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ABSTRACT 

The structure and catalytic mechanism of the serine protease 

trypsin was investigated using x-ray crystallography, enzyme 

kinetics and hydrogen isotope exchange. The role of serine pro

teases in eucaryotic cell transformation was examined by studying 

the binding of 1251-labeled dog plasminogen to normal and SV40-trans

formed Balb/c 3T3 cells. 

X-ray structural analysis using the difference Fourier tech

nique showed that benzamidine, a non-covalent, reversible inhibitor 

of trypsin, binds in the specificity binding pocket of the enzyme and 

blocks substrate access to the active center. Benzamidine binding 

provided a reasonable model for the binding of specific side chains 

and permitted us to construct a model for specific substrate binding. 

The difference Fourier technique was also used to show that silver 

ions inhibit trypsin by binding between the aspartic acid and histidine 

side chains in the catalytic site. This observation was used to 

assign difference infrared spectral peaks to the side chain of Asp 102 

in the catalytic site. A new level in understanding the catalytic 

mechanism was achieved using this information. 

In the course of these crystallographic investigations, new, 

more efficient and accurate techniques of data collection were 
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developed based upon a detailed study of the sources of background 

radiation in x-ray diffractometry. These techniques involve new 

methods for reducing and accurately accounting for background 

effects. 

A pH-dependent conformational change could introduce arti-

facts in the determination of the pK 's of catalytic groups using 
a 

either rapid kinetic or slower spectroscopic techniques . The rate 

of N -carbobenzoxy-L-lysine-p-nitrophenyl ester (C LNE) hydrolysis 
a -

by trypsin over the range pH 2 to pH 5 was observed to test for such 

a conformational change. Pre-incubating the enzyme at pH 2 and 

pH 6. 9 for up to three hours had no effect on the hydrolysis rate; 

therefore, within these limits, there was no pH-dependent conforma-

tional change which directly affected catalysis. 

In an attempt to determine the pK of His 57 directly, the 
a 

exchange of tritum with the C-2 protons in the histidine side chains 

of tryps-in was measured. This exchange was found to be slower 

than any previously measured C-2 tritium exchange. The half-time 

for exchange into His 57 was 73 days, and this apparently took 

place when the active site imidazole had rotated 

away from its active conformation. The apparent pK of His 57 in 
a 

this inactive "out" conformation was 6. 6. 
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Inc~eased proteolytic activity exhibited by many cells after 

transformation is due to plasminogen activation to the trypsin-like 

enzyme plasmin. Plasmin is responsible for a number of morpho

logical changes which accompany transformation and some experi

ments have suggested that plasmin or plasminogen might bind to 

transformed cell surfaces in preference to normal cell surfaces. 

We therefore studied the time dependence of plasminogen binding to 

3T3 and SV 3T3 cells. The binding to 3T3 cells on a per-cell basis 

either decreased during the course of a three-day incubation or de

creased between the first and second days and then rose again on the 

third day ("V" shaped binding curve). The binding to the SV 3T3 

cells was usually ''V" shaped . After three days of incubation, all of 

the plasminogen bound to the SV 3T3 cells had been degraded while 

there was still substantial plasminogen associated with the 3T3 cells. 

The degradation by the transformed cells was independent of the 

plasmin-dependent morphological changes normally exhibited by 

these cells. The uptake of serum plasminogen by the cells apparently 

involved several processes and may be accompanied by cell-surface 

proteolysis in the case of the transformed cells. 
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PREFACE 

This thesis summarizes work which is reported in detail in 

reprints and preprints appearing in the Appendices. 
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1. 

INTRODUCTION 

Of the many ways to control the biological activity of proteins 

(e.g. , induction or repression of their syntheses at the translational 

(1) or transcriptional levels (2)), specific modification or destruc

tion are the most direct. Biological systems are frequently con

trolled by these simple methods, and the serine protease family of 

enzymes plays a major role in many of these systems (3). 

The serine proteases are enzymes which hydrolyze peptide 

bonds via a series of base catalyzed nucleophilic substitutions . 

In many respects trypsin is the archetypical serine protease. 

Trypsin is synthesized in the pancreas of mammals as an inactive 

precursor which is later activated in the duodenum (4) by the 

cleavage of one critical peptide bond near the amino-terminal end of 

the polypeptide chain (5 ). After activation, trypsin 1 s primary 

function is to digest food protein. While the serine proteases are 

most frequently recognized as the primary tools in dietary protein 

digestion, they are also essential components in many other biologi-

cal processes; for example, blood clotting (6), bacterial sporulation 

(7 ), and fertilization (8 ). Trypsin's sharp specificity for basic side 

chains of the correct lengths (9, 10) has meant that a large number 

of physiologically important reactions are performed by enzymes 
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resembling trypsin. These trypsin-like enzymes of physiological 

control attack just one or two specific peptide bonds in a whole 

system of proteins. 

Kinetic studies on a variety of amide and ester substrates have 

shown that the mechanism of serine protease catalysis (Eq. 1) in-

volves a number of intermediates (l la - l lh). 

( 1) 

Here, E represents free enzyme, S the substrate, ES and EP2 en-

T . T 
zyme substrate and product complexes, ES and EP2 tetrahedral 

intermediates, EP: an acyl enzyme, P 1 the amine or alcohol portion 

of the product and P 2 the carboxylic acid portion of the product. For 

amides, the rate determining step is generally acylation, 

E + S - EP:, while deacylation, EP2a - E + P 2 is usually rate-

determining for esters. The characteristic differences between each 

of the digestive serine proteases--trypsin, chymotrypsin and 

elastase--lie in their specificity for hydrolyzing the peptide bonds 

between differ e nt amino acids in the protein substrate. Trypsin, the 

most specific of the digestive enzymes, hydrolyzes those 

peptide bonds that immediately follow either of the two basic amino 

acids, lysine or arginine (12). Chymotrypsin hydrolyzes peptide 
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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 (13). The complete 

amino acid sequences and three-dimensional molecular structures 

have now been worked out for trypsin (14) and its proenzyme (15), 

chymotrypsin (16) and its proenzyme (17), and elastase (18) . These 

structures along with that of subtilisin (19), a bacterial serine pro

tease, have been valuable in developing an understanding of how 

these enzymes bind their substrates and how they catalyze the sub

sequent chemical reactions. 

I have studied the serine proteases by examining the structure 

and catalytic mechanism of bovine trypsin, the archetype, and by 

investigating the role that the trypsin-like enzyme plasmin plays in 

the manifestation of transformed properties by eucaryotic cells in 

culture. 

THE STRUCTURE OF INHIBITED TRYPSIN 

In 1971, Bob Stroud, Lois Kay, and Richard Dickerson solved 

the three-dimensional structure of Diisopropyl-fluorophosphate 

inhibited trypsin (DIP-trypsin) at 2. 7 A resolution (14). Their work 

presented a picture of the folding of the polypeptide chain and amino 
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acid side chains along with a view of how the DIP-inhibiting group 

blocked the active center of the enzyme. The structure of DIP

trypsin was very similar to the structures of bovine a,-chymotrypsin 

and bovine elastase, two other pancreatic digestive serine pro

teases. The structures of these three proteins differed most 

sharply in the regions of their specificity binding pockets--the 

portion of the active site of the serine proteases which binds the 

side chains of substrates. In order to determine how the side chains 

of specific substrates bind to trypsin, we determined the structure 

of trypsin with the specific substrate side chain analogue benzami

dine bound in the pocket (9; Appendix I). Benzamidine binding pro

vided a reasonable model for the binding of specific side chains and 

permitted us to construct a model for specific substrate binding. 

Benzamidine-trypsin allowed us to study trypsin's binding 

pocket while DIP-trypsin probed the serine hydroxyl group in the 

active center, which is responsible for the nucleophilic substitution 

during catalysis. Recently, the structure of DIP-trypsin has been 

extensively refined in our laboratory at 1. 5 A resolution using a new 

technique for automated Fourier and real-space refinement developed 

by John L. Chambers. The trypsin structure is currently the most 

accurately determined enzyme structure. 
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ENZYME SPECIFICITY AND SUBSTRATE BINDING 

The x-ray crystal structures of the serine proteases have 

shown that their active sites are almost identical, and can be sub-

divided into catalytic and substrate binding sites. 

The serine proteases differ in their specificities not because of 

their catalytic sites, which are all identical, but because of differ-

ences in their substrate binding sites . Trypsin, chymotrypsin and 

elastase all have specific side chain binding pockets on their sur

faces close to the catalytic sites. These pockets are lined by 

residues 214-220 and 189-192. 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 (20)) lies 
a 

at the bottom of the pocket (14). Trypsin is specific for basic amino 

acids because the positively charged side chains bind tightly in 

this pocket (9, 21, 22, 23). It has been suggested that side chain 

binding in this pocket induces conformational changes in the enzyme-

substrate complex which help to accelerate catalysis (24). In chymo

trypsin, residue 189 is a serine (25 ). The pocket is relatively 

hydrophobic and uncharged at neutral pH's, thus explaining chymo

trypsin I s specificity. In both trypsin and chymotrypsin, residue 

216, a glycine, is at the entrance to the binding pocket. In elastase, 
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a valine replaces the glycine at 216 (26); its large side chain blocks 

the pocket and only allows the binding of amino acids with small side 

cha ins ( 1 8 ) . 

Other parts of the enzyme are involved in binding other parts 

of the substrate molecule as well as the side chain so that the sus

ceptible substrate bond is aligned appropriately on the surface. 

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, it 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 be collected 

in so short a time. Allan Fersht and M. Renard (11 g) have pointed 

out, however, that it may be possible to use equilibrium methods to 

trap intermediates in the reaction pathway and study their structures. 

Dr. G. Fetsko is currently trying to trap crystalline intermediate 

structures using very low temperatures (private communication). 

Until the structures of such intermediates have been determined, 

crystallographers will be limited to studying substrate analogue 

binding. From such studies, we can make inferences about the 

structural transformations which occur during the reaction. 
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The best analogues to true trypsin substrates are the naturally 

occurring 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 in the physiological control of the 

serine proteases (27). For example, if pancreatic trypsin inhibitors 

were not synthesized with the serine proenzymes, one prematurely 

activated molecule of trypsin could start an autocatalytic chain re

action which would activate the other serine proenzymes and destroy 

any nearby proteins. The inhibitors are present to prevent such 

catastrophes. The structure of a 6500 molecular weight bovine 

pancreatic trypsin inhibitor (PTI) was determined by R. Huber and 

his associates (28, 29). Chemical modifications had shown that 

Lys 15 of this inhibitor was involved in the trypsin-PT! association 

(30). By combining models of the PTI with the known structures of 

trypsin and chymotrypsin, substrate binding models were developed 

in our laboratory (9, 14), and independently by Huber et al. (29) and 

Blow et al. (31) . 

To construct our model an arginine side chain was built into 

the inhibitor structure replacing the side chain of Lys 15. Models 

of trypsin and the modified inhibitor were brought together so that 

the 11Arg 15 11 side chain was superposed onto the benzamidine density 

in the difference map. The side chain of Gln 192 was moved to 
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accommodate the inhibitor. Otherwise, the trypsin active-site 

configuration was that of benzamidine trypsin . The resulting com

plex (Figure 10 of Appendix I) was essentially the same as that pro

posed earlier by Stroud et al. (14 ). 

This model for enzyme-substrate interaction embodies a sub

strate conformation that evolved to bind tightly to the enzyme, and 

an enzyme conformation which is presumably like that induced by 

binding of specific substrate side chains. Benzamidine binding is, 

therefore, a good model for substrate side chain binding, showing a 

number of interactions that we expect to be present during the 

specific interaction between real subs1rates and trypsin . For 

example, several hydrogen bonds and a ready-made hand-in-glove 

association orient the susceptible peptide bond close to the active 

site. The identical models proposed for the enzyme-substrate

inhibitor complexes have now been verified by the determination of 

the crystal structure of the PTI-trypsin complex (22) . The soybean 

trypsin inhibitor-trypsin complex has also been determined (23 ). 

THE CATALYTIC SITE 

The catalytic site of all serine proteases is characterized by 

a serine hydroxyl group (residue 195 , in chymotrypsinogen number-
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ing system). Diisopropyl-fluorophosphate (DIFP)(32) and phenyl

methane-sulfonyl-fluoride (PMSF) {33) react with this hydroxyl and 

irreversibly inhibit serine proteases, regardless of their substrate 

specificity. This hydroxyl is hydrogen-bonded to the NE 
2 

of His 57 

which in turn hydrogen-bonds via N
61 

to Asp 102 (14, 16, 17, 19, 

34). Their direct participation in catalysis has been established 

unequivocally. Chemical modification of any of these three residues 

can greatly diminish or abolish catalysis {32, 33, 35, 36, 37, 38). 

