve the precipitate that had formed. At this point, two or three small crystals
(up to 0-05 mm long needles) were present in the capillary. Two more successive 16-
hour pulses in 45%, MPD produced larger crystals and occasionally new small crystals
without much, if any, new precipitate. Finally, the capillary was left in 402/, MPD,
where the needles grew to their maximum size of 0-5 mm long within one week.
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Prare I, Crystals of thymidylate synthotase grown (a) by the conventional technique of
Zeppezauer (1968) in a 2 mm internal diam. capillary, and (b) by pulsed-diffusion in a 1 mm
capillary. Conditions for crystallization are deseribed in the text.
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Prate 11, 10° precession photograph of a thymidy late synthetaso erystal shown in Plate I(b).
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The concentration changes and crystal or precipitate formation at each stage of this
application are indicated in Figure 2. The curves represent MPD concentration in the
half of the capillary near the membrane, and are estimated from conductivity measure-
ments, which determined average (NH,),SO, concentrations throughout cells, and
from visual observation of protein precipitate at various times. Best results have been
obtained when the capillary was kept horizontal in the beaker. In this case gravity is
not a factor, since precipitated protein does not accumulate on the membrane
surface.

(b) Thymidylate synthetase

Another application of the pulsed-diffusion method was made to the crystallization
of thymidylate synthetase. Crystals were grown from 0-7%, protein solution at 4°C
using 0-8 to 1:1 M-ammonium sulfate and 50 mm-Tris buffer (pH 7-2). A one-step
dialysis approach produced crystals too small for X-ray work (generally smaller than
0-05 mm in diameter). In this case there was no significant precipitate formed and use
of the pulsed-diffusion method resulted in fewer and larger crystals in each capillary
(Plate I). The crystals grow as hexagonal needles up to 2 mm long and 0-2 mm in
diameter.

The 10° zero layer precession photograph of these crystals shown in Plate-II was
taken using nickel-filtered CuKa radiation from an Elliott rotating anode generator.
The space group is P6,22 (or P6s22) and the spacings in Plate II correspond to
dimensions of @ = 152 A and ¢ = 298 A. However, patterns have been obtained from
other crystals with halving of the @ axis to @ = 76 A, a change which decreases the
unit cell volume by a factor of four. The crystal density is 1-26 ¢ em~3. The active
form of the enzyme consists of two identical subunits each of molecular weight
35,000 (Santi ef al., 1974). The smaller unit cell contains one dimer per asymmetric
unit, has 36%, solvent, and a crystal volume per unit protein molecular weight of
1-78 (Matthews, 1968). The latter crystal form is clearly more suitable for a detailed
structure analysis and efforts are now directed toward preferentially stabilizing this
form.

4, Discussion

The pulsed-diffusion technique has been shown to be useful for growing improved
crystals of the above two enzymes. In the case of glutamate-aspartate transaminase,
the method overcame the problem of amorphous precipitate which interfered with
crystal formation and growth. With thymidylate synthetase, precipitate was not a
problem, but the large number of microcrystals produced by conventional procedures
was transformed into a few large crystals by use of the pulsed-diffusion method.

The success of pulsed-diffusion is attributed to the ability to nucleate the protein
solution in an early supersaturating condition (Salemme, 1972), while maintaining
accurate control of the crystallizing conditions. The time of each step in the experi-
ment is controlled by the time constant of diffusion and by the concentration step
sizes used in dialysis. High gradients of precipitant concentration, both increasing
and decreasing, are used in what one may call the early “kinetic” stages of dialysis.
"Then the single crystals are grown to maximum size by dialysis to “equilibrium”.
The pulsed-diffusion technique may be of use in other situations where protein
precipitate or the large number of nuclei is a problem.
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in the Serine Proteases
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Of the many ways available to control the biological activity of proteins, e.g.,
induction or repression of their synthesis at the translational (Jacob and
Monod 1961) or transcriptional levels (Tomkins et al. 1969), specific modi-
fication or destruction are the most direct. Many biological systems are con-
trolled by methods such as these, and the serine protease family of enzymes
plays a major role in many of these systems (Stroud 1974). The pancreatic
serine proteases are digestive enzymes which show optimal activity around
the neutral pH region. Their function in hydrolyzing peptide bonds and the
systems of physiological control over their activity have close homology in
many other biological processes, e.g., blood clotting (Owren and Stormorken
1973; Magnusson 1971), bacterial sporulation (Leighton et al. 1973), fertili-
zation (Stambaugh, Brackett and Mastroianni 1969), etc. Many of the en-
zymes of biological control have been recognized as serine proteases, which
in nearly all documented cases have amino acid sequence homology to the
pancreatic serine proteases. It is therefore to be expected that these enzymes
will have closely homologous tertiary structures and will share the same cata-
lytic mechanism of action. The mechanisms by which such enzymes are acti-
vated or inhibited will also share many common features with the digestive
serine proteases. In many cases the degrees to which these principles can be
extended may be predicted by recognition of the chemical and structural
features of the pancreatic serine proteases which appear to define their prop-
erties. In this article we will discuss recent advances in the understanding of
aspects of the structures and functions of the mammalian serine proteases.

THE PANCREATIC DIGESTIVE ENZYMES.:
TRYPSIN, CHYMOTRYPSIN, ELASTASE

Intrinsic to the process of digestion in mammals is the breakdown of dietary
protein by the pancreatic serine proteases. These pancreatic digestive enzymes
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are among the most thoroughly studied of all enzymes, principally because
they are extracellular enzymes that are easily separated and purified in large
quantities (Kunitz and Northrop 1935). They originate in the pancreas as
inactive precursors, or proenzymes, which are secreted into the duodenum.
There they are activated (Kunitz and Northrop 1936; Northrop, Kunitz and
Herriot 1948; Maroux, Baratti and Desnuelle 1971) by the cleavage of one
critical peptide bond near the amino-terminal end of the polypeptide chain
(Davie and Neurath 1955), This cleavage in turn permits a conformational
change (Neurath and Dixon 1957; Sigler et al. 1968) which converts the pro-
enzymes to active enzymes. Once activated, these enzymes catalyze the break-
down of proteins, first into fragments and ultimately into individual amino
acids.

Kinetic studies on a variety of amide and ester substrates have shown that
the mechanism of serine protease catalysis (Eq. 1) involves a number of
intermediates (Zerner, Bond and Bender 1964; Oppenheimer, Labouesse and
Hess 1966; Caplow 1969; Hess et al. 1970; Fersht and Requena 1971a;
Fastrez and Fersht 1973a,b; Fersht and Renard 1974):

E+S=ES=ES"=EP: = EPT=EP =E+P_ (1)
+
P,

Here, E represents free enzyme; S, the substrate; ES and EP,, enzyme sub-
strate and product complexes; ES™ and EP7, tetrahedral intermediates; EP;,
an acyl enzyme; P,, the amino or alcohol portlon of the product; and P,, the
carboxylic acid portion of the product. For amides, the rate-determining step
is generally acylation, E + S — EP?, whereas deacylation, EP: —>E + P, is
usually rate-determining for esters (Zerner and Bender 1964 ). The character-
istic differences between each of the digestive serine proteases—trypsin,
chymotrypsin and elastase—Ilie in their specificity for hydrolyzing the peptide
bonds between different amino acids in the protein substrate. Trypsin, the
most sharply specific of the digestive enzymes, hydrolyzes those peptide bonds
that immediately follow either of the two basic amino acids, lysine or arginine.
Chymotrypsin hydrolyzes. peptide bonds that follow several of the amino
acids with larger hydrophobic side chains, and elastase binds the small side
chains of glycine, alanine or serine at the equivalent binding site (Naughton
and Sanger 1961; Brown, Kauffman and Hartley 1967; Sampath Narayanan
and Anwar 1969). The complete amino acid sequences and three-dimen-
sional molecular structures have now been worked out for chymotrypsin
(Sigler et al. 1968) and its proenzyme (Freer et al. 1970), elastase (Shotton
and Watson 1970), and DIP (diisopropylphosphoryl)-trypsin (Stroud, Kay
and Dickerson 1971, 1974) and the proenzyme (Kossiakoff, Kay and Stroud,
unpubl.). These structures, along with that of the bacterial serine protease
subtilisin (Wright, Alden and Kraut 1969; Alden, Wright and Kraut 1970),
have been uniquely valuable in developing an understanding of how these
enzymes bind a substrate and how they catalyze the subsequent chemical
reaction.
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Activating the Proenzyme

The first key to activation of the pancreatic proenzymes is enterokinase, an
enzyme secreted in small amounts by the mucous membrane of the stomach.
Its prime function is to convert some trypsinogen to trypsin, which then
activates all of the proenzymes (including more trypsinogen) (Kunitz and
Northrop 1936; Northrop, Kunitz and Herriot 1948; Maroux, Baratti and
Desnuelle 1971). In each case, activation involves the cleavage of a few
amino acid residues from the amino-terminal end of the proenzyme (Davie
and Neurath 1955; Neurath and Dixon 1957).

With the formation of the new amino terminus at Ile-16' (Oppenheimer,
Labouesse and Hess 1966), the protein undergoes conformational changes
(Neurath, Rupley and Dreyer 1956) leading to a catalytically active configu-
ration. A comparison of the high-resolution structure of chymotrypsinogen
with that of chymotrypsin (Freer et al. 1970; Wright 1973) and of the high-
resolution structure of DIP-trypsin with the recently determined high-resolu-
tion structure of trypsinogen (Kossiakoff, Kay and Stroud, unpubl.) helps us
to understand the exact nature of these conformational changes. (A detailed
description of the trypsinogin structure will be published later.) In both cases,

Lo [
- . [

Figure 1

A comparison of the 5-A models of trypsinogen (left) and DIP-trypsin (right)
shows close structural homology in most areas of the molecule. Striking structural
differences are observed in only two areas of the molecule. The first is in the bind-
ing pocket region, which is formed by residues 214-220 and 189-192, and the
second is along a loop of chain containing residues 140-151 located on the right-
hand side of the molecule. The small difference in size of the models is due to a
difference in scale and orientation.

1 The numbering system referred to is that of chymotrypsin, which will be adopted
here as a standard for comparison of sequences.
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clipping the proenzyme tail permits the new, positively charged a-amino
terminus at residue 16 to fold into the interior of the globular structure and
form -an ion pair with the negative carboxyl group of ‘Asp-194 (Matthews
et al. 1967; Sigler et al. 1968). While this change is accompanied by move-
ments in the region of the specificity binding pocket, there appears to be little
change in the interaction between Asp-102, His-57 and Ser-195 at the cata-
lytic site (Freer et al. 1970; see also Fig. 1). Thus the arrangement of these
catalytic residues is preformed in the proenzyme. One major factor which con-
tributes to the relative inactivity of the zymogen is that the binding of the
normal substrates is impaired (Kassell and Kay 1973; Gertler, Walsh and
Neurath 1974).

Enzyme Specificity and Substrate Binding

The serine proteases differ in their specificities because of differences in their
substrate binding sites. Trypsin, chymotrypsin and elastase all have specific
side-chain binding pockets on the surface of the protein close to the catalytic
site (see Fig. 2). This pocket is lined by residues 214-220 and 189-192 and

Figure 2

Stereoscopic photograph of a space-filling model showing the active site and
specificity pocket in trypsin (see Stroud, Kay and Dickerson 1971, 1974). The
imidazole side chain of His-57 is visible; however, the carboxylic acid side chain
of Asp-102 is hidden from view by several amino acid residues. The viewing
direction is approximately the same as that of Figures 4 and 7. The side-chain bind-
ing pocket is located beneath and to the right of the catalytic site.