The ionization properties of the side chains of His 57 and 

Asp 102 have been the subject of considerable controversy. The pH 

activity profile for trypsin is bell-shaped with a maximum near 

pH 8. The high pH limb of the profile is due to an active-inactive 

conformational equilibrium which depends on the titration of the 

amino terminus (11 d). The low pH limb depends on only a single 

group between pH 3 and pH 7 which titrates with a pK of 6. 8. The 
a 

pK I s of the histidine and aspartic acid side chains in solution are 
a 

normally 6. 0 and 3. 6 (39), respectively; therefore, the active site 

pK of 6. 8 has frequently been assigned to His 57. 
a 

Hunkapiller et al. (40) have used 13C-NMR to show that the 

active site imidazole in a-lytic protease, a bacterial serine pro-

tease homologous to the pancreatic enzymes, remains neutral above 

pH 4. They inferred from their work that Asp 102 was the group 
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with the pK of 6. 8. Roger Koeppe II and Robert Stroud have used 
a 

infrared difference spectroscopy to directly show that the pK of 
a 

Asp 102 in trypsin is 6. 8 (41). 

Any discrepancy between pK 's determined using enzyme 
a 

kinetics and spectroscopy might be attributable to slow pH-dependent 

conformational changes which could occur during the long incubation 

times required for the spectroscopic measurements. One way to 

approach the question of whether a slow conformational change affects 

the pH dependence of serine protease hydrolysis is to conduct 

kinetic experiments with the enzyme pre-incubated at different pH's. 

Using this method, Rodriguez and Hollaway (42) detected a pH-

dependent conformational change for phosphofructokinase having a 

half-time of about four minutes. We have looked for such a confer-

mational change in trypsin and found that pre-incubation of trypsin 

for up to three hours at 0° C at pH 2. 0 or at pH 6. 9 had no effect on 

the rate of hydrolysis of N -carbobenzoxy-L-lyslne-p-nitrophenyl 
a -

ester (CLNE) by trypsin (43; Appendix II). We also found that CLNE 

hydrolysis depended on the titration of a single group between pH 3 

and pH 7. This group is Asp 102 (41 ); therefore, the pK of His 57 
a 

in trypsin must be below 3. 

To further probe the ionization behavior of the histidines in 

trypsin, we studied the pH dependence of tritium incorporation into 
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the C-2 position of the imidazole side chains (44; Appendix III). We 

found that the C-2 exchange rates in trypsin are slower than 

any previously reported imidazole exchange rates and that the 

side chain of His 57 appears to be involved in a conformational equili

brium. Apparently, when the imidazole ring of His 57 resides in its 

active "in'' conformation, tritium exchange at the C-2 position is 

sterically hindered. When it is in its inactive 11 out 11 conformation, in 

which it is swung out into the surrounding solution, it can undergo 

the exchange. The apparent pK of His 57 in the "out" conformation 
a 

is 6 . 6. The exchange occurs with a half-time of 73 days which 

suggests that 2% of the molecules have His 57 in the "out" conforma-

tion. 

The structure of trypsin around the catalytic site perturbs the 

pK I s of Asp 102 and His 57. The mechanistic importance of this 
a 

perturbation is that aspartic acid acts as a chemical base which 

can readily accept a proton from the histidine side chain during 

catalysis. Aspartic acid 102 and histidine 57 shuttle protons 

back and forth from enzyme to substrate, and so the mechanism can 

best be described as nucleophilic attack with base catalysis by His 57 

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. 
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Interfering with this shuttle has disasterous effects on cataly

sis. For example, by methylating the Nez of His 57 in chymotrypsin, 

the shuttle can no longer operate normally, and the rate of catalysis 

drops by a factor of 5000 to 200,000 for specific substrates (36). 

Silver ions are known to be potent inhibitors of trypsin and chymo

trypsin (37); therefore, we prepared crystals of silver-bound DIP

trypsin in order to determine the site of silver binding (38; Appendix 

IV). Our crystallographic study showed that the primary silver ion 

binding site lies between Asp 102 and His 57 at the catalytic site. 

Thus, silver blocks the proton shuttle and therefore inhibits 

catalysis. 

During the course of the silver-binding study, I realized that a 

new technique of background data collection which was used in other 

laboratories to speed the data collection process was fraught with 

systematic errors. We investigated the sources of background radi

ation and developed two new techniques which eliminated the system

atic errors (45, 46), but still allowed substantial savings in data 

collection time. This first background study (45; Appendix V) led 

to a number of suggested improvements in the experimental appara

tus which we later incorporated into our data collection system. The 

modifications in our equipment yield improved signal-to-noise ratios 

and permit further reductions in the data collection time and the use 
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of smaller specimens (46; Appendix VI). 

MECHANISM OF HYDROLYSIS BY SERINE PROTEASES 

Crystallographic studies, together with a vast amount of 

chemical information, have produced detailed models of the activation 

of the proenzymes and the mechanism of serine protease hydrolysis. 

The most recent developments in serine protease enzymology are 

summarized along with our interpretation of the mechanism in the 

review in Appendix VII (47). 

SERINE PROTEASES AND EUCAR YOTIC CELL TRANSFORMATION: 

PLASMINOGEN BINDING 

With the substantial insight into the structures of serine pro

teases and their mechanism of catalysis provided by biophysical and 

biochemical research, I shifted my attention to the many physiologi

cal functions mediated by serine proteases . Along with Jerry Tobler 

and Robert Stroud, I have studied one problem associated with the 

question of how serine proteases act in controlling the proliferation 

of animal cells in culture; namely, how do the serine protease pre

cursor plasminogen and the active enzyme plasmin bind to 
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established lines of normal and transformed fibroblasts in culture? 

Our interest in the plasminogen system was generated by several 

experiments. Plasminogen, an approximately 95,000 molecular 

weight protein found in blood, is normally activated in response to 

blood clot formation and pla smin' s primary function is the dis solution . 

of the clot. Burger found that gentle proteolysis can stimulate 

quiescent cells to initiate a round of replication (48), and others have 

shown that proteolysis can occasionally mimic or potentiate the 

activity of peptide hormones which are known to stimulate cell 

growth (49). Dr. E. Reich and his colleagues have found that the 

enhanced proteolytic activity exhibited by many cells transformed by 

oncongenic DNA, RNA viruses, or chemical carcinogens is impor

tant in mediating certain morphological changes characteristic of 

transformation (50, 51 ). Unkeless et al. (52) have shown that trans

formed cells synthesize an enzyme which activates serum plasmino

gen to plasmin. The increased proteolytic activity of transformed 

cells due to plasmin is responsible for these morphological changes 

(53, 54). Cells which have undergone these morphological changes 

are spherical, tend to clump, and retract from the substratum. 

When cells are grown in plasminogen-free serum or in serum con

taining high concentrations of plasmin inhibitors, the morphological 

changes do not occur (54). Ossowski et al. (55) reported that simian 
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virus 40 (SV 40) transformed hamster embryo fibroblasts bind more 

1251-labeled plasminogen than their normal counterparts. These 

binding data and reports of proteolytic activity associated with the 

plasma membranes of transformed cells (50, 55, 56) suggested the 

possibility of a specific cell surface-plasmin interaction. We have 

studied the binding of 1251-labeled dog plasminogen to normal and 

SV 40 transformed Balb/ c 3T3 fibroblasts and its relationship to the 

plasmin-dependent morphological changes (PDMC) exhibited by the 

transformed cells (Appendix VIII). 

Our results show a significant and rather remarkable differ

ence between the binding and processing of plasminogen by normal 

and SV 40 transformed mouse Balb/c 3T3 cells. Both cell types bind 

substantial amounts of plasminogen (~ 1 o5 
molecules/ cell). The 

binding to 3T3 cells on a per-cell basis either decreases dramati

cally during the course of a three-day incubation or decreases be

tween the first and second days and then rises again on the third 

day (11Vn shaped binding curve) . The binding to the SV 3T3 cells is 

usually 11V 11 shaped . The transformed cells degrade the plasminogen 

much more rapidly than the normal cells. After three days of growth 

in the presence of 1251-labeled pla:sminogen, all of the plasminogen 

associated with the transformed cells was digested into small poly

peptides and individual amino acids while a substantial portion of the 
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plasminogen associated with the normal cells was still intact. Our 

inhibitor studies showed that the degradation was essentially indepen

dent of the activation of plasminogen in the growth medium by the 

plasminogen activator which is synthesized by the cells. Therefore, 

the degradation is cell-specific and independent of PDMC. The 

striking differences in plasminogen degradation may depend on cell 

surface proteases present on the transformed but not the normal 

cells, or on differences in endocytosis and lysozomal proteolysis, 

or both. Clearly, the phenomenon is complex and will require 

further study before it can be explained by models which incorporate 

the present, rather limited, understanding of endocytosis. We are 

are continuing our investigations of plasminogen binding using auto

radiography in order to localize the sites of plasminogen degradation 

and further characterize the processes involved in the binding and 

degradation. 
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The high-resolution structure of bovine trypsin inhibited with DFPt was deter
mined by Stroud et al. (1971 and R. M. Stroud, L. M. Kay, A. Cooper & R. E. 
Dickerson, Abstr. 8th Int . Congr. Biochem. 1970). The experiments reported here 
were designed to study the specific side-chain binding pocket of trypsin using 
benzamidine, which is a competitive, specific inhibitor of trypsin. High-resolution 
electron density syntheses and difference syntheses unambiguously identify the 
side-chain binding pocket, which normally recognizes and binds the side chains 
of arginine or lysine during proteolysis. Several important conformational dif
ferences in the protein structure are apparent between DIP- and BA-trypsins, 
and these are discussed with particular reference to inhibition, the binding of 
lysine and arginine, subsequent orientation of the target at the active site, and 
the enhancement of tryptic activity towards non-specific substrates seen on 
binding small alkyl amines or guanidines in the specific binding pocket. 

The BA-trypsin structure provides a good model for the binding of real sub
strate side chains to trypsin during catalysis, explaining the sharp trypsin 
specificity for lysine or arginine side chains (Weinstein & Doolittle, 1972) and 
the lack of specificity for stereochemically different basic side chains. Benzami
dine is shown to inhibit trypsin by steric interference with the inferred position 
of good substrates, even when they do not carry any side chain. 

Apart from the substitution of benzamidine and DIP, the most significant 
differences between DIP-trypsin arid BA-trypsin involve complete repositioning 
of the side chain of Glnl92, alterations in the side chains of Asp 102, His57 and 
Serl95 at the active site, and changes in the solvent structure around this region. 
The carboxyl group of Aspl89, which is responsible for trypsin specificity, shows 
no movement on binding benzamidine. The amidinium cation of benzamidine 
forms a salt bridge with Aspl89 in BA-trypsin; a similar salt bridge can be con
structed between the side chains of model substrates with lysyl or arginyl side 
chains and Asp 189. They-oxygen of Serl90 is displaced by a 120° rotation about 
its a.-{3 bond on binding benzamidine and the binding pocket closes to sandwich 
the inhibitor ring between the peptide planes of 190---191 and 215-216. These 
contacts are presumably found in the enzyme-substrate complex with specific 
substrates. 

t Abbreviations used: DFP, diisopropyl fluorophosphate; DIP, diisopropyl phosphoryl; 
DIP-trypsin, diisopropyl fluorophosphate-inhibited trypsin; BA-trypsin, benzamidine-inhibited 
trypsin. In equations the latter are further abbreviated to BAT and DIPT. The amino acid 
a.bl;>reviations follow standard convention, and the amino acid residue numbering is that adopted 
by Stroud et al. (1971). 
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The active site structure at pH 8·0 is discussed with particular reference to the 
microscopic pKa values of Aspl02 and His57, the pK., of the Asp-His system, 
9-nd the mechanistic consequences of these assignments. 

1. Introduction 

Trypsin shows its greatest activity for proteolysis between pH 7·0 and 9·0 (Northrop 
& Kunitz, 1932). It has been one of our goals to study the structure of trypsin within 
this pH range in order to minimize the possibility of examining an inactive confor
mation of the enzyme. Trypsin undergoes at least three pH-dependent conforma
tional changes between pH 0·5 and 7·0, which are detectable by optical rotary dis
persion (Lazdunski & Delaage, 1967). More subtle, but nonetheless mechanistically 
significant pH-dependent changes in the conformation, particularly around the 
active site, have been detected in the serine proteases using more sensitive tech
niques (Vandlen & Tulinsky, 1973). One of the difficulties of studying native trypsin 
within the most active pH range is its rapid rate of autolysis. Firmly bound inhibi
tors reduce the possibility of autolysis. For this reason, our first crystallographic 
studies were carried out on DIP-trypsin, in which the enzyme had been irreversibly 
inactivated by covalent modification of the reactive serine 195 using a non-specific 
inhibitor (DFP, Fig. I). 

Benzamidine (Fig. I) is a competitive, specific and reversible inhibitor of trypsin, 
which binds with a K 1 = 1·8xI0- 5 M (Mares-Guia & Shaw, 1965). Its amidinium 

59

4

13 6 :::.___ 2 

I 

7 

H2N + NH2 
( I l 

R ~ R 
ill CH3-C-NH-C-C-0-EI 

I 
R 

(ill(o))R= -H 

/Cf;'.2 /C~2 
(ill(b))R= -CH2 CH2 NH3+ 

/C~2 /N~ 1-NH 
(m(c})R= -CH2 CH2 c, + 

NH2 

Fm. 1. Chemical structures: (I) benzamidine; (II) diisopropyl fluorophosphate; (III) N-e.cetyl 
amino acid ethyl esters, (a) e.cetyl glycine ethyl ester, (b) acetyl lysine ethyl ester, (c) e.cetyl 
arginine ethyl ester; (IV) ethyl p-a.midino benzoate; (V) ethyl p-amidino phenyl acetate. 
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cation interacts specifically with the binding pocket of trypsin in a manner that is 
probably similar to that of an arginine side chain on a specific substrate. 

In studying BA-trypsin, we hoped to learn more about the highly specific binding 
pocket of trypsin, how it functions in co-operation with the active site, and how 
certain small molecules shut down tryptic catalysis, while others serve to enhance 
the catalytic rate for substrates with small, non-polar side chains. 

2. Experimental 

(a) Preparation of crystals of inhibited trypsin 

(i) Benzamidine-inhibited trypsin 

Bovine trypsin (150 mg) (Mann Fine Chemical Company) and benzamidine hydro
chloride (5·7 mg) (Aldrich Chemical Company) were dissolved in 5·.0 ml cold 0·05 M-Tris 
buffer (pH 8· 17) and stored at 5°C for 30 min. 500 mg of anhydrous MgSO4 were added 
slowly with constant stirring at 5°C. The solution was clarified by centrifugation and 
sterilized by passing it through a Millipore filter into 3 sterile vials. The vials were stop
pered and stored at 5°C. 

Tiny needles were observed in the solution after about 1 month; these crystals grew 
to small, but usable size (about 0·4 mm x 0·2 mm x 0·2 mm) in about 2½ months. 

(ii) Diisopropyl phosphoryl trypsin 
Bovine trypsin was inhibited with DFP according to the procedure of Cunningham 

(1954). 
150 mg of DIP-trypsin was dissolved in 3·75 ml distilled water at room temperature 

and the pH was adjusted to 7·5 with 0·05 N-NaOH. 1·25 ml of a solution of MgSO4 (15 g 
anhydrous salt dissolved in 50 ml water) was added slowly with stirring. The solution 
was clarified by centrifugation and sterilized by passing it through a Millipore filter into 
2 or 3 sterile vials. The vials were stoppered and stored at room temperature. Rod-shaped 
crystals of usable size usually took at least 2 months, and often much longer, to grow. 

(iii) State of the trypsin in the crystals 

Preparations of DIP-trypsin and BA-trypsin crystals are quite similar. In order to 
retard autolysis of the reversibly inhibited trypsin, BA-trypsin solutions were refrigerated. 
It was then necessary to raise the precipitant (MgSO 4 ) concentration by about 33% 
above that used in the DIP-trypsin crystallizations. In both cases, the pH was between 
7·5 and 8·2, in the region where the uninhibited enzyme would be most active. Further
more, evidence summarized by Stroud et al. ( 1971) leads us to believe that the structure 
of DIP-trypsin at pH 7·5 is very simila r to native trypsin at pH 7·5 in gross conforma
tion and state of protonation. 

Chromatography of solutions prepared from crystals of DIP-trypsin and BA-trypsin 
indicates that both contain mixtures of inhibited "' and ,8-trypsins and small amounts 
of other partially cleaved molecules. Although the ratios vary, they t end toward a 1: 1 
ratio of"' to ,8-trypsin, a mixture richer in ex-trypsin than the commercial trypsin or the 
DIP-trypsin from which the crystals were prepared. ,8-Trypsin contains a single poly
peptide chain of 223 amino acids, while · <)(-trypsin has a single tryptic scission bot ween 
Lysl45 and Ser146, and shows almost identical activity to ex-trypsin (Schroeder & Shaw, 
1968). 

(b) X-ray data collection 

Complete 3-dimensional X-ray diffraction data from BA-trypsin and DIP-trypsin were 
collected to a resolution of 2·7 A. Data for DIP-trypsin were collected on an extensively 
modified Supper diffractometer using Ni-filtered CuK"' X-radiation. A graphite mono
chromator designed by Dr Sten Samson was built and incorporated into the system for 
collection of BA-trypsin data (Stroud et al., 1974) . In all, 32 crystals were used for DIP
trypsin and 6 for BA-trypsin. The difference in number is due to the reduced rate of 
crystal decay in the monochromatized beam. 

16 
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2 

·--•-•--•--•-
0 O·I 0 ·2 03 

( 2 sin8 i2 
Fro. 2. The (2 sin6)2 dependence of the average values of ( ◊) IFoxPTI, (0) IFmPT-TL - FoxPTI• 

(□) IFBAT - FoxPTI, and the estimated errors (ILIFI) for DIP-trypsin de.ta collected from 2 differ
ent crystals, one withe. monoohromator and one without(~) (±2·5% from the mean value.). 

It was surprising to find that the mean difference in diffracted amplitudes <JLIFJ ) 
between BA-trypsin and DIP-trypsin (LIF = FaAT - FmPT) was greater than the m ean 
difference between DIP-trypsin and a thallium derivative previously used in phase ana
lysis. The value of <JLIFj ) f<IFpj) was 21·6%, at least 6 to 7 times the expected errors 
from all sources, and was roughly constant out to 2·7 A, indicating that quite specific 
changes were occurring in the enzyme between highly isomorphous crystals (Fig. 2). 

An estimate of the expected error in a single measurement, arising from a.11 sources, 
was made by comparing data sets from 2 different crystals of DIP-trypsin, one set taken 
with Ni-filtered CuKo: radiation (Fpn) and the other with monochromatized CuKo: X-rays 
(Fpm). The mean value of these differences, shown in Fig. 2, gives a mean residual, 

R = L (jFPm - Fpni)/2:JFPml, 
hkl hkl 

of 5· l % after corrections and scaling (including all zero intensities) or ± 2·5 % from the 
mean value of Fp. 

Data were corrected for absorption, time-dependent decay, geometry, monochromator 
polarization, etc., and scaled together to obtain FaAT and FmPT according to the procedure 
of Stroud et al. (1974). Final scaling of the two data sets was accomplished with a 2-
parameter (K', B') exponential function derived by least-squares minimization of 

E'(s) = [K' exp {B's2 <IFaATI ), - <IFmPTl ). }]2 , 

computed from 20 zones of s = 2 sin6. The cell dimensions of BA-trypsin and DIP-trypsin 
crystals were identical within experimental error. The space group and cell dimensions 
are: 

space group: P212121 a = 54·8±0·05 A 

b = 58·7±0·05 A 
c = 67·6±0·05 A. 

( c) Electron density calcidations 
A difference electron density synthesis was calculated using phases ,f,p and figures of 

merit, m, previously determined for DIP-trypsin (Stroud et al., 1974) using the expression 

Llp(r) = ~ ~ m LIF. exp {27T'ir ·s + ,f,p }, 

where LIF, = (IFaATI - IFmPTI),. Reflections where FaAT or FmPT were less than 2a 
were left out of the synthesis, and the map was calculated at intervals of 0·01 in y and z, 
and 0·02 in x, making the finest interval 0·6 A. 

The difference map was contoured at intervals of 0·05 electrons/A 3, omitting the zero 
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and first contour in both the negative and positive density, using an approximate (statisti
cally determined) absolute scale factor (Stroud et al., 1974). Five sections of the map in 
the region of benzamidine binding are shown in Plate I. The root mean-squared error 
( Llp2 )i in this map is 0·069 electrons/A3 , and a comparison of the difference and DIP
trypsin electron density maps may be found in Table 1. The highest uninterpreted "noise" 
density peak corresponds to 2·5 times the calculated value for the standard deviation of 
difference density in the map, indicating that all the observed electron density changes 
above the noise have been accounted for. 

Molecular movements that were less than the resolution (2·7 A) were calculated from 
the difference map using vector moments evaluated for pairs of equal positive and nega
tive features, and by analysis of the difference between the density map, computed using 
terms 

(2JFBATJ - JFmPTJ) m exp {ifo1PT}, 

and the density map for DIP-trypsin obtained previously (Stroud et al., 1974). Peaks in 
the difference map were integrated and their electron equivalents evaluated assuming 
that the benzamidine peak in the difference map contained its full complement of 64 
electrons (Table 2). Actually, this peak represents (benzamidine-solvent) density; 
however, an approximation of this kind is probably more accurate than any estimate of 
the absolute scale of the protein. It also accounts for the factor (m2 ) /2, which reduces 
apparent electron densities in difference maps (Henderson & Moffat, 1971). 

TABLE 2 

Intensities of some difference map peaks scaled to the integrated 
benzamidine density with its full complement of 64 electrons 

Peak region Positive peak Negative peak 
electronst electrons 

His67 6·9 8·9 
Cystine bridge (191-220) 8·0 9·6 
Glnl92 22·6 18·0 
Benzamidine 64·0 
DIP 90·8 

t Relative peak contents were evaluated by integration and scaled so that the benzamidine 
peak corresponds to 64 electrons. 

An estimate of the error in a shift calculated from vector moments was made by com
puting an "error vector moment." The error vector moment for a pair of positive and 
negative difference peaks is equivalent to the vector moment for the pair, except that 
the root mean-squared electron density error rather than the observed electron density 
is integrated over the peak volumes. The expected error in a shift was evaluated by divid
ing the error vector moment by the number of electrons, N, in the group which moves: 

"error vector moment" 
shift error = ---------

N 

J + [a(p,)]r dr + J - [a(p,)]r dr 
Vt V2 

N 

Plate I shows an analysis of part of the difference density in a view showing the relevant 
region of the molecular model of DIP-trypsin to which a skeletal model of benzamidine 
has been added simultaneously. Superposition was accomplished with a half-silvered 
mirror (Richards, 1968). Newly ordered solvent molecules whose densities lie only par
tially in these sections are indicated by W 1 and W 2 . 
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3. Results 

(a) Interpretation of the map 

The whole difference map, which is remarkably clean, allows a detailed interpre
tation of peaks with an integrated electron content down to about three electrons 
(corresponding to a spherical peak of diameter 2·7 A, with density of 3 X (.1p2)*; 
Table 1). 

The large positive peak (BA) shows how benzamidine binds to trypsin in the 
specific binding pocket. Evidently, the uniquely high specificity of trypsin and the 
binding energy of benzamidine, about 6·2 kcal/mol (Mares-Guia & Shaw, 1967), lead 
to one-site binding in contrast to other pancreatic serine proteases. a:-Chymotrypsin, 
for example, often binds small substrate analogues at multiple sites (A. Tulinsky, 
personal communication). The benzamidine density reaches a maximum of about 
+0·45 e/A3 in the centre of the phenyl ring, and shows quite distinct necking in 
the region of the Cc1>-Cm bond. Solvent molecules are displaced from the binding 
pocket when benzamidine is bound, so that this density represents benzamidine 
minus solvent. The broad negative peak beneath benzamidine is due to a displace
ment of partially ordered solvent from the binding pocket. The amidinium cation 

Fro. 3. Part of the DIP-trypsin electron density map showing the position of the DIP inhibitor 
bound to they-oxygen of Serl95. The first contour represents 0·25 e/A3 • The calculated noise is 
between I and 2 contour levels, and the mean figure of merit was 0·71 out to 2·7 A resolution. 
Atomic positions are labeled. The lower isopropyl group enters the binding pocket, while the 
upper one is not visible, presumably because of thermal motion. 
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of benzamidine interacts with the negatively charged carboxyl group of Aspl89 at 
the back of the binding pocket. N<2 > of benzamidine lies 2·9 A from one of the car
boxyl oxygens. The large negative region in the map is due to the subtrnction of 
DIP density. The ring atom C<4> in benzamidine lies on a region of zero electron 
density, and there is a scarp at the top of the ring around C< 5>-C<4 l. One of the iso
propyl groups on DIP lies very close to the region of C< 5 l-C(4)-C<3 > (Fig. 3), so 

Fm. 4. The structure around the active site and binding pocket in BA-trypsin. Benzamidine 
and solvent molecules are indicated by right-handed shading. Parts of the trypsin molecule in this 
region which adopt different conformations in BA-trypsin and DIP-trypsin are shown in left 
handed shading. The general "sandwiching" effect of pocket closure is not shown,IIn the crystal 
structure this movement is due to repositioning of the chain between residues 190 and 191 and t he 
cystine bridge 191-220. Other changes occur around the left-hand side of Aspl02. This view is 
approximately 90° from Plate I and Fig. 3, about an almost vertical axis. This view has been 
adopted as "standard" and rotated to match the structure of oc-chymotrypsin (Birktoft & Blow, 
1972) for ease of comparison. Aspl89 is dotted and forms a salt bridge with benzamidine. This and 
the other computer-plotted Figures (5 and 6) were drawn by a modified version of ORTEP 
(Johnson, 1965). 

Fro. 5. The structure around the active site in DIP-trypsin. Right-handed shading picks out 
the DIP group attached to Serl 95. One isopropyl group partly fills the neck of the binding pocket 
approximately in the same position as CC3l-Cc0 -C16i in BA-trypsin (Fig. 4). 
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that this region in the difference map (Plate I) corresponds to the difference between 
part of the firmly bound benzamidine and an isopropyl group vibrating about the 
same general location. The sharp concave scarp between benzamidine and DIP 
corresponds to the region of maximal difference density gradients between them. 

The positive region associated with Glnl92 is matched by a negative region behind 
the sections shown in Plate I. These peaks define the complete reorientation of 

Fro. 6. A view of benzamidine in the specific binding pocket oriented 90° about a vertical axis 
from Fig. 4. 