Stars are placed near the active site as markers. They are located (reading from
left to right) at the following positions: the Asp-102/His-57 hydrogen bond, the
B-carbon protons of His-57, one of the ring protons on His-57, and the Ser-195
y-hydroxyl. '
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defines the primary specificity toward substrate side chains immediately prior
to the peptide bond which is to be cleaved. Cysteine residues 220 and 191
are linked by a disulfide bond. In trypsin, residue 189 is an aspartic acid, and
its negatively charged carboxyl group (pK, = 4.6) (East and Trowbridge
1968) lies at the bottom of the pocket (Stroud, Kay and Dickerson 1974).
Trypsin has primary specificity for basic amino acids because their positively
charged side chains bind tightly in this pocket (Mares-Guia and Shaw 1965;
Ruhlmann et al. 1973; Blow, Janin and Sweet 1974; Sweet et al. 1974; Krieger,
Kay and Stroud 1974). In an attempt to determine the manner in which amino
acid side chains bind, we determined the structure of benzamidine trypsin.
Benzamidine is a competitive, specific and reversible inhibitor of trypsin.
Figure 3 shows how benzamidine, an amino acid side chain analog, binds in
the specificity binding pocket (Krieger, Kay and Stroud 1974). In the case of
trypsin, there is evidence that when side chains are bound in this pocket, they
induce small conformational changes in the enzyme-substrate complex which
help to accelerate catalysis (Inagami and Murachi 1964; Inagami and York
1968). In chymotrypsin, residue 189 is a serine (Hartley 1964). The pocket
is now relatively hydrophobic and uncharged at neutral pH’s, thus explaining
chymotrypsin’s specificity. In both trypsin and chymotrypsin, residue 216, a
glycine, lies at the entrance to the binding pocket. In elastase, valine replaces
glycine at position 216 (Shotton and Hartley 1970). The larger hydrophobic
side chain blocks the entrance to the pocket and only allows the binding of
amino acids with small side chains at the primary binding site (Shotton and
Watson 1970).

Other parts of the enzyme are involved in binding other parts of the sub-
strate molecule as well as the side chain, so that the susceptible substrate bond
is aligned appropriately on the surface. Secondary specificity toward other

Figure 3

The figure shows the structure of the trypsin binding pocket in benzamidine-
trypsin. (The phenyl amidinium is depicted by heavy shading.) This view is ap-
proximately the same as that of Figure 2. (Reprinted, with permission, from
Krieger, Kay and Stroud 1974.)
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side chains in the physiological substrate molecules can also be correlated
with enzyme structure (Fersht, Blow and Fastrez 1973), although the role
of secondary specificity in the digestive enzymes is clearly much less significant
than it is in highly specific enzymes of biological control.

Ideally, one would like to study the three-dimensional structure of an
enzyme-substrate complex by X-ray crystallography and in so doing, gain new
insights into the mechanism of serine protease catalysis. Unfortunately, this
has not yet been possible because the catalyzed reaction takes place almost
immediately after the substrate is bound and the system becomes an enzyme-
plus-product complex. Data for a three-dimensional structure analysis cannot
generally be collected in so short a time, Fersht and Renard (1974) have
pointed out, however, that it may be possible to use equilibrium methods to
trap intermediates in the reaction pathway and study their structures. Until
the structures of such intermediates have been determined, crystallographers
will be limited to studying the binding of substrate analogs and inhibitors,
which in some limited respects resemble true substrates. Nevertheless, from
such studies inferences can be drawn about the structural transformations
which occur during the catalyzed reaction.

Among the best analogs to true trypsin substrates are the naturally occur-
ring trypsin inhibitors. They have evolved in parallel with the enzymes so
that they bind extremely tightly to the active site. Such protein inhibitors are
crucial to physiological control of the serine proteases (Tschesche 1974). For
example, if pancreatic secretory trypsin inhibitors were not synthesized along
with the pancreatic serine proenzymes, one prematurely activated molecule of
trypsin could start an autocatalytic chain reaction which would activate the
other serine proenzymes and destroy any nearby proteins. Inhibitors are pres-
ent to prevent such catastrophes and to control physiological processes medi-
ated by proteolytic enzymes. The structure of an intracellular 6500 molecular
weight trypsin inhibitor (PTI) isolated from bovine pancreas and other organs
was determined by R. Huber et al. (1970, 1971). Chemical modifications had
already shown that Lys-15 of this inhibitor was involved in the trypsin-PTI
association (Chauvet and Acher 1967; Kress and Laskowski 1967; Fritz et al.
1969). By combining models of PTI with the known structures of trypsin and
chymotrypsin, substrate binding models (Fig. 4) were developed by us
(Stroud, Kay and Dickerson 1971; Krieger, Kay and Stroud 1974) and inde-
pendently by Huber et al. (1971) and Blow et al. (1972). High-resolution
structures of the PTI-trypsin complex (Ruhlmann et al. 1973) and of a soy-
bean trypsin inhibitor-trypsin complex (Blow, Janin and Sweet 1974; Sweet
et al. 1974) have since been determined. Several hydrogen bonds and stereo-
chemical complementarity between enzyme and inhibitor orient the susceptible
bond at the active site. There is one very important difference between the
predicted substrate binding models and the structures of the trypsin-inhibitor
complexes; the inhibitor and trypsin are covalently bound together via an
oxygen-carbon bond between the hydroxyl of Ser-195 and the carbonyl group
of Lys-15 in the trypsin-PTI complex and between the serine hydroxyl and
the carbonyl carbon of Arg-63 in the trypsin-STI (soybean trypsin inhibitor)
complex. These complexes have been shown to exist as tetrahedral adducts
which probably resemble normal intermediates (EST) in serine protease
catalysis.
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Figure 4
(Top) A model for the binding of a portion of the bovine pancreatic trypsin
inhibitor (heavy shading) to trypsin in which the side chain of the inhibitor’s
Lys-15 has been replaced by an arginine side chain. The model was constructed
so that the “Arg-15” side chain fitted the electron density for benazmidine in
benzamidine-trypsin. This model for enzyme-substrate interaction embodies a
substrate conformation that evolved to bind tightly to the enzyme and an enzyme
conformation which is presumably like that induced by the binding of specific
substrate side chains. (Reprinted, with permission, from Krieger, Kay and Stroud
1974.)

(Bottom) Stereoscopic view of a space-filling model of the trypsin-substrate
complex described in the text. This view (approximately as above) should be com-
pared with the same region of the enzyme alone shown in Figure 2. This figure
beautifully demonstrates the intimate stereochemical compatibility between enzyme
and substrate. The woolen threads indicate the end points of the portion of the
oligopeptide substrate chain which is included in the model. Protons in the substrate
are labeled with square dots, and atoms attached to the a-carbon atoms of the
substrate fragment are labeled 4-3-2-1-1-2” (along the sequence in the substrate).
The peptide bond between 1 and 1’ is the one to be hydrolyzed.
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These and other crystallographic and chemical studies have produced de-
tailed models for the association of enzyme and substrate prior to catalysis.
Although based on inferences drawn from substrate analogs or inhibitor
binding studies, such models do suggest ways that chemical groups on the
enzyme may participate in catalysis.

The Active Center: pH-Activity Correlations

The X-ray crystal structures of the serine proteases have shown that their
active sites are almost identical. The catalytic site of all serine proteases is
characterized by a serine hydroxyl group (residue 195). Diisopropylfiuoro-
phosphate (DFP) (Jansen, Nutting and Balls 1949; Hartley 1960) and phenyl
methane sulfonyl fluoride (PMSF) (Fahrney and Gold 1963; Kallos and
Rizok 1964) react with this hydroxyl and irreversibly inhibit serine proteases,
regardless of their substrate specificity. In the free enzyme, this hydroxyl is
hydrogen bonded to the N-e, of His-57. N-8, of His-57 is hydrogen bonded
to the carboxyl group of Asp-102, which in turn is not directly accessible to
solvent (Blow, Birktoft and Hartley 1969; Wright, Alden and Kraut 1969;
Alden, Wright and Kraut 1970; Birktoft and Blow 1972; Stroud, Kay and
Dickerson 1974). The direct participation of these three groups in catalysis
has been established, and chemical modification of any of them can greatly
diminish or abolish catalysis (Jansen, Nutting and Balls 1949; Hartley 1960;
Fahrney and Gold 1963; Kallos and Rizok 1964; Ong, Shaw and Schoellmann
1964; Shaw, Mares-Guia and Cohen 1965; Henderson 1971; Martinek, Savin
and Berezin 1971; Chambers et al. 1974).

The pH-activity profiles for hydrolysis of peptides, amides or esters by tryp-
sin or chymotrypsin are bell shaped and reflect maximal enzymatic activity
at about pH 8. The high pH limb of the curve depends on an apparent pK,
of 8.8 for a-chymotrypsin (Fersht and Requena 1971b) or 10.1 for trypsin
(Spomer and Wootton 1971). Fersht and Requena have demonstrated that
this ionization, which controls enzyme conformation and substrate binding
(K,,), is directly associated with titration of the a-amino terminus of Ile-16.
The internal salt bridge formed between this amino group and the side chain
of Asp-194 in the active enzyme is broken at high pH, where deprotonation
of the amino group was shown to favor an alternate conformation for the
enzyme.

The low pH limb of the profile depends on a single group of pK, about 6.7
in both enzymes; protonation of this group adversely affects both acylation and
deacylation (Bender and Kezdy 1964). It has often been assumed that this
group corresponds to His-57. Jencks (1969), however, has pointed out that
this group need not be His-57, but might be some other group on the enzyme
either controlling conformation or effecting a change in rate-determining step
near this pH. The aspartic-histidine-serine system as a whole has been shown
to take up a single proton as the pH is lowered below 7.0. Fersht and Renard
(1974) have also demonstrated that for the hydrolysis of acetyl phenylalanine-
p-nitrophenyl ester by 8-chymotrypsin, &, or k,,/K, depends on a single
ionization between pH 9.0 and pH 2.0. Thus it would seem that only one
group at the active center has a pK, in the range pH 2-9 which can be
detected kinetically.

Richards and his colleagues (Hunkapiller et al. 1973) have shown by



125.

nuclear magnetic resonance studics that the imidazole of His-57 in a-lytic
protease (a bacterial homolog of the pancreatic serine proteases) does not
ionize until the pH is lowered below 4.0. Their research led them to propose
that the group of pK, 7.0 was Asp-102.

In order to study the ionization of Asp-102 in trypsin (Koeppe and Stroud,
unpubl.), we monitored infrared absorbance arising from the carboxyl C=0
stretch at 1570 cm~! and 1710 cm~! (Timasheff and Rupley 1972) as a
function of pH. To diminish the number of titratable carboxyls, accessible
carboxyl groups in trypsin were modified with semicarbazide (Fersht and
Sperling 1973 ). The modified enzyme was found to contain 2.5 molar equiva-
lents of free carboxyl groups. These were identified as Asp-102, Asp-194
(1.0 molar equivalent each) and the a-carboxyl terminus of Asn-245 (0.5
equivalent). _

The spectrum shown in Figure S indicates differential absorbance at 1600
cm~! and at 1680 cm™! between semicarbazide-trypsin solutions of pD 6.50
and 7.13. Each peak is shifted toward the other by about 30 cm~! from the
value found for other carboxyls—a result which is to be expected for hydro-
gen-bonded carboxyls (Susi 1972) such as Asp-102. The titration curve of
semicarbazide-trypsin compiled from a series of infrared difference spectra is
shown in Figure 6. Based on the number of free carboxyl groups, we assume
that the low pH titration of average pK, 2.9 corresponds to titration of 1.5
carboxyl groups, while the titration of average pK, 6.8 corresponds to one
carboxyl. The gradient of the low pH titration is approximately 1.5 times that
of the upper one, which is consistent with the assumption. Both titrations,
however, appear sharper than expected for single or noninteracting groups.