TABLE 3 

Benzamidine-inhibited trypsin: co-ordinates for benzamidine, serine 190, 
serine 195, glutamine 192, and associated solvent molecules 

X y z Atom 

Benzamidine 0·537 0·260 0·764 BCl 
0·538 0·233 0·756 BC2 
0·523 0·224 0·740 BC3 
0·511 0·245 0·729 BC4 
0·510 0·268 0·736 BC5 
0·523 0·275 0·753 BC6 
0·551 0·268 0·781 BC7 
0·563 0·253 0·792 BNl 
0·550 0·290 0·786 BN2 

Active-site solvent 0·498 0·188 0·667 BWl 
0·510 0·174 0·605 BW2 
0·476 0·154 0·643 BW3 

Serl90 0·580 0·327 0·765 190CA 
0·554 0·336 0·760 190CB 
0·551 0·349 0·743 190OG 

Glnl92 0·604 0·208 0·699 192CB 
0·592 0·184 0·696 192CG 
0·578 0·190 0·674 192CD 
0·554 0·184 0·673 192NE2 
0·590 0·197 0·660 192OEl 

Serl95 0·482 0·250 0·666 1950G 
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TABLE 4 

Co-ordinates for the active centre in diisopropyl 
fiuorophosphate-inhibited trypsin 

X y z Atom 

DIP 0·514 0·230 0·672 DIPP 
0·537 0·241 0·667 DIPOl 
0·505 0·211 0·656 DIPOU 
0·520 0·216 0·695 DIPOD 
0·504 0·224 0·636 DIPCUl 
0·526 0·226 0·625 DIPCU2 
0·489 0·205 0·619 DIPCU3 
0·524 0·238 0·711 DIPCDl 
0·542 0·234 0·728 DIPCD2 
0·499 0·246 0·720 DIPCD3 

Aspl89 0·613 0·358 0·811 189CA 
0·602 0·339 0·827 189CB 
0·576 0·334 0·824 189CG 
0·560 0·349 0·827 189OD2 
0·569 0·316 0·819 189ODl 

Serl95 0·497 0·249 0·675 1950G 

Glnl92 0·603 0·208 0·699 192CB 
0·586 0·189 0·695 192CG 
0·592 0·181 0·673 192CD 
0·596 0·159 0·672 192NE1 
0·593 0·194 0·659 192OE2 

Serl90 0·580 0·327 0·765 190CA 
0·552 0·326 0·760 190CB 
0·544 0·302 0·761 190OG 

Glnl92 in BA-trypsin, as shown in Figures 4 and 5. Glnl92 acts as a polar flap cover
ing the entrance to the binding pocket and must necessarily undergo a displacement 
on binding substrate side chains which interact with Aspl89. 

There are several other changes in the binding pocket when benzamidine is bound. 
There is a significant "squeeze" of the pocket, which leads to a close sandwiching 
of the inhibitor between the peptide planes of 190-191, and 215-216 (indicated in 
Figs 4 and 6). The movement is only visible in the right-hand side of the pocket 
seen in Figure 4. No movement is seen around Ser214 (which is hydrogen-bonded to 
Aspl02). The disulfide bridge 191-220 moves in toward benzamidine by 0·7±0·3 A. 
The side chain of Ser 190 rotates by 120° about its (1..-fJ bond and they-oxygen forms a 
hydrogen bond to the hydroxyl group of Tyr228, and possibly to the carboxyl of 
Aspl94. The position of Serl90 in DIP-trypsin is sterically incompatible with bind
ing of benzamidine or an arginine side chain, so it presumably undergoes this type 
of burial on binding specific substrates or their analogues. The positions of inhibitor 
groups, and of groups in significantly different positions in BA-trypsin and DIP
trypsin are listed in Tables 3 and 4. 

(b) The active site 

Readjustments in the active site due to the BA-trypsin-DIP-trypsin difference 
include a shift in the imidazole ring of His57, binding of additional solvent molecules 
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PLATE I. Five sections of the difference density map showing a block 25·2 A (horizontal Lly 

0·04 to 0·5) by 22·0 A (vertical Llz = 0·54 to 0-92) by 5·5 A (thick Llx = 0·41 to 0·51). Contours are 
at ± [0·10 (0·05)] e/A3 , and negative density is shown with dotted contours; P corresponds to the 
phosphorus atom position in DIP-trypsin. Similarly, DIP, Glnl92 (in BA-trypsin), and BA 
(benzamidine ) indicate t heir assoc iated densities. Superimposed on the sections is a part of the 
skeletal model of trypsin showing the DIP group attached to Serl 95. Benzamidine (BA ) and 
solvent molecules (Wl, W2, etc. ) have been added to the model. The conformations of Glnl92 
and Serl 90 are for DIP-trypsin, a n<l the carboxyl of Aspl89 is indicated. The n egative region 
(SO L) corresponds to the displaced solvent in BA-trypsin. 
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and some rearrangements in the side chains of Leu99, Val 227, Serl95 and Aspl02. 
Two complementary positive and negative peaks in the difference map (see Table 2) 
indicate a rotation about the rx-/3 bond of His57, a reorientation of the carboxyl 
group of Aspl02, and the binding of a solvent molecule in the active site (W3). It 
is difficult to estimate the extent of movement of His57 from the difference peaks, 

-----', 
\ 

\ 
\ 

\. .. 
:NJ ,..., 

FIG. 7. The peaks associated with His57 on the difference map. The lower peak is negative 
density ( - ) while the other one is positive ( + ). The latter peak is a composite with a solvent 
molecule density (see text). 

// 

. -- n 
/ 

~ ~- !,,y 

Asp 102 .... .. ._ Ser 195 

0 

FIG. 8. Electron density for His57 in the DIP-trypsin Fourier map, computed for the plane 
parallel to the imidazole ring. 
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because both the movement of His57 and the solvent molecule W3 contribute to 
the positive peak and this solvent molecule shifts the peak away from the imidazole 
ring. The negative peak is also a hybrid due to rearrangements of the Asp102 and 
His57 side chains. 

As a result, the vector moment of these two peaks comes to 36·4 electron A, 
which would indicate a falsely large movement (l ·04 A) of the imidazole containing 
35 electrons. The two peaks are shown in Figure 7, where the imidazole ring as it 
appears in DIP-trypsin is indicated by a solid line drawing. (It is clear from this 
Figure that the positive peak is too far from the imidazole to be due to histidine 
movement alone.) The movement of the imidazole was therefore measured by com
paring a density map p'(r) computed using terms (2jFBATI - IFnrPTI), cpp and the 
original p(r) map for DIP-trypsin. The well-defined electron density for the imidazole 
in the latter map is shown in Figure 8 (and also in Plate IV of Stroud et al., 1974). 
The shift was evaluated from the concerted movements of the side-chain density 
between the two maps calculated from 

f p'(r ) ·r dx f p(r) ·r dx 
Llx = ~·----

f p'(r)·dx 
. 
f p(r) ·dx ' 

where x is the line joining the two difference peaks in the direction of rotation. This 
expression is essentially a Llx difference in centers of gravity of the peaks between 
p'(r) and p(r) and accounts for changes in thermal motion parameters. The imidazole 
ring of His57 has a somewhat larger thermal motion in BA-trypsin than in DIP
trypsin. In BA-trypsin the imidazole ring has moved 0·20±0·07 A away from Aspl02 
by rotation about the Ca-Op bond. 

This movement is insufficient to account for all of the negative peak between 
Aspl02 and the ring. The remainder of this peak indicates that Aspl02 has also moved 
away from the imidazole slightly in BA-trypsin. A corresponding positive region is 
not seen in the map and has presumably been relayed to the surface of the molecule 
by compensatory movements around Asp102. The side chains of Leu99 and Val227, 
for example, rotate about their Ca-Op bonds, such that their hydrophobic side chains 
move closer to the indole ring of Trp215. A solvent molecule not previously observed 
in DIP-trypsin is hydrogen-bonded to the nitrogen of the indole ring in BA-trypsin. 

In BA-trypsin, as in DIP-trypsin (Stroud et al., 1974), one of the oxygen atoms 
on the carboxyl group of Aspl02 is hydrogen-bonded to two backbone N-H groups 
(56 and 57), while the other oxygen forms a hydrogen bond to the hydroxyl of Ser214. 
The carboxyl group is shielded from solvent by the side chains of Ile99, Tyr94 and 
Leu57, such that there is no direct access to solvent. Although there is room for 
one, or perhaps two, water molecules to bind in a cavity behind Ile99, it would be 
impossible for a water molecule in this cavity to hydrogen-bond to Aspl02 without 
disrupting the hydrogen bond to Ser214. 

They-oxygen of Serl95, no longer tethered to the DIP group, is free to move; 
however, the large negative DIP density obscures any sign of they-oxygen position 
in the difference map. There are two almost equal and separate peaks for the hydroxyl 
group in the (2 BA-trypsin-DIP) electron density map. One of these lies close to 
the position found in stable acyl enzymes, indole acryloyl and carbamyl chymo
trypsins (Henderson, 1970; Robillard et al., 1972). The second site involves an upward 
rotation of 120° about the rx-fJ bond of the serine, making it close to the position found 
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for Ser195 in native ~-chymotrypsin at pH 4·5 (Steitz et al., 1969). Based on our 
assigned position for His57, the hydroxyl group of Ser195 would form a more favor
able hydrogen bond to the imidazole in the first (acyl enzyme) position, as shown in 
Figure 4. In spite of the clarity of the imidazole plane in density maps (Fig. 8 of 
this paper, and Plate IV of Stroud et al., 1974), exact assignment of the tilt of a 
ring within five or ten degrees from a 2·7 A map is always open to some small unpre
dictable error, which should be kept in mind. However, this structure differs signi
ficantly from what we might expect to find for native trypsin, based on the structures 
of other native serine proteases. The uniquely high autolysis rate in trypsin has 
delayed preparation of native trypsin crystals; however, the crystallographic ana
lysis of native trypsin at pH 7·5 is now under way. 

It seems most probable that the side chains of Aspl02, His57 and Ser195 in native 
trypsin are arranged as they are in native chymotrypsin. If transition to the acyl-like 
position is a direct consequence of binding the side-chain analogue benzamidine, 
it seems reasonable that it could also be a consequence of binding substrate side 
chains during formation of the Michaelis complex at pH 8·0. 

(c) Other differences 

There seems to be an overall increase in the number of solvent .molecules specifi
cally bound to the surface of BA-trypsin compared with DIP-trypsin, which may 
be due in part to slightly higher salt concentrations in BA-trypsin crystals. On the 
surface of the protein the side chains of Lysl45, Asn25 and Val200 move slightly 
outward, and there are small shifts along the backbone chain between Tyr94 and 
Leu99. Solvent molecules that were bound between Lys204 and Cys202, between 
Lysl09 and Ser84, and in a small crevice between Tyrl72 and the cystine bridge 
182-168 are no longer bound in BA-trypsin, while newly bound solvent appears 
near Ser96 and Serll0. Within the globular structure there is a small inward shift 
of the chain Ile47-Ser45, with the hydroxyl group of Ser45 rotating approximately 
180° and Prol98 tilting slightly to accommodate the hydroxyl groups' new orien
tation. 

There is a crevice in the surface of the molecule behind the specificity pocket 
and between Glyl88 and Lysl45 that is normally filled by a solvent molecule hydro
gen-bonded to the carbonyl group of Cys220 (in one HgBr2 derivative of trypsin, 
a heavy-atom group fills this crevice, Stroud et al., 1974). When the lining of the 
specificity pocket moves in towards benzamidine, the molecule in the surface crevice 
is lost. 

A solvent molecule WI is hydrogen-bonded to the €-nitrogen of His57, the amide 
moiety of Gln 192 and is at hydrogen bond distance from the hydroxyl of Serl95 
in BA-trypsin (Fig. 5). Another solvent molecule, W2, lies 4·4 A above WI. 

4. Discussion 
Benzamidine binds in the specificity pocket of trypsin, which normally binds the 

positively charged side chains of lysine or arginine during proteolysis. How much 
can we now infer about the binding of real substrates by trypsin1 If BA-trypsin 
is a good model for side-chain binding, why is BA-trypsin an inhibitor even for 
non-specific substrates? 
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(a) The binding pocket and specificity of trypsin: a model for substrate binding 

The entrance to the binding pocket on the enzyme is a slit that provides enough 
room for the entry of a lysine or arginine side chain. Binding of benzamidine leads 
to induced changes in the specificity pocket that involve displacement of the y

oxygen of Serl 90, and the closure of the pocket to sandwich the benzamidine mole
cule between the peptide planes of 190-191 and 215-216. These close contacts are 
presumably made between the methylene groups of lysine and arginine and the 
enzyme in normal substrate binding. Benzamidine contains an amidinium cation, 
coplanar with the phenyl ring, which closely resembles the guanidinium cation of 
an arginine side chain (Fig. 1). Therefore, we built a model of an arginine amide 
bound to trypsin, such that the guanidinium cation superposed exactly onto the 
position of the amidinium moiety in BA-trypsin. The carbonyl carbon of arginine, 
which forms an acyl bond to the enzyme via Serl95 during catalysis, is brought to 
within 0·3 A of the phosphorus position of DIP. The phosphorus is covalently bound 
to Ser195 in DIP-trypsin. This model allows the carbonyl group of arginine to adopt 
a position very close to that postulated for a "good" substrate (Henderson, 1970). 