Binding of Cu*+* ions displaces the upper limb of the titration downward
from pH 6.8. Martinek et al. (1969, 1971) have shown that Ag+ jons are
powerful competitive inhibitors of trypsin, and that Cut+ and Ag+ compete
with each other in inhibiting chymotrypsin. Either species competes with pro-

Figure 5§

Infrared difference spectrum for
semicarbazide-trypsin. The path
length was 0.150 mm. The sam-
ple cell was at pD 7.13, and the
reference cell at pD 6.50. pD 100—==
values in all cases correspond to
uncorrected pH meter readings.
Concentrations were 1.5 mm
enzyme, 6 mM NaNO,, and 12
mM benzamidine. The peak po-
sitions at 1680 cm—! for C=
O in COOD and at 1600 cm—!
for C—0O in COO~ are closer
together than for other trypsin
carboxyls due to the effect of
hydrogen bonding. The detected
difference in species concentra-
tion judged from peak heights
corresponds to about 0.4 car- 40
boxyl equivalent.

ApD = 7.43-6.50
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Titration curve for free carboxyls in semicarbazide-
trypsin obtained by plotting differential absorbance
at 1710 cm~1 and 1680 cm—1 from a series of infra-
red difference spectra. Reference solutions were at
pD 3.2, 3.8, 44 and 6.6, The gradient of  the
titration at low pD was 1.5-2.0 times greater than
the gradient for the group of pKa 6.8 and corre-
sponds to titration of about 1.5 carboxyls.

tons for a site on the enzyme with pK,,, = 7.0. Since we have shown that Ag+
binds specificaily between Asp-102 and His-57 in the orthorhombic crystal
form of DIP-trypsin (Chambers et al. 1974 and Fig. 7), in trypsinogen and
in trigonal DIP-trypsin (Kossiakoff, Kay and Stroud, unpubl.), the pK, of
6.8 has tentatively been assigned to the carboxyl of Asp-102. (A detailed
description of the experimental procedures and results will be published else-
where.) Copper ion binding shows that Asp-194 and Asn-245 cannot be
responsible for this pK,. These data suggest that the average apparent pK,
of Asp-194 and Asn-245is 2.9.

Control experiments eliminate the possibility that imidazole-stretching fre-
quencies could account for the infrared bands at 1680 cm~—! and 1600 cm—?
in Figure 5. However, imidazole titration may perturb a neighboring carbonyl
and thereby conceivably be responsible for the infrared difference peaks ob-
served around pD 6.8. This possibility is the subject of continuing investiga-
tions in our laboratory.

There are two arguments against this possibility and in support of the
assignment of a pK, of about 7.0 to Asp-102, First, using an average extinc-
tion coefficient for the other seven carboxyl groups in B-trypsin, derived from
infrared difference spectra of the unmodified enzyme, the low pH limb of the
titration shown in Figure 6 corresponds to 1.5 carboxyl equivalents. This im-
plies that the remaining carboxyl group must titrate outside of the range
pH 2-pH 5. Second, in the presence of Cu*+ ions, there is no differential
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Figure 7

A stereo ORTEP drawing of the catalytic site of silver DIP-trypsin, shown in the
same orientation as Figure 1. The DIP group has been omitted for clarity. The
y-oxygen of Ser-195 is in the position found for DIP-trypsin, close to that found
in tetrahedral intermediates or in acyl enzymes (see text). (Reprinted, with per-
mission, from Chambers et al. 1974.)

absorbance in the region of pH 7.0, which suggests that either of the two
imidazoles at His-40 or His-91 which may titrate around pH 7.0 do not in-
duce changes in their neighboring carbonyl groups which would be detected
by the technique.

The M_echanism of Hydrolysis by Serine Proteases

Following their determination of the active-site structure of chymotrypsin,
Blow, Birktoft and Hartley (1969) first proposed that proton transfers be-
tween His-57 and Asp-102 were important in catalysis. The studies of the
microscopic pK,’s of His-57 and Asp-102 referred to in the previous section
are consistent with this proposal. From their studies of the histidine ionization
in a-lytic protease, Hunkapiller et al. (1973) explained the sequence of
proton transfers between Asp-102 and His-57, discussed here and included
in Figure 9 (below), in terms of pK,’s.

In this discussion we assume (see previous section) that the pK, of Asp-102
is 6.8, and that the imidazole of His-57 is essentially neutral above pH 4.0.
This leads to the ionization of the active center around pH 7.0 (Fig. 8). The
mechanistic importance of these assignments is that the aspartate ion of residue
102 can act as a chemical base which can readily accept a proton from the
histidine side chain during catalysis (Hunkapiller et al. 1973). Together,
Asp-102 and His-57 shuttle protons back and forth from enzyme to substrate,
and so the mechanism can best be described as nucleophilic attack with general
base catalysis by His-57 (Bender and Kezdy 1964; Inward and Jencks 1965)
and Asp-102. The important differences between this reaction and a non-
enzymatic hydrolysis are the binding to the enzyme and the efficient proton
shuttle.

Interfering with this shuttle inhibits catalysis. For example, by methylating
the N-¢, of His-57 in chymotrypsin, the shuttle can no longer operate normally
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Ionization of the active center in the range
Inactive below pH 6.7 pH 4.0-8.0 as discussed in the text,

and the rate of catalysis drops by a factor of 5000 to 200,000 for specific
substrates (Henderson 1971). Silver ions bind specifically to trypsin between
Asp-102 and His-57 (Chambers et al. 1974). By adding silver, the shuttle is
blocked and catalysis is inhibited (Martinek, Savin and Berezin 1971).

The mechanistic scheme shown in Figure 9 is consistent with most experi-
mental data relating to hydrolysis of peptides, esters or amides by trypsin or
chymotrypsin. In the first step (I), substrate and enzyme form a Michaelis
complex. Nucleophilic attack by the hydroxyl group of Ser-195 follows. As the
reaction proceeds, the hydroxyl twists around the C,—C; bond and forms a
covalent chemical bond to the substrate carbon at step I-11 (Steitz, Henderson
and Blow 1969). Concerted with this, a proton is transferred from the serine
hydroxyl group to the N-¢, of His-57. From there, it is eventually delivered to
the nitrogen of the peptide bond in the substrate. As a result of this proton
transfer, the proton previously bound to the N-§, of His-57 is transferred to
the carboxyl group of Asp-102, which acts as a base in this reaction (Hunka-
piller et al. 1973). Although these proton transfers are rapid, deuterium iso-
tope effects show that proton transfer is involved in the rate-determining step
of the catalysis (Bender et al. 1964; Pollock, Hogg and Schowen 1973).

Whether the Asp-His-Ser proton shuttle is concerted or stepwise remains
in question. If the mechanism is concerted, the negative charge of Asp-102
would be neutralized while negative charge develops on the carbonyl oxygen
of the substrate. The imidazole would remain neutral throughout the reaction;
thus unstable intermediates due to charge separation would be avoided
(Jencks 1971; Hunkapiller et al. 1973). In fact, charge development in the
transition state in chymotrypsin catalysis does appear to be small (Jencks
1971). The shuttle may be stepwise if the energy requirements of charge
separation (negative charges on the substrate and Asp-102 and a positive
charge on His-57) are offset by a more favorable entropy of activation in a
two-step process (Jencks 1972).

One might favor the concerted mechanism because it might be expected
that the precise alignment of the shuttle, which has been observed in all
serine protease structures, evolved so that the entropic advantage of the
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two-step process over the concerted process was minimized. Thus the enzyme
could exploit for increased reaction rate the energy saved in eliminating
charge separation. If this were not the case, it would seem unnecessary to use
both an Asp and an His for the general base catalysis. The Asp could be
eliminated and the His could act as the base.

After the attack by the serine on the substrate, a short-lived tetrahedral
intermediate is formed (II). This intermediate is stabilized by the covalent
bond to the enzyme and by a number of hydrogen bonds. The following
structural features of the tetrahedral intermediate are primarily based on the
crystallographic determination of many different protease-inhibitor structures.

The negatively charged substrate oxygen in the tetrahedral intermediate
is stabilized by hydrogen bonds from the amide nitrogens of residues 195 and
193. The importance of the amides of Ser-195 and Gly-193 was first noted
"by Steitz, Henderson and Blow (1969), and their role in transition-state
stabilization was postulated by Henderson (1970) and by Robertus et al.
(1972). Another hydrogen bond forms between the carbonyl group of Ser-214
and the a-N of the substrate (Steitz, Henderson and Blow 1969; Segal et al.
1971). Comparison of the kinetics of hydrolysis of specific trypsin and chymo-
trypsin substrates with and without the hydrogen bonding capacity of the a-N
suggests that the Ser-214—a-N bond may not form in the Michaelis complex
(Ingles and Knowles 1968; Caplow and Harper 1972; Kobayashi and Ishi
1974). These results show, however, that this hydrogen bond does play a role
in the transition states between intermediates and possibly in the tetrahedral
and acyl enzyme intermediates.

One explanation for the exceptional catalytic powers of enzymes is that en-
zymes have evolved so that they can optimally bind the transition-state struc-
tures in the reactions they catalyze rather than the substrates themselves
(Pauling 1946; Wolfenden 1972). The hydrogen-bonded structure in the
serine protease-substrate transition state may be an example of transition-state
stabilization, for the oriented hydrogen bonds can help to speed up the re-
action by smoothing down the highest energy barriers between intermediate
states. The stability of the tetrahedral adduct in the trypsin-trypsin inhibitor
complexes is consistent with the transition-state stabilization hypothesis.

At step II-1II, the now unstable carbon-nitrogen bond is broken, and the
first product of hydrolysis, an amine, is free to diffuse away, taking with it a
proton from the enzyme. At the same time, the bound part of the substrate
rearranges to a covalently modified acyl enzyme intermediate (III). At pH 8,
N/N kinetic isotope effects (O’Leary and Kluetz 1972) show that the
C—N bond rupture is partially rate-determining for the hydrolysis of acetyl
tryptophanamide by chymotrypsin. The rate-determining step for amide hy-
drolysis, however, may vary from the formation of the tetrahedral intermediate
to its breakdown, depending upon the pH and the structure of the substrates
(Fastrez and Fersht 1973a).

The breakdown of the acyl intermediate (IV-VI) is the microscopic reverse
of steps I-III; this time water is the attacking group. At step V-VI, the
second product is formed. It is an acid which loses a proton to the solution
and becomes negatively charged. For the first time (if the proton shuttle is
concerted), there are two charges in the system. These two negative charges
repel each other and so help to dissociate the second product from the enzyme
(Johnson and Knowles 1966), regenerating free enzyme.
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The presence of a carboxyl group of high pK, and a neutral side chain of
His-57 with a low pK, would suggest two compelling evolutionary reasons
why the Asp-His-Ser arrangement should be universal to serine proteases
(Hunkapiller et al. 1973). First, by neutralizing a negative charge on Asp-
102, rather than generating a positive charge on His-57, during formation of
the tetrahedral intermediate, there would be no unfavorable charge separation.
This would contribute to reducing transition-state internal energies, and thus
to rate enhancement (Jencks 1971). Second, if the charged Asp-102 is to be
a proton acceptor at physiological pH values, its pK, must be raised and it
must have access to the proton donor. The imidazole of His-57 is ideally
suited both to insulate Asp-102 from solvent (so raising the pK, of the
buried carboxyl group) and to serve as a proton conductor, transferring charge
from the carboxyl group to the substrate. It is also important to note that both
the reverse separation of the pK, values of Asp-102 and His-57 and the struc-
ture of trypsin at pH 7 and pH 8 (Stroud, Kay and Dickerson 1974; Krieger,
Kay and Stroud 1974; Huber et al. 1974; Sweet et al. 1974), which shows a
symmetric interaction between the charge on Asp-102 and His-57 (see Fig.
3), are unlike the situation expected in aqueous solution and reflect a unique
microenvironment for these groups. _

As far as we know, all the serine proteases use the same three chemical
groups to hydrolyze peptide bonds. They, like trypsin, are active catalysts
only when the aspartic acid is negatively charged. Against the active site, the
reaction goes on in an unique way as the enzyme smoothes the transition from
one intermediate state to another. This emphasizes the importance of exact
stereochemical fit and correct orientation (Koshland 1958) of the substrate
as the reaction takes place, rather than simply the generation of an especially
reactive site. After all, a very reactive site could react in many less specific
ways. It is better to have a moderately efficient catalytic site coupled with a
very selective binding requirement (Fersht and Sperling 1973). With this in
mind, the subtle differences between serine proteases involved in biological
control can be understood in terms of differences in their specific substrate
binding properties.
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APPENDIX C
The Effect of Pre-Incubation on Trypsin Kinetics at Low pHﬂ<

Roger E. Koeppe II, Monty Krieger, and Robert M. Stroud

ABSTRACT: The deacylation rate for hydrolysis of Na—carbobenz—
oxy-L-lysine-p-nitrophenyl ester by trypsin depends on ionization of
a single group of pKa 6. 8 on the enzyme which is required in its de-
protonated form for activity (Bender, M. L., Kezdy, F.J., and

Feder, J. (1965), J. Amer. Chem. Soc. 87, 4953-4954). It is shown

here that the Dixon plot for this reaction is linear between pH 3.0 and
5.0 and has a slope of ~1; therefore, there is no second group on the
enzyme with a pKa between 3 and 7 which affects the rate of this re-
action. Since there are two groups in the active center of serine
proteases which might be expected to affect the rate of hydrolysis in
this pH range, it is clear that the second group must have a pKa less

than 3. Thus, it would seem that spectroscopic studies which do
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detect ionization of a second group with a pKa in the pH range
3.0-7.0 are monitoring a group which does not control catalysis.

A possible source of discrepancy between kinetic and spectro-
scopic studies could arise if a slow pH~dependent conformational
change took place during the long incubations required for most
spectroscopic studies, and affected the pKa’s of groups at the active
center. No such effect is observed within the time scale of one
minute to three hours when enzyme pre-incubated at pH 2. 0 or at
PH 6.9 precedes kinetic studies. Therefore, spectroscopic studies
which do detect a second ionization with a pKa in the range 3-7 are
clearly detecting the ionization of a group which does not affect the
rate of hydrolysis, and so cannot be that of His 57 in the active

enzyme.

Introduction

The active site in the trypsin-like enzymes contains both an
imidazole (His 57) and a carboxylic acid (Asp 10.2). Because the
normal pKa's of the side chains éf histidine and aspartic acid in
solution are about 6.0 and 3.6 (Greenstein and Winitz, 1961), respec-
tively, it is surprising that there is only one group (of pKa 6. 8)

whose ionization affects the rate of catalysis by chymotrypsin or
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trypsin in the pH range 2.0 - 7. 0 (Kezdy et al., 1964; Bender et al.
1965; Fersht and Renard, 1974).

It has sometimes been assumed that if individual pKa's could
be assigned to the two groups, then His 57 would most likely be the
group of pKa ~7. However, some spectroscopic studies provide
evidence that the group ionizing at pH ~7 is Asp 102 (Hunkapiller
et al., 1973; Koeppe and Stroud, 1976). Because only one pKa on
the enzyme is detected in the rate profile, the second group (His 57)
may have a remarkably low pKa (less than 2. 0), although there is as
yet no precedent for such a large perturbation of imidazole ionization
in proteins.

Any apparent conflict between kinetic data which do not detect
a rate-controlling pKa between 2. 0 and 7. 0, and spectroscopic
studies which lead to an assignment for the pKa of the second group
within this range (Markley and Porubcan, 1975) might be resolved if
the ionization of the imidazole of His 57 were dependent on a very
slow pH-dependent conformational change. This ionization might not
be detected in kinetic experiments in which aliquots of a stock solu-
tion of enzyme at one pH are diluted into reaction mixtures at
various pH's. If a conformational change did not occur before the
reaction, but did occur during the long incubations used in spectro-

scopic studies, then the two methods could give different results.
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One way to approach the question of whether a slow conforma-
tional change affects the p’HAdependence of serine protease hydrolysis
would be to conduct kinetic experiments with enzyme pre-incubated
at different pH's. We therefore measured the rate of hydrolysis of
Na—carbobenzoxy—L—lysine—B—nitrophenyl ester by trypsin which had
been pre-incubated for up to three hours at pH 2.0, or at pH 6. 9.
This work also presents the pH-activity profile for hydrolysis of an

ester by trypsin down to pH 2. 0.

Materials and Methods

Materials: Bovine trypsin (three times crystallized, lyophi-
lized, salt free; lot 73M339) was purchaéed from Worthington Bio-
chemical Corporation, and Na—carbobenzoxy-—Lflysine—g—nitrophenyl
ester (CLNE)1 was obtained from Cyclo Chemicals (lot D-1308).
PIPES was purchased from Calbiochem, and all other chemicals
were reagent grade. Water was distilled and deionized with a

Barnstead ul’cra;;ure cartridge.

Kinetics: Stock solutions of trypsin (28 pM active sites (Chase

and Shaw, 1967)) were pre-incubated in low pH (HC1, pH = 2. 0) or

Abbreviations used: CLNE, Ng-carbobenzoxy-L-lysine-p-nitro-

phenyl ester; PIPES, piperazine-N, N'-bis(2-ethane-sulfonic acid).
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high pH (2mM PIPES-HC1, pH = 6. 9) buffers at 0°C for up to three
hours. Reaction buffers in the pH range 2.0 - 5. 0 were prepared by
mixing the appropriate amounts of buffer A (200 mM glacial acetic
acid - 12 mM HCI, pH = 2. 01) with buffer B (200 mM sodium acetate
- 12 mM HCI1, pH = 5. 91).

The rates of CLNE hydrolysis were followed by observing the
rate of liberation of p-nitrophenol in a Gilford Model 240 spectro—’
photometer at 340 nm. The reactions were run at 30.6 0. 1°C, and
the ‘pH of the reaction solutions remained constant throughout the re-
action. In a typical run, 2.: 0 ml of reaction buffer and 20 pl of pre-
incubated enzyme solution were mixed in a 3 ml cuvette, and the re-
action was initiated by the addition of 100 pl of CLNE (2.19 mM) in
ethanol. The reagents were rapidly mixed by inverting the cuvette
several times, and the change in absorbance at 340 nm was recorded
on a Honeywell strip~chart recorder. The relative rate of hydrolysis
(kr) was determined by calculating the slope of the best straight line

relating the change in absorbance at 340 nm to time.

Results

The relative rate constants for the hydrolysis of CLNE by
trypsin are listed in T~ble I. There is essentially no difference be-

tween the results for enzyme pre-incubated at pH 2.0 and at pH 6. 9;
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therefore, a slow conformational change with a time constant be-
tween one minute and three hours does not affect the pH dependence
of CLNE hydrolysis by trypsin. Figure 1 is a Dixon plot (Dixon,
1953) of the rate data together with overall standard deviations.

The data in Figure 1 fall on a straight line between pH 5. 0 and
pH 3. 0; therefore, there is no second ionization which affects the de-
acylation rate in trypsin between pH 5. 0 and pH 3.0. The slope of
this line is 0. 83, whereas a slope of 1. 0 would be expected if the
rate depended on a single ionizing group (Dixon, 1953). Decreased
slopes such as these may be an effect of low ionic strength of the
solution, and the overall charge on the protein (Edsall and Wyman,
1958; Kezdy et al., 1964).._ Data for the hydrolysis of Na-—acetyl—DL—
tryptophan-p-nitrophenyl ester by a—chymotrypsin at ionic strength
0. 05 are reported by Kezdy et al. (1964) in their Table III. A least-
squares fit of a straight line t§ their data yields a slope of 0. 86.

Between pH 3. 0 and pH 2.5, the slope changes. Due to the un-
certainty in measuring the very slow hydrolysis rates at pH 2.0, the
slope of the line is not well-determined between pH 2.7 and pH 2. 0.
Nevertheless, the slope changes by a factor of approximately 2, the

change expected for an additional rate-determining ionization.
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Discussion

The rate of hydrolysis of CLNE by trypsin is extremely fast
(k31im =170 sec_1 (Bender et al., 1966)). This is one of the fastest
hydrolysis rates by this enzyme; thereforg CLNE is one of the best
substrates for low pH studies of trypsin—-catalyzed hydrolysis. The
hydrolysis of CLNE by trypsin has been shown to proceed via an acyl
enzyme (ES') intermediate (Bender and Kezdy, 1964). Thus the re-

action may be represented by:

E +5 Z—= ES 25 Egg K5 g4 p

where E is the free enzyme, S the substrate, ES the Michaelis com~—
plex, P, is the p-nitrophenol released, and P, is the free acid.
Over most of the pH range in our experiments, CLNE was at an

4M(K =1x107° M
m

enzyme-saturating concentration of 1.17x10
at pH 5. 80 (Bender and Kezdy, 1965)). Therefore, the steady-state
rate of release of p-nitrophenol was proportional to k;, the deacyla-
tion rate constant. Under these conditions, pKa's determined from
Dixon plots can be assigned to groups in the acyl enzyme intermediate

(ES").

Our results show that in the acyl enzyme there is no group with
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a.pKa between 3 and 5 which affects thg deacylation rate, k;. Fur-
thermore, since the rate has been shown to depend on a group of

PK, 6.8 (Bender et al., 1965) and since the slope between pH 3. 0 and
5.0 in Figure 1 is characteristic of a single ionizing group, there
can be no second rate—affecting pKa between 3.0 and 7. 0. For the
same reaction Bendér et al. (1965) reported that kcat depends on a
single basic group between pH 2.0 and 7.4. These results are also
consistent with the findings of Stewart and Dobson (1965), who showed
that a Dixon plot was linear between pH 3.6 and 4.4, and had a slope
near unify for the deacylation of Na—benzoyl—L—arginyl trypsin.

Similar conclusions can be drawn from the data of Bender et al.

(1964) for the hydrolysis of the non-specific substrate Na—carbo-
benzoxy-L-tyrosine-p-nitrophenyl ester by trypsin between pH 3. 0
and pH 7. 0.

After pre—incubation of enzyme, the tryptic hydrolysis of
CLNE was run at several different pH's between 2.5 and 5. 05. The
rates of hydrolysis by trypsin pre-incubated at pH 2.0 or at pH 6. 9
were identical. Thus, there is no slow pH-dependent conformational
change which affects activity in this pH range. This means that
equilibrium and kinetic methods of detecting ionization changes in the
active site should be equivalent in this range. There is no kinefic_

evidence for a second group of pKa between 3 and 7 which affects the
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acylation or deacylation rates in hydrolyses by serine proteases.
Therefore, spectroscopic methods which detect pKa's in the region
between 3 and 6 would seem to be monitoring groups which have no
effect on the acylation or deacylation rates.