In a second model experiment, the model substrate was built from the serine
bound end, using bond lengths and angles compatible with an acyl enzyme in which 
the serine y-oxygen is bonded to the carboxyl carbon of arginine. The arginine 
side-chain was constricted to lie in the benzamidine plane. In this case, the guani
dinium cation ends up rotated slightly with respect to the amidinium group of 
benzamidine (see Fig. 9). Slight readjustments of the arginine side-chain confor. 

B 

Aspl89 

FIG. 9. A section through the difference map (BA-trypsin-DIP-trypsin). The position of 
benzamidine is shown in open line. An arginine side chain (A) of an acyl enzyme is placed so that 
the carbonyl carbon is at the same position as the phosphorus (P) of DIP-trypsin. The side chain 
is assumed to be planar, bringing the cation very close to the benzamidine cation. The scarp 
between benzamidine and DIP is clearly visible. 
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mation to preserve cation-anion interactions lead to a model in which N <2 > and the 
carboxyl of Aspl89 are about 2·9 A apart. 

In a third model-building experiment, the structure of the bovine pancreatic 
trypsin inhibitor (Huber et al., 1970) was used in conjunction with the BA-trypsin 
structure to generate a model for substrate binding. An arginine side-chain was 

TABLE 5 

Model for substrate binding fractional co-ordinates of residue~ 13 to 17 of the 
"arginine-15" inhibitor and glutamine acid 192 shown in Figure 10 

Prol3 

"Arg"l5 

Ala.Ill 

Argl7 

Glnl92 

X 

0·467 
0·469 
0·468 

0·469 
0·470 
0·469 
0·456 
0·496 
0·513 

0·495 
0·487 
0·519 
0·520 
0·518 
0·542 
0·545 
0·552 
0·553 
0·556 
0·520 
0·531 

0·509 
0·503 
0·508 
0·483 
0·530 
0·547 

0·529 
0·521 
0·601 

0·612 
0·590 
0·569 
0·597 

y z 

0·137 0·745 
0·165 0·739 
0·180 0·753 

0· 167 0·720 
0·158 0·714 
0·191 0·711 
0·189 0·691 
0·200 0·708 
0·186 0·706 

0·223 0·709 
0·231 0·710 
0·235 0·704 
0·258 0·715 
0·255 0·739 
0·264 0·751 
0·252 0·770 
0·261 0·786 
0·285 0·787 
0·248 0·801 
0·242 0·684 
0·256 0·678 

0·227 0·672 
0·214 0·675 
0·229 0·650 
0·222 0·643 
0·215 0·639 
0·201 0·648 

0·215 0·618 
0·222 0·614 
0·204 0·699 

0·194 0·680 
0·170 0·682 
0·170 0·671 
0·155 0·692 

Atom 

13CA 
13C 
130 

14N 
14NH 
14CA 
14CB 
14C 
140 

15N 
15NH 
15CA 
15CB 
15CG 
15CD 
15NE 
15CW 
15N2 
15Nl 
15C 
150 

16N 
16NH 
16CA 
16CB 
16C 
160 

17N 
17NH 
192CB 

192CG 
192CD 
192NE1 
192OE2 

built into the inhibitor structure replacing the side chain of Lysl5. Models of trypsin 
and the modified inhibitor were brought together such that the" Arg 15" side-chain 
was superposed onto the benzamidine density in the difference map (Fig. 9). The 
side chain of Glnl92 was moved to accommodate the inhibitor. Otherwise, the tryp
sin active-site configuration was that of BA-trypsin. The resulting model complex 
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was essentially the same as that proposed earlier by Stroud et al. (1971). Bond lengths 
of some of the previously predicted hydrogen bonds are listed in Table 6, and the 
structure of the complex around the active center of trypsin is shown in Figure 10. 

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 binding of specific substrate side-chains. Benzami
dine binding is, therefore, a good model for substrate side-chain binding, showing 

Frn. 10. A model for the binding of the bovine pancreatic trypsin inhibitor (right-handed 
shading) to trypsin (Stroud et al., 1971), in which the side chain of Lysl5 has been replaced by an 
arginine side-chain, matching the electron density for benzamidine. Co-ordinates for this model 
are listed in Table 5. 

a number of interactions that we expect to be present during the specific interaction 
between real substrates and trypsin. 

This important correspondence helps to explain why the length of the basic side
chain, as well as its charge, is important in catalysis. When the side chains of arginine 
or lysine esters are shortened or lengthened by a methylene group (Baines et al., 
1964; Baird et al., 1965), the rate of tryptic hydrolysis drops markedly. The BA
trypsin structure explains this sharp specificity. The ,8-carboxyl group of Aspl89 
is tied to a fixed position by the orientation of the peptide chain and by hydrogen 
bonding. There is no movement of this carboxyl group on binding benzamidine; 
thus, even though there are changes in the binding pocket region, the position of 
the critical charge on Aspl89 is stabilized in the specificity pocket and the orientation 
of this carboxyl group is unperturbed on binding. If an ester or amide of a basic 
aliphatic amino acid with a side chain one methylene group shorter, or one longer, 
than normal arginine or lysine side-chains is attacked by trypsin, the coulombic 
attraction between the positive side-chain and the negative carboxyl group of Aspl89 
will either pull or push the susceptible bond of the substrate away from the position 
and orientation required for optimal catalysis. 

Data for the hydrolysis of various ester analogues of benzamidine and phenyl 
guanidine (Mares-Guia et al., 1967) shed more light on the relation between the 
length of the side chain and catalytic activity, and lead to the questions of how 
benzamidine inhibits trypsin, and how the structure of BA-trypsin relates to the 
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TABLE 6 

Some of the hydrogen bonds between the "arginine-15" trypsin inhibitor 
and trypsin 

Trypsin Inhibitor Distance (A) 

Ser214 C=O N-HArgl5 3·0 
Gly216 N-H C=O Prol3 2·8 
Serl95 N-H C=O Argl5 2·5 
Glyl93N-H C=O Argl5 3·2 

The Table gives the distances between amide nitrogens and the carbonyl oxygens. 
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free enzyme and the enzyme substrate complex with specific substrates . Mares-Guia 
et al. (1967) report that trypsin catalyzed the hydrolysis of ethyl and methyl esters 
of p-guanidino arid p-amidinobenzoic and phenyl acetic acids. The distance between 
the charged groups and the ester moiety in true substrates is more closely approxi
mated in the phenyl acetates than in the benzoates (see Fig. 1), and the phenyl 
acetates are in fact hydrolyzed more rapidly. From the model of BA-trypsin (Fig. 5) 
the ester group of trypsin-ethyl m-amidinobenzoate would be forced to project away 
from the enzyme outward into the solvent, and this explains the observation that 
even though this ester binds more tightly than its para analogue, it is not hydro
lyzed by trypsin. If trypsin can still hydrolyze esters of compounds resembling ben
zamidine, does benzamidine competitively inhibit trypsin by merely filling up the 
binding pocket and thereby sterically interfere with substrate binding, or do induced 
structural changes in the enzyme itself contribute to inhibition 1 

(b) Benzamidine inhibitor action 

Model building shows that the top of the phenyl ring in benzamidine (C(3)-C(4)
C, 5 >) lies too close to the y-oxygen of Serl95 to permit substrates to approach and 
form an acyl-serine. For example, a prohibitively close contact ( <2 A) would occur 
between C<s> benzamidine and the 0(-carbon of a glycyl substrate bound in the manner 
shown in Figure 10. 

While large alkyl amines, guanidines and amidines competitively inhibit trypsint, 
smaller amines (methyl, ethyl and n-propyl) and guanidines (methyl an,d ethyl), 
which are also competitive for specific substrates, promote the slow hydrolysis of 
the non-specific substrate acetyl glycine ethyl ester up to 11 times of that without 
these side-chain analogues. Far from contributing to inhibition, as is the case with 
some of the larger cations, these small positively charged molecules enhance the 
apparent reactivity of trypsin (lnagami & Murachi, 1964; Inagami & York, 1968; 
Erlanger & Castleman, 1964; Mares-Guia & Shaw, 1965). Thus, the BA-trypsin 
structure and these data indicate that benzamidine and other large amines, amidines 

t Erlanger & Castleman ( 1964) have observed the tryptic hydrolysis of acetyl glycine ethyl ester 
activated by 2-aminoheptane and other large alkyl amines. It is possible that these large amines 
no longer bind in the specificity pocket, but rather at some second site (Sanborn & Hein, 1968), 
and they might affect catalysis in the same way that excossos of specific substrates act (substrate 
activation) (Trowbridge et al., 1963). 
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and guanidines competitively inhibit trypsin by sterically hindering substrate acces
sibility, not only to the specificity pocket but also to the active site itself. 

(c) Histidine 57-aspartic acid 102 
It is clear from the density maps that the 8-nitrogen of His57 in BA-trypsin or 

DIP-trypsin points directly towards the center of the carboxyl group of Asp102 (see 
Plate IV of Stroud et al., 1974) rather than to the lower carboxyl oxygen (as found 
in the <X-chymotrypsin structure of Birktoft & Blow (1972) at pH 4·5) . Our analysis 
was done at pH 8·0, where the native enzyme would be active. M. Hunkapiller, 
et al. (1973) have shown that the pKa of the equivalent residue to Aspl02 in ,x-lytic 
protease (a bacterial serine protease related to the trypsin family, showing similar 
kinetics to elastase) is 6·7; therefore, the enzyme is inactive until Aspl02 becomes 
charged (above pH 6·7). Consequently, the interaction we observe between the 
neutral His57 and the ionized Aspl02 is one in which the protonated 8-nitrogen 
interacts with the delocalized negative charge on the carboxylic acid. 

Structure analysis carried out in the acid pH range (where the enzyme is inactive) 
show interaction between a neutral Asp102 and neutral imidazole. (The imidazole 
is neutral above pH 4·5, Hunkapiller et al. (1973).) Thus Aspl02 is the base during 
catalysis and its pKa, rather than that of His57, is responsible for the low limb of 
the pH activity profile in the serine proteases. The imidazole presumably acts as a 
proton relay between Aspl02 and the substrate or solvent, and remains neutral 
throughout catalysis. Therefore, the effective pKa of the Aspl02-His57 system as 
seen in kinetics is the pKa of the better base, Asp102 (pKa = 6·7). The mechanistic 
importance of this assignment is that no unfavorable charge separation is required 
during catalysis. In a proposed mechanism incorporating this assignment of pKa 
values (Stroud & Krieger, 9th Int. Congr. Biochem., 1973), negative charge is developed 
on the tetrahedral intermediate as negative charge is neutralized on the carboxyl 
group of Aspl02. At no stage is the imidazole required to be positively charged, so 
smoothing the barriers between intermediate states during hydrolysis. 

If, on the other hand, the pKa of Aspl02 were low, or even normal for aspartic 
acid in solution, protonation of Aspl02 would be unlikely even during the hydrolysis 
reaction. Then the role of Asp102 in enhancing enzymatic rate would be difficult to 
explain in other than purely structural terms. For example, its role might be to 
maintain and stabilize the orientation of His57 during catalysis. However, most 
other assignments of pK .. values from kinetic data are inherently incapable of 
distinguishing between the pKa values of Aspl02 and His57. Likewise, studies of 
the net proton release upon denaturation (Ferscht & Sperling, 1973) or competitive 
labeling techniques (Cruickshank & Kaplan, 1973; Beeley & Neurath, 1968) can only 
conclude that the Asp-His system has an apparent pKa near neutrality and, therefore, 
that one of these groups loses a proton as the pH is raised through neutrality. 

Thus the presence of a carboxyl group of high pKa and a neutral side-chain of 
His57 with a low pKa suggests two compelling new evolutionary reasons why the 
Asp-His-Ser arrangement should be universal to serine proteases. First, by neutraliz
ing a negative charge on Aspl02, rather than generating a positive charge on His57 
during formation of the tetrahedral intermediate, there is no unfavorable charge 
separation. This contributes to reducing transition-state internal energies, and so 
to rate enhancement. Second, if the charged Asp102 is to be a proton acceptor at 
physiological pH values, its pKa must be raised and it must have access to the proton 
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donor. The imidazole of His57 is ideally suited to both insulate Aspl02 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 Aspl02 and His57 
and the structure which shows a symmetric interaction between the charge on Aspl02 
and His57, are unlike the situation in aqueous solution and more like interactions 
and proton affinities expected for groups in the gas phase or in hydrophobic solvents. 
The protein environment of Aspl02 is responsible for these effects. 