One explanation for the curvature in the Dixon plot between
pH 3.0 and pH 2.5 is that the overall rate may depend on steps in the
reaction other than deacylation, due to diminished substrate binding
at low pH. It is known that the Km for CLNE increases from
1.0x107° at pH 5.80 to 7. 95 x 10 at pH 2. 66 (Bender etal.,
1965). Thus, é,t low pH the CLNE concentration was not saturating,
the relative rate may not have been equivalent to k; alone, and the
change in slope in the Dixon plot may not represent a true pKa.
Furthermore, Bender et al. (1 965) stated that their analysis of
tryptic hydrolysis of CLNE showed no such curvature above pH 2. 0.
Their substrate concentration was presumably higher, and their re-
port again suggests that substrate binding, rather than a rate-control-
ling ionization, is responsible for the curvature we see.

Another possibility might be that the change of slope between
pPH 2.5 and pH 3. 0 may be due to the titration of a group in the acyl
enzyme. It is unlikely that His 57 could be this group, because there
is no corresponding slope change in hydrolysis by chymotrypsin

(Kezdy et al., 1964; Fersht and Renard, 1974).
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The work of Hunkapiller et al. (1973) on a-lytic protease has
shown that His 57 is neutral above pH 4. 0, and therefore cannot be
responsible for the pKa around 7. Koeppe and Stroud (1976) have
directly established that Asp 102 in trypsin is the group with a pKa of
6.8. Kinetics at low pH exclude the possibility that His 57 titrates
between 3.0 and 6. 0. Thus the pKa of His 57 must be below 3 in |
trypsin and below 2 in chyrﬁotrypsin. Although the unique structure
of the active site must somehow be involved in stabilizing the neutral
form of the imidazole ring; there is as yet no satisfactory explanation

as to why the pKa of His 57 should be so low.
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TABLE I

Relative rates of CLNE hydrolysis by trypsin whicli was pre-incubated at pH 2.0, or at pH 6. 9.

Reaction Pre-~incubation Average k. Qverall kral Overall o-b
: in"} -1
pH . pH -A_A340 En—_ ilAZMO min
-4 €
2.0 2.2 x10 " -4€
2.0 2.2x10 2.8x10
6.9
2.0 . 0023 -
2.5 .00245 2.2x10
6.9 . 0026
2.0 . . 0142
3.08 . 0126 . 0012
6.9 . 0121
2.0 0597
3.95 L0571 . 0063
6.9 L0613
2.0 . 1008
4.2 .1014 . 0008
6.9 .1019
2.0 L1206
4. 39 . L1256 . 0086
6.9 .1295
2.0 .2090 o
4.6 . 2060 . 0052
6.9 . 2029
2.0 . 3148
4. 81 . 3065 020
6.9 L2981
2.0 .491
5. 05 .479 . 049
6.9 . 466

2 The "overall' rate is the average value of the rates observed at both conditions of pre-incubation.

N
Z  (ky {overall) -
b i=1

Ky

)2

1

N-1

¢ One datum only. In this case, the overall ¢ is an estimate.
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Figure Captions

FIGURE 1. PH dependence of CLNE hydrolysis by trypsin,
which was pre-incubated at pH 2.0 (6——8 ) or at pH 6.9 (o——o).
The error bars represent the overall standard deviations listed in

Table I.
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APPENDIX D

The pH Dependence of Tritium Exchange with the C-2 Protons

of the Histidines in Bovine Trypsin’"<

Monty Kriéger, Roger E. Koeppe Il and Robert M. Stroud

ABSTRACT: At pH 8.9 and 37°C the half-times for tritium exchange
with the C-2 protons of the histidines of trypsin are 73 days for His 5;?,
and greater than 1000 days for His 40 and His 91. These half-times
are much longer than the half-life of exchange for the C~2 proton of
free histidine (2. 8 days at pD 8.2), and longer than any previously re-
ported half-time of exchange at pH >8. These very low rates of ex-
change are discussed with reference to the refined structure of
trypsin. The tritium exchange of His 57 depends on an apparent pKa
of 6.6. This pKa may represent the pKa of the imidazole of His 57 in

an inactive conformation of the enzyme.

*Contribution No. 5247 from the Norman W. Church Laboratory
of Chemical Biology, California Institute of Technology, Pasadena,
California 91125. Supported by National Institutes of Health Grant
GM-~19984; a Danforth Foundation Fellowship (MK); a National Science
Foundation Predoctoral Fellowship (REK); a National Institutes of
Health Predoctoral Traineeship (REK); and a National institutes of
Health Career Development Award (RMS).
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Introduction

The catalytic sites of all serine proteases contain three amino
acid side chains which are essential for enzymatic activity: Ser 195,
His 57, and Asp 102, ! The mechanism by which these enzymes
hydrolyze peptides, amides, or esters involves nucleophilic attack by
the serine hydroxyl group on the susceptible carbonyl carbon of the
substrate.. The histidine and aspartic acid side chains may be re-
garded as a coupled hydrbgen-—bonded system which promotes the re-
éction by general base catalysis (Bender and Kezdy, 1964; Inward and
Jencks, 1965). The base facilitates proton transfers among the re~
acting species, first accepting the serine hydroxyl proton during the
nucleophilic attack, and later donating a proton to one of the products
of hydrolysis.

This paper reports an attempt to determine the pKa's of the
three histidines of bovine trypsin using the isotope exchange method
of Ohe et al. (1974). This technique involves incubating the enzyme
in tritiated water at various pH's, digesting the protein, separating
the histidine-containing peptides and determining the extent of the
isotope incorporation into each histidine.

The kinetics of deuteration of imidazole (Vaughan et al., 1970)

The numbering system referred to is that of chymotrypsinogen.
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and of N-acetyl-histidine (Matsuo _e_t;ai. , 1972) in aqueous solutions
have been studied as a function of pH. The pH dependence of the ex-
change ratev can be explained by a mechanism which involves a rate-
determining abstraction of the C~2 proton by OH or by H,O to form
an ylide intermediate, followed by a fast protonation of the ylide
(Vaughan g_til_. , 1970). Evidence that proton abstraction is involved
in the rate—~determining step is provided by a deuterium isotope effect
of 7.5 which has been observed when comparing the rates of exchange
of tritium into the tripeptide dly-His—Gly with 'H or *H in the C-2
position of the imidazole (Markley and Cheung, 1973). The pKa of the
imidazole ring can be determined by fitting the pH-exchange data to
the rate equation derived from the ylide mechanism.

The rate of exchange at the C-2 of imidazole is intermediate
between the rates» for fast-exchanging O—H and N—H protons and non—
exchanging C—H protons. The uniqueness of the rate of C-2 exchange
allows the specific labeling of the histidine rings of a protein in
tritiated water (Matsuo et al., 1972). The tritium can be incorpo-
rated under mild, non~denaturing conditions (37°C, pH 2-10), and
the labile protons can be back-exchanged, thus leaving only histidines
labeled. Studies of the pH dependence of tritium incorporation into
the histidines of lysozyme (Matsuo et al., 1972) and ribonuclease

(Ohe et al., 1974) have been used to determine the individual pKa's of
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the histidines in these proteins.

Our experiments have involved measuring the pH dependence of
the rate of tritium incorporation into each histidine of bovine trypsin:
His 57 at the active site and His 40, which are also present in chy-
motrypsin, and His 91. The observed rates for each of the three
histidines are slower than any previously reported rates for tritium

exchange into imidazole.

Methods

Materials: Some reagents employed in this work and theixj
suppliers are: Benzamidine hydrochloride hydrate (Aldrich Chemical
Company), PIPESZ (Calbiochem), p-nitrophenyl-p'-guanidino benzoate
(Cyclo Chemical Company), cyanogen bromide (Kodak), Aquasol
scintillation fluid and tritiated water, 1 Ci/ml (New England
Nuclear), chromatographic paper, 3 MM (Whatman), DL-norleucine
(Sigma), L-histidine (Sigma), D,O (Stohler). Sephadex G-25, G-75,
and Sepharose 4B were products of Pha?macia Fine Chemicals.
Standard mixtures of amino acids were purchased from Beckman In-

struments Company. Trypsin (Lot 73M339, 3x recrystallized,

2 Abbreviations used: PIPES, piperazine-N, N'—Hi_g(z—ethane—
sulfonic acid); STI, soybean trypsin inhibitor; DIP-trypsin, diisopro-
pylphosphoryl trypsin; BA~trypsin, benzamidine trypsin.
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sterile), chymotrypsin (Lot 340698), and soybean trypsin inhibitor
(Lots 547358 and 1AA) were purchased from Woithington Biochemi-
cal Corp.  Water was distilled and deionized before use, and all

other chemicals were reagent grade.

Procedures: The concentration of active trypsin was deter—

mined by active site tritration with p-nitrophenyl-p'-guanidino ben-
zoate (Chase and Shaw, 1967) and protein absorbance at 280 nm

(e =1.54 mg'lml em” 23,891 g/molé (Robinson et al., 1971)). A
Gilford Mo;iel 240 spectrophotometer was used for all spectrophoto-
metric measurements and a Beckman Model LS~350 scintillation
counter was used for tritigm counting. All experiments were con-
ducted at room temperature unless otherwise indicated. All data

were assigned unit weights for the least-squares curve fitting.

Amino Acid Analysis: A Beckman Model 120-C amino acid

analyzer was used for all analyses. Amino acid compositions were
determined from samples hydrolyzed in distilled 6 N HC1 for twenty
hours at 110°C. Norleucine was used as an internal standard to
determine the absolute amounts of the amino acids in the samples.
The color constants used were measured from analyses of standard

amino acid mixtures.
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Soybean Trypsin Inhibitor-Sepharose Affinity Chromatography:
Sepharose 4B was activatea using a slightly modified version of the
method of Cuatrecasas (1970). In the modified procedure, cyanogen
bromide was dissolved in dioxane (1 g/ml) before addition to Sepha—-
rose 4B. The dioxane was purified by passage through activated
alumina immediately before uée (M. Ross, personal communication).
The STI was coupled to the activated Sepharose 4B and the complex
was subsequently washed according to the procedure of Light and
Liepnieks (1974). The STI;-Sepharose was packed into a 3.14 cm2
x 22 cm column and equilibrated with a 0.1 M tris, 50 mM CaCl,,

0.5 M KCI1 buffer, pH 8.0. Trypsin was dissolved in pH 7. 14 incuba-
tion buffer (see below) before being applied to the column and eluted

by step or continuous pH gradients using 0.1 M formate with 50 mM

CaCl, atpH 4.5, and 0.1 M formate at pH 2.6.

Protein Purification: Sephadex G-25 and G-75 chromatography

(column dimensions: 4. 91 cm2 x 90 cm; buffer: HCl, pH 2.5 with
and without 40 mM CaCl,), and STI-Sepharose affinity chromato- |
graphy were used in attempts to isolate trypsin with a high concen-
tration of active sites. The number of active sites in the purified
trypsin was usually about 95% of the theoretical value. Control in-

cubations without tritium showed that the benzamidine included in the
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incubation buffer (see below) completely prevented autolysis during
incubations of 0, 7, 10, and 14 days.