(d) The role of glutamine 192 

The side chain of Glnl92 covers the entrance to the specific binding pocket in 
BA-trypsin and forms a hydrogen bond to Wl (Fig. 4), which in turn is hydrogen
bonded to the ea-nitrogen of His57 or to they-oxygen of Ser195 in the "down" posi
tion. This orientation is completely different from that found in DIP-trypsin. If 
Glnl92 adopts the BA-trypsin conformation in native trypsin (a lid to the binning 
pocket) then it must move away during substrate binding. It is also possible that 
Glnl92 might "paek" against a substrate onee it has forined an enzyme-substrate 
complex. This residue (192) is glutamine in five different trypsin species sequenced 
so far (listed by Stroud et al., 1971), whereas in bovine chymotrypsin it is a methio
nine residue. Perhaps this substitution serves to offer a polar environment to exchange 
with polar side-chains in trypsin substrates, and a non-polar, hydrophobic environ
ment for side chains of chymotrypsin substrates. A reorientation similar to that 
found for Glnl92 has been observed in chymotrypsin (Metl92) by Steitz et al. 
(1969). 

The side chain of residue 192 might also have an important role in stabilizing the 
conformation of the specificity pocket region in the zymogen precursors of trypsin 
and chymotrypsin. In the crystal structure of chymotrypsinogen (Freer et al., 1970), 
the polypeptide chain lining the binding pocket is rotated away from the chymo
trypsin orientation, and the side chain of Metl92 fills the pocket. In the zymogen 
Metl92 could be stabilizing the zymogen pocket through "hydrophobic" inter
actions. Glnl92 could play a similar role in trypsinogen by rotating downward, and 
possibly hydrogen-bonding to Aspl89. (The structure analysis of bovine trypsinogen 
is nearing completion in our laboratory.) 

( e) Side-chain activation of trypsin 

The rate of hydrolysis of specific substrates by trypsin is much faster than the 
rate for non-specific amides or esters (Inagami & Mitsuda, 1964); however, a marked 
increase in the rate of hydrolysis of acetyl glycine ethyl ester, a non-specific substrate, 
accompanies the binding of small alkyl amines or guanidines to the trypsin specifi
city pocket. Furthermore, this effect is primarily an effect on kca.t, with a negligible 
effect on K 01 (Inagami & Murachi, 1964). Inagami & York (1968) also showed that 
the binding of these small cations shifts the lower limb of the pH profile of acetyl 
glycine ethyl ester hydrolysis to lower pH values. For example, on binding methyl 
guanidine, the observed pK .. shifts by 0·4 unit. On the basis of the recent determina
tion of pK .. values by Hunkapi\ler et al. (1973), we assume that this group with a 
pK .. around neutrality is Asp102. The pK .. change contributes to a rise in V max; 

however, even after correction for this effect, methyl guanidine or ethyl amine still 
raise V ma.x by factors of approximately 4 and 11, respectively, clearly implica,ting 

16 
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other induced effects. Ester substrates of chymotrypsin show a similar relation 
between binding affinity and the pKa. of Aspl02, indicating that charge interactions 
are insufficient to explain the pKa. change. If the binding of benzamidine to trypsin 
induces a similar activation state, which is masked by its action as a steric inhibitor, 
the BA-trypsin structure should resemble the activated state, and might suggest how 
the alkyl cations activate hydrolysis of non-specific substrates. When the structure 
of native trypsin (work in progress) is completed, the changes induced by benzamidine 
(or the small cations) can be assessed directly; however, there is a good deal of 
evidence indicating that induced structural changes are involved. The masking of 
tyrosine and tryptophan residues in BA-trypsin, or n-butylamine-trypsin are examples 
(Villanueva & Herskovits, 1971; D'Albis & Bechet, 1967). Lysine residues are also 
affected by benzamidine binding (Beaven & Gratzer, personal communication). 
Following this evidence, it may be that one function of side-chain binding on 
specific substrates is to reposition parts of the enzyme structure so as to enhance 
the catalytic efficiency. In any event "induced fit" (Koshland, 1958) is the most 
reasonable explanation of the small alkyl amine or guanidine effect on hydrolysis of 
non-specific substrates by trypsin. 

The rate-limiting step for hydrolysis of esters by trypsin is deacylation. Therefore, 
the primary effect detected by Inagami & York (1968) is one on the deacylation rate
constant. In order to assess the effect of small cations on the acylatfon rate-constant, 
Chambers & Stroud (unpublished results) have studied the effect of alkyl cations on 
hydrolysis of other non-specific substrates. We have shown that methyl guanidine 
also activates hydrolysis of p-nitrophenyl acetate by trypsin, and that a major 
part of this activation is due to an increase in the deacylation rate-constant. The 
preliminary indication is that changes in internal energy of the acyl enzyme could 
explain the major contribution to side-chain activation. 

Other explanations are less likely. For example, small alkyl amines or guanidines 
might stabilize an active form of the enzyme versus an inactive one, thus apparently 
raising the catalytic rate-constant. An equilibrium such as this has been demon
strated for chymotrypsin (Ferscht & Requena, 1971), where the transition from 
inactive to active enzyme is correlated directly with the formation of a buried salt 
bridge between the ix-amino group of Ilel6 and the carboxyl group of Aspl94. At 
neutral pH, about 10% of the enzyme exists in the inactive form, which does not 
bind specific substrates and in which the amino-terminal is assumed to be outside of 
the molecule (Ferscht, 1972). Trypsin has a similar internal salt bridge between 
Aspl94 and the ix-amino group of Ilel6, although a similar conformational equili
brium has not yet been established. However, we expect the salt bridge to be much 
stronger in trypsin than it is in o or IX-chymotrypsin (thus leading to a much smaller 
proportion of" inactive" enzyme), because the apparent pKa. defining the high pH 
limb of the pH-activity profile associated with the ix-amino group of Ilel6 is more than 
1·5 pKa. units above that found for chymotrypsin. Typical values are about pKa.pp 
8·5 to 8·9 for chymotrypsin, and pKa.pp of 10·1 for hydrolysis of ix-N-benzoyl-L
argininamide by trypsin (Spomer & Wootton, 1971). The.indication is that the salt 
bridge is much stronger in trypsin, and, therefore, that the proportion of inactive 
enzyme, where the ix-amino terminus is no longer constrained in the salt bridge, is 
much smaller. 

The binding of indole and DIP to chymotrypsin (Hess et al., 1970) and the binding 
of n-butylamine (D'Albis & Bechet, 1967) or DIP (Ghelis et al., 1967) to trypsin appear 



46. 

SPECIFIC BINDING OF TRYPSIN 229 

to stabilize the enzymes in a conformation similar to the active, or "in" form. By 
pushing the conformational equilibrium toward the active enzyme, the specific side 
chain analogue activators could produce an increase in V max for non-specific sub
strate reactions, but could not in any case explain a differential effect on deacyla
tion or acylation rate-constants as we observe for hydrolysis of nitrophenyl acetate. 
Furthermore, this effect cannot be responsible for most of the observed increase in 
V max, for even if the active-inactive trypsin equilibrium were similar to that of 
chymotrypsin, only 10% of the enzyme would be affected, clearly less than required 
for a factor of 11 in kcat· Also, one would expect those alkyl cation effectors that 
bind most strongly to trypsin's specificity pocket to have the greatest effect on the 
conformational equilibrium; however, alkyl amines do not bind as tightly to trypsin 
as do their corresponding guanidines, yet the amines of corresponding size are better 
activators. 

In summary, it seems inescapable that the small alkyl amines or guanidines induce 
small changes in the catalytic site of trypsin, and that these changes are responsible 
for activating the enzyme and affecting kcat- The specific side chains of real substrates 
may be responsible for similar rearrangements. It seems likely that the structure of 
BA-trypsin resembles an "activated" species, although the enzyme is inhibited 
by steric hindrance of productive substrate binding. If this is indeed true, we might 
expect the side chains of real specific substrates to induce similar effects in the 
enzyme. 
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The Effect of Pre-Incubation on Trypsin Kinetics at Low pH':' 
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ABSTRACT: The deacylation rate for hydrolysis of N -carbobenz
a 

oxy-L-lysine-E_-nitrophenyl ester by trypsin depends on ionization of 

a single group of pK 6. 8 on the enzyme which is required in its de
a 

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 pK between 3 and 7 which affects the rate of this re
a 

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 pK less 
a 

than 3. Thus, it would seem that spectroscopic studies which do 

,;<Contribution No. 5253 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 National Institutes of Health Career De
velopment Award (RMS); a National Science Foundation Predoctoral 
Fellowship (REK); a National Institutes of Health Predoctoral 
Traineeship ~REK); and a Danforth Foundation Fellowship (MK). 
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detect ionization of a second group with a pK in the pH range 
a 

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 pK 's of groups at the active 
a 

center. No such effect is observed within the time scale of one 

minute to three hours when enzyme pre-incubation at pH 2. 0 or at 

pH 6. 9 precedes kinetic studies. Therefore, spectroscopic studies 

which do detect a second ionization with a pK in the range 3-7 are 
a 

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 102). Because the 

normal pK 's of the side chains of histidine and aspartic acid in 
a 

solution are about 6. 0 and 3. 6 (Greenstein and Winitz, 1961), respec-

tively, it is surprising that there is only one group (of pK 6. 8) 
a 

whose ionization affects the rate of catalysis by chymotrypsin or 
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trypsin in the pH range 2 . 0 - 7. 0 (Kezdy ~al., 1964; Bender et al., 

1965; Fersht and Renard, 1974). 

It has sometimes been assumed that if individual pK 's could 
a 

be assigned to the two groups , then His 57 would most likely be the 

group of pK ~7. 
a 

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 pK on 
a 

the enzyme is detected in the rate profile, the second group (His 57) 

may have a remarkably low pK (less than 2. 0), although there is as 
a 

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 pK between 2. 0 and 7. 0, and spectroscopic 
a 

studies which lead to an assignment for the pK of the second group 
a 

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 spectra-

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 pH dependence 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 

N -carbobenzoxy-L-lysine-p-nitrophenyl ester by trypsin which had 
a -

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 purchased from Worthington Bio

chemical Corporation, and N -carbobenzoxy-L-lysine-p-nitrophenyl 
a -

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 ultrapure cartridge. 

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

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

1 
Abbreviations used: CLNE, Na-carbobenzoxy-L-lysine-E_-nitro

phenyl ester; PIPES, piperazine-N, N'-bis (2-ethane-sulfonic acid). 
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high pH (2mM PIPES-HCl, 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 HCl, pH = 2. 01) with buffer B (200 mM sodium acetate 

- 12 mM HCl, pH = 5. 91 ). 

The rates of CLNE hydrolysis were followed by observing the 

rate of liberation of £_-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 µl of pre-

incubated enzyme solution were mixed in a 3 ml cuvette, and the re-

action was initiated by the addition of 100 µl of C LNE (2 . 1 9 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 

(k ) was determined by calculating the slope of the best straight line 
r 

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 Tt1ible 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 C LNE 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 N -acetyl-DL
a 

tryptophan-E_-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 to 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 

-1 
(k31. = 170 sec (Bender et al., 1966)). This is one of the fastest 

1m --

hydrolysis rates by this enzyme; therefore, 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 + S ES ~ 

where E is the free enzyme, S the substrate, ES the Michaelis com

plex, P 1 is the :e_-nitrophenol released, and P 2 is the free acid. 

Over most of the pH range in our experiments, CLNE was at an 

enzyme-saturating concentration of 1. 17 x 1 o-4 
M (K 

m 
-5 = 1 x 10 M 

at pH 5. 80 (Bender and Kezdy, 1965 )) . Therefore, the steady-state 

rate of release of :e_-nitrophenol was proportional to k 3 , the deacyla

tion rate constant. Under these conditions, pK 's determined from 
a 

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 pK between 3 and 5 which affects the deacylation rate, k 3 . Fur
a 

thermore, since the rate has been shown to depend on a group of 

pK 6. 8 (Bender et al. , 196 5) and since the slope between pH 3. 0 and 
a --

5. 0 in Figure 1 is characteristic of a single ionizing group, there 

can be no second rate-affecting pK between 3. 0 and 7. 0. For the 
a 

same reaction Bender et al. (1965) reported that k depends on a 
-- cat 

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 unity for the deacylation of N -benzoyl-L-arginyl trypsin. 
a 

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

(1964} for the hydrolysis of the non-specific substrate N -carbo
a 

benzoxy-L-tyrosine-E_-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 kinetic 

evidence for a second group of pK between 3 and 7 which affects the 
a 
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acylation or deacylation rates in hydrolyses by serine proteases. 

Therefore, spectroscopic methods which detect pK 's in the region 
a 

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 deacyla tion, due to diminished substrate binding 

at low pH. It is known that the K for CLNE increases from 
m 

-5 -4 
1. 0 x 10 at pH 5. 80 to 7. 95 x 10 at pH 2. 66 (Bender et al., 

1965 ). Thus, at low pH the CLNE concentration was not saturating, 

the relative rate may not have been equivalent to k 3 alone, and the 

change in slope in the Dixon plot may not represent a true pK . 
a 

Furthermore, Bender et al. (1965) 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, rathe3: than a rate-control

ling ionization, is responsible for the curvature we see. 

Another possibility might be that the change of slope between 

pH 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 pK around 7. Koeppe and Stroud (1976) have 
a . 

directly established that Asp 102 in trypsin is the group with a pK of 
a 

6. 8. Kinetics at low pH exclude the possibility that His 57 titrates 

between 3. 0 and 6. 0. Thus the pK of His 57 must be below 3 in 
a 

trypsin and below 2 in chymotrypsin. 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 pK of His 57 should be so low. 
a 
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62 . 

Figure Captions 

FIGURE 1. pH depende nce of CLNE hydrolysis by trypsin, 

which was pre-incubated at pH 2 . 0 A(.__. ) or at pH 6 . 9 {o---o). 

The error bars represent the overall standard deviations listed in 

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

of the Histidines in Bovine Trypsin':' 

Monty Krieger, Roger E. Koeppe II 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 57, 

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 pK 
a 

of 6. 6. This pK may represent the pK of the imidazole of His 57 in 
a a 

an inactive conformation of the enzyme. 

, ,, 
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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. 
1 

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 hydrogen-bonded system which promotes the re

action 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 pK 's of the 
a 

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) 

1 
The numbering system referred to is that of chymotrypsinogen. 
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and of N-acetyl-histidine (Matsuo et al. , 1972) in aqueous solutions 

have been studied as a function of pH. The pH dependence of the ex-

change rate can be explained by a mechanism which involves a rate-

determining abstraction of the C-2 proton by OH or by H 2O to form 

an ylide intermediate, followed by a fast protonation of the ylide 

(Vaughan et al., 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 Gly-His-Gly with 1H or 2H in the C-2 

position of the imidazole (Markley and Cheung, 1973). The pK of the 
a 

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 la be ling 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 their 

suppliers are: Benzamidine hydrochloride hydrate (Aldrich Chemical 

Company), PIPES
2 

(Calbiochem), E_-nitrophenyl-£_'-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), D2O (Stohler). Sephadex G-25, G-75, 

and Sepharose 4B were products of Pharmacia 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'-bis (2-ethane
sulfonic acid); ST!, 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 54J358 and lAA) were purchased from Worthington 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 E-nitrophenyl-.f-guanidino ben

zoate (Chase and Shaw, 1967) and protein absorbance at 280 nm 

-1 -1 
(e =l.54mg mlcm; 23,89lg/mole(Robinsonetal., 1971)). A 

Gilford Model 240 spectrophotometer was used for all spectrophoto-

metric measurements and a Beckman Model LS-350 scintillation 

counter was used for tritium counting. All experiments were c'on-

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 HCl for twenty 

hours at ll0°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 activated 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 use (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 cm
2 

x 22 cm column and equilibrated with a 0. 1 M tris, 50 mM CaC12 , 

0. 5 M KCl 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 

CaC12 at pH 4. 5, and 0. 1 M formate at pH 2. 6. 

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

(column dimensions: 4. 91 cm
2 

x 90 cm; buffer: HCl, pH 2. 5 with 

and without 40 mM CaC12 ), 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 



71. 

incubation buffer (see below) completely prevented autolysis during 

incubations of 0, 7, 10, and 14 days. 

It was necessary to further purify STI by Sephadex G-75 chroma

tography (column dimensions: 4. 91 cm
2 

x 120 cm; buffer: O. 1 M 

NH4 HCO 3 , 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 transform operation. The spectrometer was 

interfaced with a Varian 16K 620/i computer and a Sykes compu-

corder 120. A solution of 0. 05 ML-histidine in 99% D 2O, 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 a _ssigned according to Schutte et al. (1966 ). 

The relative extent of exchange was measured by comparing the areas 

of the observed peaks and the C proton resonance was used as an in-
a 

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 HCl to buffer A (50 inM 

benzamidine, 50 mM PIPES, 100 mM HCl, pH = 4. 1 ). Incubation 

buffers with pH's above 4 were prepared by adding the appropriate 

amount 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 not block solvent accessibility to histidine in the catalytic site 

(Krieger et al. 1974 ). 10 mg of trypsin and 25 µl of tritiated water 

were added to 200 µl 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 µ1 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: 

2 
4. 91 cm 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 



73. 

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 µl of 20 mM ammonium bicarbonate 

buffer (pH= 7. 8). This solution was incubated at 37°C. 10 µl ali

quots of chymotrypsin (1 mg/ml in 20 mM NH4 HCO3 ) 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 µl of water. 

The entire sample was spotted on chromatographic paper. 

Two-dimensional peptide maps 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 % in 

acetone, w/v). The locations of 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 µl 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: 

k = (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). ~ corresponds to the expected 

specific activity of the histidines in the protein when equilibrium with 

the buff er is reached. 

In a separate exchange experiment, 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 µl) 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 mixed with 30 mg of purified STI in 1 ml of 0. 1 M 

NH4HC03 , pH 7. 8, and the STI-trypsin complex was purified on a 

2 
Sephadex G-75 column (4. 91 cm x 120 cm; buffer: 0. 1 M NH4HC03 , 

pH 7. 8) at 4 ° C. The complex was then hydrolyzed in 6 N HCl 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 µ.l of H20 and 10% of this mixture was analyzed to determine the 

histidine content. The specific activity was determined by adding 

200 µl 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 

desc7:_ibed 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 incubation buffer by gel 

chromatography (Figure 1 ). The majority of the 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 overlapping 

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

corporated 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 pK values for the 
a 

imidazole side chains by lea st-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 ion (kb) (Figure 3), and leads to 

the following rate equation: 

k = (2) 

where k is the pseudo-first-order rate constant and K is the ioniza
a 

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 k , kb and pK for each histidine 
a a 

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 pK of 6. 55 . Because the specific activities for histidines 
a 

40 and 91 were only slightly above background, the pK assignments 
a 

for these groups are tentative. The data suggest that exchange into 

His 40 may depend on two pK 1 s. 
a 

Tritium exchange rate data can frequently be fit by a simple 

function which describes the ionization of a single group; for example, 

kl (3) 

or 

kl = C· (4) 

where C is a constant. The pK 1s determined from such a fit will be 
a 

similar, but not identical, to the apparent pK I s calculated by fitting 
a 

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 other 

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 pK of 6. 9. 
a 

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 incorporation 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 used to increase the amount of label 

incorporated in the histidines. 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 trypsin (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 expected 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 counted in the 38-hour experiment had not been acid hydrolyzed. 

An "observed" rate constant for back exchange during the acid 

hydrolysis step can be calculated from the expected value of the 

specific activity, 193. 1 cpm/nmole (Table IV), and the observed value 

after acid hydrolysis, 87. 5 cpm/nmole, according to Equation 5: 

k 
back 

= 
-1 
t 

ln ( 87. 5) 
193. 1 

where t is the time of hydrolysis (20 hrs . ). This 11 observed 11 rate 

(5) 
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-3 -1 
constant is 39. 6 x 10 hour . 

Alternatively, the rate constant for back exchange during acid 

hydrolysis can be roughly estimated from the rate of deuterium ex

-1 
change at 65° C and pH 0. 26 (0 . 090 hour ; average value from 

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

effect 
kH 3 

(-- ~ 18 . 2) and the temperature dependence of 
kT 

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

3 
This value is estimated from the deuterium isotope effect of 7 . 5 

(Markley and Cheung, 1973) using: 

kH 
= 1. 44 log k 

D 
(Jencks, 1969). 

4 
The data of Vaughan et al. (1970) for deuterium exchange at pH 10. 56 

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

E 
ln k = a 

RT 
+ ln 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 l l 0°C in 

6 N HCl is only a rough estimate . 
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-3 -1 
46 x 10 hour . 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-da y 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 in ribonuclease 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 2H or 3H ex

change for the C-2 proton of imidazole is normally faster than ex-

change with the proton in the C-4 position (Matsuo et al. , 1972 ), the 

C-2 proton of His 57 in trypsin is relatively solvent inaccessible 

while the C-4 proton is solvent accessible (Stroud et al. , 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 of exchange, 2. 8 days, is compared to the ex-

change rates for other histidines in Table II . In contrast to the C-2 

exchange, there was essentially no C-4 exchange for up to 115 days 

of incubation. Thus, the tritium exchange into His S7 of trypsin, 

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

takes place at the C-2 position. 

Discussion 

All previously observed pH-rate profiles for 3 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, however, depends not only on the 

imidazoliuril ion concentration, but also on the hydroxide ion concen-

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 pK and varying k :kb ratios are plotted. The curves in 
a a 

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 are 

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 pK near 2. 7 affects the exchange of this group. 
a 

Either the high pK (6. 9) or the low pK (2. 7) could be that of the 
a a 

imidazole ring of His 40 while the other apparent pK could be due to 
a 

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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k = 

Because the specific activities for His 40 were only slightly 

above background, the conclusion that the exchange is affected by a 

second pK is tentative. If the apparent pK of 2. 7 does represent an 
a a 

ionizing group which perturbs the exchange, Asp 194 is a likely can

didate for the assignment of this pK . Asp 194 is near to His 40 in 
a 

the three-dimensional structures of both DIP- and BA-trypsin (Stroud 

et al. , 1971; Krieger 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 pK of Asp 194 is near 
a 

2. 9 (Koeppe and Stroud, 1 976). 

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 1 , at pH 9 (Table III) depends both on the hydroxide-mediated rate 
z 

constant (kb) and on the concentration of imidazolium ion. The pK 's 
a 

of the histidines of ribonuclease are lower than the pK of N-acetyl
a 

L-histidine; therefore, the values of t 1 for the histidines in . 
z 

ribonuclease are longer than the t 1 for N-acetyl-L-histidine even 
2 

though their kb values are up to 12 times larger. 

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) have shown that there is a correlation between 

the exchange rates for His 119, His 105, and His 12 of ribonuclease 

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 
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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 

expected to be energetically unfavorable. Also, 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 -C~ or C(3-C y 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 resolution structure of bovine trypsin 

inhibited with diisopropylfluorophosphate 

(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 surrounded 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 into 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 D20 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 a bout the C a-C f3 bond. Precedence for such a conformational 
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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 -C ~ 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 (2%) 

would have His 57 populating the "out" conformation. The tritium 

exchange would then detect the pK of His 57 in the "out" position 
a 

I"ather than in the active conformation. 

Because of the long duration of the tritium exchange experiment, 

the exchange due to the "in-out 11 swinging of the histidine imidazole 

ring cannot be distinguished from the slow exchange of the 11 in 11 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 into His 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, and 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 pK near 6 . 55. In this 
a 

mechanism, neutral imidazole rather than positively-charged imida-

zolium is the reacting species, 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: 

k. = 
lSO 

+ A1 + Az [H ] 

Ka + [H+] 
(7) 

For the ylide mechanism, K is the ionization constant of the imida
a 

zole, whereas in the "iso-imidazole" mechanism K is the ionization 
a 
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constant of the neighboring base. Although terms A 1 and A 2 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 removal of a proton (Markley and Cheung, 

1973 ). This is compatible with the ylide mechanism but not with an 

11iso-imidazole II 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 pK might perturb the pH dependence of 
a 

exchange . For the ylide mechanism one might expect the ionization 

of Asp 102 to affect the exchange rate, while the "iso-imidazole 11 

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 

to 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) K 's. This conclusion is 
a 
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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 pK in that region, although uncertainties in the data do not 
a 

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 11 in" or 

with the 11 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 pK near 
a 

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 pK of 6 . 7 affects the rate of 
a 

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 

pK below 2 in the active conformation. The tritium-exchange data 
a 

would be consistent with this conclusion if histidine in the active form 
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had a low pK and did not measurably exchange, but had a pK of 
a a 

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 11 mechanism of ex-

change with the ring "in" would be consistent with the pK of 6. 55 
a 

assigned to Asp 102, but is inconsistent with the known isotope effect 

in C-2 exchange for free histidine in solution (Markley and Cheung, 

1973), and is unlikely bec~use of steric hindrance. 
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Amino Acid 

Asx 

Thr 

Ser 

Pro 

Gly 

Ala 

Val 

Ile 

Leu 

Tyr 

Phe 

His 

Lys 

Sequence 

Assignment 

98. 

TABLE I 

Relative molar ratios of amino acids in 

chymotryptic-tryptic peptides of trypsin 

40 

0. 14 

1. 00(1) 

0. 68,:'(l) 

His
40 

to 

Phe
41 

Peptide 

57 

0. 98(1) 

. 23 

1. 95(2) 

1. 34>:, (2) 

. 13 

1. 00 (1) 

. 11 

91-A 

1. 84(2)t 

0.81(1) 
, ... 

2. 29'''(3) 

1.47(1) 

.63 

. 76 

1.00(1) 

1.26(1) 

0.69(1) 

1. 00(1) 

0.90(1) 

0 . 39 

Ser 
88 

to 

Leu
99 

91-B 

1.42,:<(2) 

. 89(1) 

1. 23(1) 

1.00(1) 

0 . 52(1) 

0. 76(1) 

Ser 
88 

to 

Tyr94 

t The numbers in parentheses are the val~es expected from the known 

sequence of bovine trypsin (Titani et al. , 1975). 
>'< 
'The N-terminal residue is partially destroyed by ninhydrin. 



pH 

1. 73 

2. 80 

3.67 

4. 10 

5. 08 

6.07 

6. 56 

6.87 

7.27 

8. 98 

99. 