It was _neceésary to further purify STI by Sephadex G-75 chroma-
tography (column dimensions: 4. 91 cm2 x 120 em; buffer: 0.' 1M
NH,HCO,;, pH 7.8, 4°C). The commercial STI was contaminated by

materials with both higher and lower molecular weight.

NMR Spectroscopy: Deuterium exchange with the protons of

L-histidine was measured with a Varian HR-220 spectrometer
modified for Fourier transformb operation. The spectrometer was
interfaced with a Varian 16K 620/i computer and a Sykes compu-
corder 120. A solution of 0.05 M L-histidine in 99% D,O, pD = 8. 2
(Glasoe and Long, 1960) was Millipore filtered under sterile condi-
tions, flame sealed in a 5 mm NMR tube, and incubated at 37°C. The
proton resonances were assigned according to Schutte et al. (1966).
The relative extent of exchange was measured by comparing the areas
of the obsgerved peaks and the Ca proton resonance was used as an in—
ternal standard. Both continuous wave and Fourier transformed NMR

spectra were observed.

Tritium Exchange: The procedure used was based on the

method described by Ohe et al. (1974). Incubation buffers with pH's
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below 4 were prepared by adding concentrated HCI1 to buffer A (50 mM
benzamidine, 50 mM PIPES, 100 mM HC1, pH = 4.1). Incubation
buffers with pH's above 4 were prepared by adding the appropriate
amoﬁnt of buffer B (50 mM calcium acetate, 50 mM benzamidine,
50 mM PIPES, 50 mM NaOH, 50 mM NaCl, pH = 10. 6) to buffer A.
50 mM benzamidine, a competitive reversible inhibitor of trypsin
(Mares-Guia and Shaw, 1965), was included to prevent autolysis.
Benzamidine binds to trypsin in the specificity binding pocket, but
does r;ot block solvent accessibility to histidine in the catalytic site
(Krieger et al. 1974). 10 mg of trypsin and 25 pl of tritiated water
were added to 200 pl of incubation buffer and incubated at 37°C. The
final specific activity of the water was 186 cpm/nmole. After 38 hours
the reaction was quenched with 25 pl of glacial acetic acid. Protein
was separated from the incubation buffer and the bulk of the tritiated
water by Sephadex G-25 chromatography (column dimensions:
4.91 cm2 x 90 cm; buffer: HCl, pH 2.5). Whenever possible,
samples were maintained at pH 2-3 at room temperature or below,
where back exchange of tritium was quenched.

Following.Sephadex G-25 chromatography, the protein was
prepared for digestion to separate the histidine-containing peptides.
Each sample was lyophilized twice from the pH 2.5 buffer and redis-

solved in 0.5 ml of HCl, pH 2.0. To improve the results of the



160.

subsequent digestion, each sample was denatured by immersion in
boiling water for five minutes. The heat—treated sample was lyo~-
philized and redissolved in 250 pl of 20 mM ammonium bicarbonate
buffer (pH = 7.8). This solution was incubated at 37°C. 10 pl ali-
quots of chymotrypsin (1 mg/ml in 20 mM NH,HCO,) were added
successively at 0, 45, and 85 minutes. The chymotrypsin was less
than 3% of the sample by weight, After 180 minutes, the digestion
was quenched by addition of one drop of glacial acetic acid. The
digestion mixture was lyophilized, and redissolved in 50 pl of water.
The entire sample was spotted on chromatographic paper.
Two-dimensional peptide ﬁmaps of the digests were prepared by
two-phase descending chromatography (acetic acid:1-butanol:water,
1:3.375:5, v/v, pH = 3.5) followed by electrophoresis (pyridine:acetic
acid:water, 1:20:280, v/v, pH = 3.5; 53 volts/cm; 80 min.) (Bennett,
1967). The maps were lightly stained with ninhydrin spray (0. 1%vin
acetone, w/v). The locations bf the spots containing histidine pep-
tides were found by amino acid analysis of peptides from control
maps using similarly digested trypsin. The regions of the map con-
taining histidine peptides were cut out and eluted with 10% formic
acid. 25 nmoles of norleucine were added to each sample as an in-
ternal standard. 75% of each sample (375 pl in 10% formic acid) was

added to 7 ml Aquasol and counted for a minimum of 300 minutes.
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Peptides which did not contain histidine were treated identically and
used to determine the background counts. The remaining 25% of each
sample was lyophilized and analyzed for amino acids.

The origin of each peptide map was similarly analyzed to
quantitate total tritium incorporation into trypsin. For each origin
sample, 50 nmoles of norleucine were added and 5% of the mixture
was amino-acid analyzed; 75% was added to 7 ml Aquasol for scin-
tilation counting.

The specific activity (¢cpm/nmole) of each sample was used to
calculate a first-order rate constant for exchange using the expres-

sion:

) (1)

where sa is the observed specific activity after an incubation of time
t (38 hours), and e is the specific activity of the tritiated water used
in the incubation (186 cpm/nmole). e corresponds to the expected
specific activity of the histidines in the protein when equilibrium with
the buffer is reached.

In a separate exchange expefiment, 10 mg of trypsin was incu-
bated at 37°C in pH 7. 14 buffer for fourteen days. The specific

activity of the incubation solution (225 pl) was 1840 cpm/nmole. The
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exchange was quenched and the protein separated from the buffer and
from the bulk of the tritiated water as described above. 4 mg of the
tritiated trypsin was divided into two portions. 80% of the sample
(3.2 mg) was fnixed with 30 mg of purified STIin 1 mlof 0.1 M
NH4ﬁCO3, pH 7. 8, and the STI-trypsin complex was purified on a
Sephadex G-75 column (4. 91 cm2 x 120 cm; buffer: 0.1 M NH,HCO;,
pH 7.8) at 4°C. The cpmplex was then hydrolyzed in 6 N HC1 and the
individual amino acids were separated by high voltage paper electro-
phoresis (pH 1.7, 7600 volts, ~350 mA, 2 hrs. (Dreyer and Bynum,
1967)). A standard amino acid mixture was co-electrophoresed.
The positions of the amino acids in the standard mixture were |
located by spraying with a solution of ninhydrin (0. 3% in acetone,
w/v). The histidine sample was eluted from the paper with 10%
formic acid and lyophilized. 50 nmoles of norleucine were added in
250 pl of H,O and 10% of this mixture wa s analyzed to determine the
histidine content. The specific activity was determined by adding
200 pl of the sample to 7 ml Aquasol and counting for 60 minutes in a
scintillation counter. Arginine from the hydrolysate was treated
similarly and used to determine the background counts.

The remaining 0. 8 mg of the tritiated trypsin was hydrolyzed
and the specific activity of the isolated histidine was determined as

described above for the STI-trypsin complex.
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Results

After incubating bovine trypsin in various buffer solutions con-
taining tritiated water between pH 2 and pH 9, the labeled protein
was separated from the bulk of the tritiated ipcubation buffer by gel
chromatography (Figure 1). The majority of £he tritium in the pro-
tein at this stage is due to groups other than the C-2 of histidine.

In order to separate the three histidines of trypsin, each
sample was enzymatically digested, and the peptides were separated
by chromatography and electrophoresis. Figure 2 is a photograph
and a tracing of the ninhydrin staining pattern which was typical of all
of the two-dimensional peptide maps. The isolated peptides were
products of digestion by both the added chymotrypsin and the fraction
of the trypsin in the sample which was still active after boiling. The
three histidines were found in different peptides: one containing
His 40, one containing His 57, and two peptides of ovérlapping
sequence containing His 91. The amino acid compositions of these
peptides were used to determine their locations in the known sequence
of bovine trypsin (Table I).

Part of each histidine peptide sample was used to count the in-
corpo‘rated tritium, and part was used to quantitate the amount of
histidine present. The specific activities determined from these

measurements were then used to calculate pseudo-first—order rate
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constants for the exchange, k, according to Equation 1. The rate
constants for each histidine at each incubation pH are listed in Table
II. These rate constants were used to extract pKa values for the
imidazole side chains by least—squares fitting to a theoretical curve
based on the exchange mechanism proposed by Vaughan et al. (1970).
‘This mechanism involves the rate~determining formation of an ylide
intermediate through abstraction of a proton from an imidazolium
cation by water (ka) or by hydroxide (kb) ion (Figure 3), and leads to

the following rate equation:

!/kb[H+][OH_] + ka[HZO][H+]

k = ;{ \) (2)
+] /

| K + [H
" a

where k is the pseudo~first~order rate constant and Ka is the ioniza-
tion constant for imidazole.

The experimental data for the PH dependence of the exchange
rates for histidines 40, 57, and 91, together with the least-squares
fits to the above rate equation, are illustrated in Figure 4. The

least-squares determined values of ka’ k. and PKa for each histidine

b

are listed in Table III. kb is the rate constant for the reaction path—

way catalyzed by OH , and determines the maximum exchange rate

which will be observed at high pH. The values of kb for the histidines

of trypsin are much smaller than for the histidines in ribonuclease or
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lysozyme, or for small molecules which contain imidazole (Table III).
The best fit to the data for His 57, the active site histidine, gives an
apparent pKa of 6.55. Because the specific activities for histidines
40 and 91 were only slightly above background, the pKa assignments
for these groups are tentative. The data suggest that exchange into
His 40 may depend on two pKa's.

Tritium exchange rate data can frequently be fit by'a. simple
function which describes the ionization of a single group; for example,

c - 10PHPK )

k' = 3
1 4 10PHPK) ?

or

10PE-PKa)

k' = C - 1 - \) (4)
1+ 10(PHPR,)

where C is a constant, The pKa's determined from .such a fit will be
similar, but not identical, to the apparent pKa's calculated by fitting
the rate Equation 2 derived from the ylide mechanism of exchange to
the data (Table III).

The pH-exchange profile for intact trypsin isolated from the
origins of the peptide maps is shown in Figure 5. The extent of

tritium incorporation into the intact molecule was somewhat greater
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than the sum of the counts incorporated into all three histidines. The
difference is presumably due to incorporation of tritium into c;ther
groups in the intact molecule, which also back exchange slowly. The
rate constants for intact trypsin exchange are also listed in Table III.
The origin exchange exhibits an apparent pKa of 6. 9.

Because the tritium-exchange rates for the histidines in trypsin
are very low, lower than any previously observed, only a maximum
of 1% of the trypsin had undergone exchange during the 38-hour in-
cubation. This low incorporatié)n raised the question of whether only
denatured trypsin had undergone exchange at the histidines because
the trypsin used in the experiment was only ~95% active. To elimi-
nate this possibility, a second exchange experiment was performed.
Water with higher specific activity (1840 cpm/nmole) and a longer
incubation time (14 days) were ui-sed to increase the amount of label
incorporated in the hist;dines. Soybean trypsin inhibitor was used to
isolate '"active'' trypsin from inactive‘protein.

The trypsin labeled during the 14-day incubation at pH 7. 14 was
split into two portions. (Control experiments showed that the benz-
amidine in the incubation buffer completely inhibited autolysis. ) One
portion of the trypsin was converted to a trypsin—soybean.trypsin
inhibitor complex and was purified by gel filtration (Figure 6). Com-~

plex formation was used as an assay for the "active'' or inhibitor~
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binding trypsin in the sample. A comparison of the specific activities
of the histidines in the uncomplexed and complexed tfypsin (Table IV)
demonstrates how much of the tritium label had been incorporated
into active trypsin during the incubation. These results show
that approximately 80% of the tritiated histidine was in active trypsin.
A comparison of the observed rate constant for the uncomplexed
trypsin at pH 7. 14 with the éxpected value based on the histidine
exchange rates during the 38-hour incubation (Table IV) reconfirms
the very slow rate of exchange seen in the 38-hour experiment,
although the rates are not identical. The difference may be due to
back exchange of tritium out of imidazole during the 20~hour acid
hydrolysis (110°C).. The samples in the 14-day experiment were acid
hydrolyzed before scintillation counting, whereas the samples which
were counte.d in the 38-hour experiment had not been acid hydrolyzed.
An ""observed' rate constant for back exchénge during the acid
hydrolysis step can be calculated from the expected value of the
specific activity, 193.1 cpm/nmole (Table IV), and the o‘bserved value

after acid hydrolysis, 87.5 cpm/nmole, according to Equation 5:

-1 87.5
Kpack = T 2 o3y (5)

where t is the time of hydrolysis (20 hrs.). This "observed' rate
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constant is 39.6 x 10_3 hour—l.

Alternatively, t/'he rate constant for back exchange during acid
hydrolysis can be roughly eétimated from the rate of deute;'ium ex—
change at 65°C and pH 0. 26 (0. 090 hour_l; average value from

Vaughan et al., 1970) by applying corrections for.the tritium isotope

t

k ~ 18. 2)3 and the temperature depéndence of

effect (

H

4
the rate. The estimated value based on this calculation was

This value is estimateq from the deuterium isotope effect of 7.5
(Markley and Cheung, 1973) using:

k k
log -EE = 1,44 log —I-Q—I——I— (Jencks, 1969).
T D
4
The data of Vaughan et al. (1970) for deuterium exchange at pH10. 56

at 60°, 65°, and 70°C were fit to the Arrhenius equation:

a
k = - — .
In + 1ln A

The value of k at T = 110°C was estimated from this fit. The data of
Vaughan et al. (1970) suggest that the temperature dependence of k
may vary with pH, so that the extrapolated value of k at 110°C in

6 N HCI1 is only a rough estimate.
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46 x 10_3 hour_l. Because of the similarity between the "observed"
and estimated rates of back exchange, it is reasonable to assume that
the difference between the rate constants for the 14~day and 38-hour
experiments (Table IV) is due to back exchange during the acid
hydrolysis of the 14-day sample. If this is the case, then the rate
constants for the histidines inribonuclease and lysozyme (Table III)
may be too low because the samples were hydrolyzed before counting
(Matsuo et al., 1972; Ohe et al., 1974).

Because of the slow exchange rates, there was some question as
to which proton on His 57 was exchanging. Although ?H or >H ex-
change for the C-2 proton of imidazole is normally faster than ex—
change with the proton in the C-4 position (Matsuo g:c__a_l_. , 1972), the
C-2 proton of His 57 in trypsin is relatively solvent inaccessible
while the C-4 proton is solvent accessible (Stroud‘gt_a_l. , 1971).
Therefore, it seemed possible that the C~4 rather than the C-2 pro-
tons of His 57 might have exchanged‘ during the incubations at 37°.
Isotope exchange at the C-4 position of imidazole at 180°C had pre-
viously been studied (Vaughan _et_al. , 1970). To determine the rela-
tive rates of exchange at the C-2 and C-4 positions under conditions
similar to those used in the tritium exchange experiment, deuterium

exchange into L-histidine at 37°C was investigated using NMR
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spectroscopy. The time dependence of the deuterium exchange is
shown in Figure 7. The first-order rate constant for C-2 exchange
was calculated by fitting an exponential to the data. The

associated half-time c;»f exchange, 2. 8 days, is éompared to the ex~
change rates for other histidines in Table II. In contrast to the C-2
exchange, there was essentially no C—:1 exchange for up to 115 days

of incubation. Thus, the tritium exchange into His 57 of trypsin,

which occurs with an apparent pKa of 6. 55 and a half-time of 73 days,

takes place at the C-2 position.

Discussion

All previously observed pH-rate profiles for *H exchange at the
C~2 of histidine show an increase in the rate of exchange as the imi-
dazole titrates (Vaughan et al., 1970; Matsuo et al., 1972; Ohe et al.,
1974). These profiles look similar to a pH titration curve and were
so treated by Ohe et al. (1974). One might expect that if the ylide
mechanism of exchange (Figure 3) were valid, the rate of exchange
would decrease as the concentration of imidazolium ion decreased with
increasing pH. The exchange rate, howefrer, depends not only on the
imidazolium ion concentration, but also on the hydroxide ion céncen—
tration. Because of this dependence, the pseudo-first-order rate con-

stant, k, can either increase, decrease, or remain unchanged as the pH
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increases. Its behavior will depend upon the ratio of the hydroxide—
mediated (kb) and the water-mediated (ka) rates of ylide formation.
This dependence is illustrated in Figure 8 where the pH-rate profiles
for a fixed pKa and varying ka:kb ratios are plotted. The curves in
the figure, which were calcaulated using Equation 2, clearly show
that the water-mediated exchange rate controls the low pH region of
the profile while the high pH region depends on the hydroxide-
mediated exchange. The ka:kb ratios for His 40 and His 91 ére
sufficiently small that the decrease in imidazolium ion concentration
appears to dominate the overall exchange and the pH dependence is
similar to that seen in curves 4 and 5 of Figure 8. His 57 follows the
trend set in previous studies and k increases between pH 6 and 8.
The data for the exchange into His 40 (Figure 4, Table II) sug-
gest that a second pKa near 2.7 affects the exchange of this group.
Either the high pKa (6. 9) or the low pKa (2. 7) could be that of the
imidazole ring of His 40 while the other apparent pKa could be due to
a group or groups which perturb the exchange reaction. The curve
representing the pH dependence of tritium exchange into His 40 in
Figure 4 was calculated by fitting the data to an equation for the ylide
exchange mechanism (Equation 2) which includes a term to account

for a perturbation by an ionizable group:
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1 0(PH-PKa) i [H J[OH 1 + ik [H,0)[H]
k = (PH-pK_) o . (6)
1 +10'P77PRa Ka+[H+]

Because the specific activities for His 40 were only slightly
above background, the conclusion that the exchange is affected by a
second pKa is tentative. If the apparent pKa of 2.7 ‘does represent an
ionizing group which perturbs the exchange, Asp 194 is a likely can-
didate for the assignment of this pKa. Asp 194 is near to His 40°in
the three-dimensional structures of both DIP- and BA-trypsin (Stroud
et al., 1971; Kriegér et al., 1974), the adjacent carbonyl group of
Gly 193 is hydrogen bonded to the imidazole of His 40, and infrared
spectroscopic studies of trypsin show that the pKa of Asp 194 is near
2.9 (Koeppe and Stroud, 1975).

The histidines in trypsin exhibit the slowest imidazole tritium
exchange rates yet reported. The kinetic parameters for exchange
into the histidines of trypsin, lysozyme, ribonuclease, N-acetyl-L-
histidine and L-histidine are listed in Table III. These parameters
were derived by fitting Equation 2 to the rate data. The rate con-
stants for the hydroxide-mediated exchange at the imidazoles of
trypsin are approximately one to four orders of magnitude slower

than those of the other examples. The rate constants for the water-

mediated exchange listed in the table are based on the very slow
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exchange which occurs in the low pH region, and are too uncertain to
be used for a detailed comparison. The half-time for exchange,

t%, at pH 9 (Table III) depends both on the hydroxide-mediated rate
constant (kb) and on the concentiation of imidazolium ion. The pKa's
of the histidines of ribonucléas‘e are lower than the pKa of N-acetyl-

1.~histidine; therefore, the values of ty for the histidines in.
‘ 2

ribonuclease are longer than the t; for N-acetyl-L-histidine even
L

though their k. values are up to 12 times larger.

b

The differences in the hydroxide-mediated rate constants can
generally be understood in terms of the solvent accessibility, orien-
tations, and mobilities of the imidazole rings.

Ohe et al. (1974) bave shown that there is a correlation between
the exchange rates for His 119, His 105, and His 12 of ribonuciease
and the static solvent accessibilities of their side chains (Lee and
Richards, 1971). While solvent accessibility must be crucial in
determining the exchange rate, the orientation and mobility of the
imidazole ring are also important. The side chain of His 48 is more
solvent accessible than that of His 12, but His 12 exchange is six
times faster at pH 8. His 48 exchange is slower because its side
chain orientation at the surface of the molecule does not permit sol-

vent to attack the C-2 position in the plane of the imidazole ring.

This interpretation is based on a wire model of ribonuclease S which
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which was built using the coordinates of Wyckoff et al. (1970). The
structure suggests that water or hydroxide must approach in a direc-
tion normal to the ring, and thus proton extraction and addition are
expec‘ted to be energetically unfavorable. Aiso, from an examination
of the Kendrew model, one would conclude that the imidazole ring
cannot reorient to facilitate C-2 exchange by simple, low-energy
rotation about either the Ca_cp or Cﬁ—CY bonds. A more
substantial conformational change would be required. The side chains
of His 119, 105 and 12 in the model all extend edgewise into the sol-
vent so that exchange takes place much more readily on these rings.
The C-2 exchange rate for His 40 in trypsin can also be ex-
plained by considering the accessibility, orientation and flexibility of
the histidine side chain. The following analysis is based upon the
partially refined 1.76 A r'esolutiox; structure of bovine trypsin
inhibited with diis opropylﬂuoropﬁosphate
(Chambers and Stroud, in preparation). His 40 is buried beneath the
surface of the protein and is quite inaccessible to solvent. The
imidazole ring is sur;'ounded by the side chains of Trp 141, Ser 32,
and the peptide backbone of residues 41-43, 142-143, and 193-194,
The e-nitrogen of His 40 is hydrogen bonded to the carbonyl group of
Gly 193, and the C-2 proton Points toward the center of the molecule.

Thus, the exceptionally slow tritium exchange rate at His 40 is
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consistent with the three~dimensional structure of trypsin. The side
chain of His 91 lies in a depression on the surface of trypsin; however
there is no obvious explanation for why the exchange is very slow.

The slow exchange rate of His 57 can be explained by consider-
ing its local environment in the active site of benzamidine~-inhibited
trypsin (Krieger et al., 1974). The plane of the
imidazole ring of His 57 is approximately normal to the surface of the
protein. The N-1 and N-3 nitrogens are hydrogen bonded to the car-
boxylate group of Asp 102 and the side chain of Ser 195, respectively.
The C-2 proton points toward the center of the molecule and is
sequestered from solvent by the Cys 42-58 disulfide bridge and the
backbone of residues 57-58 above the ring and by Leu 99 and the
backbone.of 214-215 from below. One might expect that tritium ex-
change at the buried C-2 position of His 57 in the active conformation
of the enzyme would be much slower than the exchange of His 91 be-
cause of greater steric hindrance. Exchange intb the solvent-
accessible C-4 position of the ring seems very unlikely because there
was no observable incorporation of deuterium into the C-4 position of
L-histidine in D,0O after a 115-day incubation at 37°C, pD 8. 2.

The imidazole of His 57, however, can swing out into solution
by disrupting the hydrogen bonds to Asp 102 and Ser 195 and by rota—-

ting about the CQ—C bond. Precedence for such a conformational

p
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change can be found in the structure of silver-diisopropylphosphoryl
trypsin. The silver ion induces a rotation of the imidazole about the

Ca—Cp bond with little perturbation of the rest of the structure

(Chambers et al., 1974).

If the side chain of His 57 is involved in a conformational
equilibrium between the active ''in'' position and an inactive "out"
position, it might only exchange when it is in the '"out"” conformation.
Exchange into His 57 in the "in'' position seems unlikely because of
the structure of the active site and the stereochemistry of the reac—
tion. The exchange rate in the "out!" position could be similar to that
for small molecules containing imidazole; for example, N-acetyl-L-
histidine, L-~histidine, or for His 15 in denatured lysozyme (Table
III). The overall slow rate of exchange could be explained by an "in-
out' equilibrium in which only a small percentage of the trypsin
would have His 57 populating the ''out' conformation. The tritium
exchange would then detect the pKa of His 57 in the ''out' position
rather than in the active conformation.

Because of the long duration of the tritium exchange experiment,
the exchange ciue to the '"in-out" swinging of the histiaine imidazole
ring cannot be distinguished from the slow exchange of the "in'" form.
This ambiguity is a characteristic drawback of a reaction which is as

slow as tritium-hydrogen exchange at the C-2 position of histidine, "
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and is an especially serious problem for the case of His 57
of trypsin, which exchanges at a very slow rate.

In addition to the ylide mechanism, there are other possible
explanations for the tritium exchange intovHis 57. Of particular
interest are mechanisms in which the ionization of a neighboring
group affects the rate of tritium exchange of the imidazole. These
mechanisms could be of two types: 1) those in which the ""primary"
PH dependence at pH 6.55 is due to the titration of the neighboring
group, ahd the-titration of the imidazole itself is either not seen at
all or is seen merely as a small perturbation on top of the '"primary"
effect; and 2) those in which the ylide mechanism is operative with
the ""primary" titration at pH 6.55 due to the imidazole titration, but
with an additional perturbation in the pH dependence due to the titra-
tion of a neighboring group.

The following mechanism is an example of the first possibility-
—that of a neighboring group titrating with a pKa near 6.55. In this
mechanism, neutral imidazole rather than positively-charged imida-
zolium is the reacting épecies, and neighboring group base catalysis

assists in the proton transfers.
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In this scheme the base is represented as a carboxylate group.
The rate equation (Eq. 7) which can be derived from this "iso—imida~

zole' mechanism has the same form as Eq. 2, the rate equation for

the ylide mechanism:

A+ A,_[H+] 7)
K, + [H+]

iso

For the ylide mechanism, Ka is the ionization constant of the imida-

zole, whereas in the '"iso—imidazole! mechanism Ka is the ionization
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constant of the neighboring base. Although terms A, and A, repre-
sent different collections of constants for the two cases, the mech-
anisms cannot be distinguished on the basis of the rate equations.

For free histidine in solution, the rate-determining step has
been shown to involve remox;'al of a proton (Markley and Cheung;
1973). This is compatible with the ylide mechanism but not with an
"iso-imidazole' mechanism which involves rate~determining protona-
tion at the C~2 of imidazole. However, the exchange mechanism in
the enzyme could possibly be different from histidine free in solution.

Regardless of which of the above mechanisms is preferred, it
is possible that an additional pKa might perturb the pH dependence of
exchange. For the ylide mechanism one might expect the ionization
of Asp 102 to affect the exchange rate, while the "iso-imidazole"
mechanism would depend on the ionization of imidazole itself as well
as on the neighboring proton acceptor (Asp 102). To test whether the
data were consistent with this possibility, the kinetic equations appli-
cable to either of the mechanisms (Equations 2 and 7) were modified
fo incorporate a simple additional positive or negative titration curve
(see Equations 3, 4, and 6). No acceptable fit was found when the
perturbations were included in the least-squares analysis. The
fitting led to either unreasonable rate constants for the individual

steps or physically impossible (negative) Ka's. This conclusion is
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valid only for the pH region 5 to 9 because of the paucity of data
below pH 5 and the uncertainty in the very low-specific activities of
the low pH data. The data points for His 57 between pH 3.5 and 1. 7
in Figure 4 indicate a downward trend which could be consistent with
a second pKa in that region, although uncertainties in the data do not
permit this conclusion to be drawn. The tritium exchange data for
His 57 in bovine trypsin in the pH range of 5-9 can be explained by
the titration of only one ionizable group which affects the exchange
rate. This ionization could be due either to His 57 with the "in" or

with the "out' conformation, or to Asp 102.

Conclusion

Several studies have provided evidence that Asp 102 is the
group at the active site of the serine proteases which has a pKa near
6.7 (Hunkapiller et al., 1973; Koeppe and Stroud, 1976). The pH
dependence of the kinetics of substrate hydrolysis by the serine pro-
teases shows that only the single pKa of 6. 7 affects the rate of
hydrolysis between pH 2 and pH 8 (Kezdy and Bender, 1964; Fersht
and Renard, 1974).

This would lead to the conclusion that His 57 of trypsin has a
pKa below 2 in the active conformation. The tritium-exchange data

would be consistent with this conclusion if histidine in the active form
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had a low pKa and did not measurably exchange, but had a pKaL of
6.55 when swung out into solution in the exchangeable form. This
interpretation seems to be the most reasonable one because the 'in'"
conformation of His 57 appears completely inaccessible to proton
exchange at the C-2 position, and because the imidazole ring can
rotate out into solution with minimal disruption of the rest of the
structure. The base~assisted ''iso~imidazole' mechanism of ex—
change with the ring "in'' would be consistent withq the pKa of 6.55
assigned to Asp 102, but is inconsistent with the known isotope effect
in C-2 exchange for free histidine in solution (Markley aﬁd Cheung,

1973), and is unlikely because of steric hindrance.
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TABLE I

Relative molar ratios of amino acids in

chymotryptic-tryptic peptides of trypsin

Peptide

Amino Acid 40 57 91-A 91-B
Asx 1, 84(Z)T
Thr 0.81(1)
Ser 0. 98(1) 2.29%(3) 1.42%(2)
Pro 1.47(1) . 89(1)
Gly 0.14 .23 .63
Ala 1.95(2) .76
Val 1.34%(2) 1.00(1) 1.23(1)
Ile 1.26(1) 1.00(1)
Leu .13 0.69(1)
Tyr 1.00(1) 0.52(1)
Phe 1.00(1)
His 0.68%(1) 1.00(1) 0. 90(1) 0.76(1)
Lys .11 0. 39

Sequence His40 to Val52 to Ser88 to Ser88 to

Assignment Phe‘]:1 His57 Lt—:u99 Tyr94

TThe numbers in parentheses are the values expected from the known

sequence of bovine trypsin (Titani et al., 1975).

*
The N-terminal residue is partially destroyed by ninhydrin.
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TABLE II

The pseudo-first—order rate constants for the

incorporation of tritium into the histidines of bovine trypsin

pH Kk x10° (hr.'l)a
His 57 His 40 His 91 OriginP

1.73 0. 00 3. 04 0. 84 4.05
2.80 0.74 2.12 1.19 15. 87
3.67 1.63 5. 86 1.22 27.63
4.10 12.63
5.08 2.69 3. 99 1.30 11.71
6.07 14. 08 1.76 27.63
6.56 16.11 4.43 1.03 39. 74
6.87 25. 84 1.30 50. 00
7.217 1.44 0.71 53.16
8.98 37.26 0.99 0.74 87.03

aThe pseudo—first-order rate constants, k, were calculated using
Equation 1 with t = 38 hours and e = 186 cpm/nmole. All incubations

were at 37°C.

These values reflect the exchange of an unknown number of protons

and therefore are not pseudo-first-order rate constants.
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TABLE III (continued)

Footnotes:

® Measurements for trypsin and L-histidine were made at 37°C;

all others were at 36.5°C,

b pKa, ka' and kb were determined by fitting the exchange data

to Eq. 2 using non-linear least squares.

¢ ty = —_—l—I—ILQ—g—)- , where k9 is calculated from Eq. 2 using the
2 9

parameters in this table and a pH of 9.

These values were determined by fitting the exchange data to

the titration curve for a monobasic acid (Eq. 3).

e
The pseudo—first—order rate constants which were used in

calculating these parameters were taken from Figure 2 of Ohe et al.

(1974).

The pseudo—-first-order rate constants were taken from

Figures 2 and 3 of Matsuo et al. (1972).

g

Half time for deuterium exchange at pD = 8. 2.
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Figure Legends

FIGURE 1, Separation of *H-trypsin from the bulk of the
tritiated incubation buffer. After a 38-hour incubation at 37°C, the
*H-trypsin was separated from the tritiated incubation buffer by gel
chromatography on Sephadex G-25 (column dimensions: 4. 91 cm2 x
90 cm; buffer: HCI, pH 2.5; fraction volume: 6.5 ml; flow rate:

3 ml/min.). 50 pl aliquots of each fraction were added to 5 ml of
Aquasol for scintillation counting. The arrows d‘enote the elution
volumes for control samples of trypsin and tritiated water. The pH

of the incubation buffer used in this example was 7. 27.

FIGURE 2. A pH 3.5 peptide map of trypsin digested by

' chymotrypsin and partial autolysis. Descending chromatography was
followed by electrophoresis in which the positive pole was on the left
and the negative pole on the right. The photograph (top) and tracing
(bottom) are examples of the ninhydrin staining pattern typically seen
in such maps. The histidine containing peptides (40, 57, 91A, 91B)

were identified by amino acid analysis (see Table I).

FIGURE 3. The ylide mechanism of tritium exchange into the

C-2 position of imidazole (Vaughan et al., 1970).
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FIGURE 4. pH dependence of the pseudo-first-order rate
constants for tritium exchange with the C-2 protons in the histidines
of bovine trypsin: @ - histidine 40; O - histidine 57; A - histidine 91.

The curves are least-squares fits to the data as described in the text.

"FIGURE 5. pH dependence of the pseudo-first—order rate
constants for tritium exchange into intact trypsin isolated from the
origins of the two-dimensional peptide maps. The amino acid compo-
sition of each origin corresponded to the kﬁdwn composition of trypsin.
The curve is a least-squares fit to the data as described in the text.

FIGURE 6. Purification of a complex of soybean trypsin
inhibitor with tritiated trypsin. An approximately ten-fold excess of
STI (30 mg) was mixed with 3.2 mg of *H-trypsin and the components
of the mixture were separated by gel chromatography on Sephadex
G-75 (column dimensions: 4. 91 cmz x 120 cm; buffer: 0.1 M
ammonium bicarbonate, pH 7. 8; fraction volume: 6.5 ml; flow rate:
0.5 ml/min.; 4°C). 50 pl aliquots of each fraction were added to
5 ml of Aquasol for scintillation counting. The arrows denote the
elution volumes of control samples of the complex, trypsin and STI.
The shaded region indicates the fractions which were pooled and

analyzed for tritium incorporation.
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FIGURE 7. Time dependence of deuterium exchange into
L~histidine. The exchange was monitored at pD 8.2 using 220 MHz
NMR spectroscopy. The intensity of the Ca proton resonance was
used as an internal standard. The ratio of the C-4 to the Ca inten—
sitieé (O) remained constant throughout the 115-day incubation indi-
cating that there was essentially no deuterium exchange with the C-4
proton. The ratio of the C-2 to the C~4 peak intensities (@) decreased
exponentially with time (the solid line is a least-squares fit of an

2 -1

exponential to the data where k = 1 x 10 “ hr. , ty = 2.8 days).

(M

FIGURE 8. Variation in the shape of the pH-exchange rate
profile with changes in the hydroxide mediated exchange rate constant.
The pseudo-first-order rate constant for hydrogen isotope exchange
into the C-2 position of imidazole calculated using Equation 2 can
either increase (curves 1 and 2), decrease (curves 4 and 5), or

remain constant (curve 3) with an increase in the pH.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
STI-Trypsin STI,
Complex Trypsin
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Figure 7
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Figure 8
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