TABLE II 

The pseudo-first-order rate constants for the 

incorporation of tritium into the histidines of bovine trypsin 

k x 10
5 -1 a 

(hr. ) 

His 57 His 40 His 91 0 .. b rig1n 

0. 00 3. 04 0. 84 4. 05 

0. 74 2. 12 1. 19 15 . 87 

1. 63 5. 86 1. 22 27.63 

12.63 

2. 69 3. 99 1.30 11. 71 

14. 08 1.76 27 . 63 

16. 11 4.43 1. 03 39. 74 

25. 84 1. 30 50.00 

1. 44 0.71 53. 16 

37.26 0. 99 0. 74 87. 03 

aThe pseudo-first-order rate constants, ~. were calculated using 

Equation 1 with_!,= 38 hours and e = 186 cpm/nmole. All incubations 

were at 37°C. 

b 
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: 

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

all others were at 36. 5°C. 

b pK , k , and k were determined by fitting the exchange data 
a a b 

to Eq. 2 using nonlinear least squares. 

C -ln (0. 5) 
k , where k

9 
is calculated from Eq. 2 using the 

9 
parameters in this table and a pH of 9 . 

d 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). 

f 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 3H-trypsin from the bulk of the 

tritiated incubation buffer. After a 38-hour incubation at 37°C, the 

3H-trypsin was separated from the tritiated incubation buffer by gel 

chromatography on Sephadex G-25 (column dimensions: 4. 91 cm
2 

x 

90 cm; buffer: HCl, pH 2. 5; fraction volume: 6 . .5 ml; flow rate: 

3 ml/min. ). 50 µl aliquots of each fraction were added to 5 ml of 

Aquasol for scintillation counting. The arrows denote 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 T :;ible 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; 0 - histidine 5 7; ts - 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 known 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 3H-trypsin and the components 

of the mixture were separated by gel chromatography on Sephadex 

G-75 (column dimensions: 4. 91 cm
2 

x 120 cm; buffer: 0. 1 M 

ammonium bicarbonate, pH 7 . 8; fraction volume : 6 . 5 ml; flow rate: 

O. 5 ml/min. ; 4°C). 50 µ1 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 C proton resonance was 
Q 

used as an internal standard. The ratio of the C-4 to the C inten
a 

sities (0) 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. , t 1 = 2. 8 days). 

2 

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 8 
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APPENDIX IV 

Silver Ion Inhibition of Serine Proteases: 

Crystallographic Study of Silver-Trypsin 

J. L. Chambers, G . G. Christoph, M. Krieger, L. Kay, 

and R. M. Stroud 

Biochem. Biophys. Res . Commun. 59, 70-74 (1974) . .,..._..._ 
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SILVER ION INHIBITION OF SERINE PROTEASES: 

CRYSTALLOGRAPHIC STUDY OF SILVER-TRYPSIN 

J. L. Chambers, G. G. Christoph, M. Krieger, 
L. Kay, and R. M. Stroud 

Norman W. Church Laboratory of Chemical Biology 
California Institute of Technology 
Pasadena, California 91109 U.S. A. 

Received May 3,1974 

Summary 

Silver ion is a potent inhibitor of trypsin and chymotrypsin, with Kr's 
of 4 x 1 o- 5 M. and 3 x 1 o-5 , respectively. A crystallographic study shows 
that the primary silver ion binding site on trypsin is at th-,, active center 
between the carboxyl group of Asp 102 and the 6-nitrogen of His 57. This 
result is correlated with the fact that Ag+ interferes primarily with the 
acylation rate constant, k 2 , and does not significantly affect the binding 
constant, Ks· The loc ation of this site explains the potent inhibitory effect 
of silver (I) ions on trypsin activity: The imidazole ring of His 57 is re
positioned 1. 8 A further out into the solvent to accommodate the silver ion, 
preventing its normal interaction with the hydroxyl group of Ser 1 95. Con
sequently, His 57 cannot directly assist the proton transfer in the catalyzed 
reaction. 

Since silver ion binds to the catalytic site in this highly specific 
manner, silver may be used as a specific probe of the active site of serine 
proteases. 

This communication reports the 2. 7 A resolution structure of the iso

morphous silver derivative of bovine trypsin inhibited by diisopropyl-fluoro

phosphate (DIP). Martinek et al. l, 
2 

found that silver ion is a potent trypsin 

(or chymotrypsin) inhibitor with a K1 = 4 x 1 o- 5 M. They concluded, first, 

that silver ion prevents the acylation of the enzyme while not appreciably 

interfering with substrate binding. Second, silver ions compete with pro

tons for the binding site and the silver binding depends on a group with an 

apparent pKa of 7. 1, which they suggested was the imidazole of His 57. In 

light of more recent evidence, however, the pKa reflected in those experi

ments is more likely that of Asp 102
3

' 
4 

EXPERIMENT AL 

To prepare the silver (I) derivative crystals of DIP-trypsin
5 

were 

soaked in solutions containing 0. 012 M AgNO3 for periods of four to eight 

days. Three-dimensional, 2. 7 A data sets for both the native DIP-trypsin 
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and the silver (I) derivative were collected using a Syntex Pl automated 

diffractomete r . Data reduction and scaling w e re a ccomplished 1,1sing 

standard techniques. 
5 

RESULTS AND DISCUSSION 

From our data and the phases previously determined for DIP-trypsin, 
5 

a differenc e Fourier map was obtained. The region of this map in the area 

of the active site is shown in Fig. 1. The large peak "A" corresponds to 

the position of the fully occupied, primary silver ion binding site. In addi

tion, there is a smaller region of positive density, "B", above a nd behind 

the primary site. This peak results from a movement of the imidazole 

ring of the catalytic site residue His 57 into the solvent by a pproximately 

1. 8 ± (S 0. 2) A. A secondary silver ion binding site of 35% refine d occu

pancy was found e lsewhere on the surface of the molecule, in the vicinity 

of His 40. 

Fig. 2 shows an OR TEP
6 

representation of the catalytic site in the 

silver (I) trypsin derivative. The silver ion is coordinated in an approxi

mately linear fashion between the lower carboxyl oxygen of Asp l 02 a nd 

the 6-nitrogen of His 57. Bond distances are: 061 (Asp 102)-Ag+, 2.3±0. 2.A; 

Ag+ _No (His 57), 2 . 3 ±0. 2 A. This suggests that the silver ion is in a two 

coordinate sigma-bonded complex charac teristic of silver (I) 
7

. This con

figuration is also structurally very similar to complexes of silver (I) 
8 

with free amino acids. 

The silver DIP-trypsin structure provides a model for the mech

anism of the silver (I) inhibition of trypsin . The distance between the E -

nitrogen of His 57 and the position of they-oxygen of Ser 195 found 

previously for benzamidine-trypsin (where the serine oxygen was hydrogen 

bonded to thee N of His 57) is 4. 2 ±0. 2 A in the silver derivative. This 

long distance, coupled with the unfavorable directionality between these 

two atoms, prevents proton transfer from the hydroxyl group of Ser 195 

to the His 57 imidazole. 
+ 

The effect of Ag on k 2 , ,t:he acylation rate con-

stant, thus gives an indication of the contribution of His 57 and Asp 102 

to enhancement of the catalytic rate of serine proteases . 

As well as defining the mechanism of the silver ion inhibition, the 

silver derivative data have been incorporated into the phase refinement 
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of the 2. 7 A structure of DIP-trypsin. The overall mean figure of merit 

of the 2. 7 A phases increased to 0. 83 during this refinement. The details 

of this refinement will be discussed elsewhere. 

One of the key problems in the assignment of microscopic pKa's to 

residues at the active center of serine proteases lies in the requirement 

that one should be examining the "native" enzyme rather than a modified 

derivative of it. Two familiar problems are thus apparent: 1) presence 

of a covalent label near the active site perturbs the system under study 

in an unknown fashion; 2) spectroscopic techniques which study the native 

enzyme often have problems of assignment to particular residues. 

Silver ion can be used to assign peaks to the active center residues 

by perturbation of the native enzyme spectrum, primarily affecting peaks 

due to Asp 102 and His 57. We are currently applying this technique to 

assign peaks associated with carboxylic acid groups in the difference 

9 infrared titration spectra of native serine proteases. 
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Data Collection in Protein Crystallography: Capillary Effects and Background Corrections* 
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In protein crystallography, o bserved diffraction intensities must be corrected for hackgrmmd radial ion 
due to scatlcr from air and scatter and absorption by capillary, crystal and mother liquor. A systematic 
study shows th..11 a major contrihution to background intensity is air scatter arising from the air inter
cepted by the dirc!.:1 X-ray beam as ·seen' hy the receiving-counter aperture. As a result there is a lirst
order J epcn<lcncc of hackground on the 20 angle. The second-order variations in this fum:tion arc prin
cipally due to i.lh4\orrtion of the direct he.am or air-scattered radial ion hy the c.ipillary and to tliffr<H . .:
tion hy the glass in the dirccl beam. To reduce <lala ~.-ollection time and crystal exposure, individual huck
ground mcasurcnu:nts may be approximated by interpolation from cmpirk:al background curves or, 
allcrn,1tivcly, hy collecting background inlcnsities for short times and filling these duta with a nrnlti
dimcnsional func1ion. If isotropic inlcrpolation is used, i.t'., if buckground is considered to he a func
tion of '). 0 ;.done, syslcnwlic errors of up to about :\0°,,;, c.111 he introdw.::ed inlo the interpol.tied br1ck
groumh. Mc.:-thnds of a~counting for the anisotropy in the backgrountl arc deri ved and sh11wn lo rcdu1.:c 
this crrn1· 10 I 2 •· ;,. 

lnlrodul·tion 

Because protein crystals arl· quite susccplihlc lo radia
tion damage, crystallographers have been exploring 
different method s fl>r accurate data collection whic.:h 
minimize the X-ray exposure of the crystal. With 
automated diffrn<.:tomcters. one widely used method of 
data collecti,in invo lves counting the background on 
one or hoth sides of each measured rcftcction. There 
arc several methods of reducing the time or data col
lection and thl·rchy incrc;1sing the numhc.:-r of rdkc.::
tions collected per crystal (<'.g. , Wyckoff, Tsernoglou, 
Hanson, Know. Lee & Richards. 1970; Wat so n, Shol
ton , Cox & Muirhead. 1970). In one ml'lhod , the 
observation of individual hackgrounds is omillcd and 
hackground corrcclions lur the measured intensities 
arc calculated rrnrn an l'mpirical curve of background 
Pcr.w.,· sin 0/). measured r~)f each crystal. 

If the backgrounds Jo not vary signilicanlly during 
the time of colledion, almnst all of the crystal exposure 
lime can he devoted to intensity data collection, and 
empirical background curvi.:s can be measured after 
the intensity data have been collected. Empirical back
ground curves have generally been obtained from 
background values measured with long counting limes 
for points along one lattice row. "nd applied using the 

• Contribution No. 4726. Supported by U.S. Public Health 
Service Grants GM-19984 .tnd GM-12121. 

t Danforth Foundalion h:llow. 
t National lnslilutcs of Health Postdoctoral Fellow. 
§ National Institutes of Jtcallh Career Development Awar• 

dee, U.S. Public Health Scrvii..:c Grant No. G M-70469. 
• Jane Coffin Childs Memorial Fellow. 

;ipproximalion that thl' h;1dq! round depends only on 
the Bragg angle anJ 1101 011 thl· other sdting a11gk, 

(Matthews, Levine & Argos, 1'172; Jensen. l<J?:': Sa 
lcmme, 1-'recr, Xuong, i\ldrn & Kraut, 1971; Wycko ff. 
Dosl'. hl'r , Tse moglou , ln;1µ_ ;1111i , Johnson . Hard man, 
i\llcwell , Kell y & Richards. 1%7). This approximalion 
can give nsc syslcmatic errors or ahout JO''.~. hctwccn 
interpolated anJ observed backgrounds. 

Hill & Banaszak (1971) ha ve report ed ohservinµ 
an additional, 20-invarianl 'I' <.frpcndcncl·. Our L'X

pcrimcnts show that the had. ground radiation t.:an 
vary systcmatic·ally with 'f and )'_ in addilinn lo 2/1. 
and furthermore !hat such ,p and x Jcpcndcnccs arc 
furKtion s oi' 20. These dcpcndcrn:cs L·an he accounted 
for by additional (1lmponcnts in a simple interpolative 
procedure. In contrast to Hill & Banasz~k. we l'fl ll 

rlu<le th •1 t the variation with ,p ;irises primarily from 
capillary absorpti~rn and sc.;;1tll.:ring r;1thtr than ab
sorption ol'h;.1ckground radiation by thc protein crystal 
and its mount inµ to the capillary. Thl·rc i, suhstantial 
improvement in inl c- rpolalcJ backgrounds ii' lhl' ,p and 
x-depen<lent variations •~re a,.:countcd for. 

A second approach to streamlining data collection 
involves ohscrving very short harkgrounds with each 
reflection, and fitting, by least squares. a funt.:tion of 
the diffractometer setting angles to all of the data. 
Such a fundion must include cross terms between X 
and 20, and ,p and 2/1, and can· vary in complexity 
depending upon tl1e range of 211 and the experimental 
conditions. lly pooling the data in this manner. the 
resulting hackgrounds t1re more accurate th.in the in
dividual shc>rl measurements from which the back
ground function was construrted. 
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It should be noted 1hat systi:mali c..: variations he
tween real and intcrpola1cd values for lhc background 
c..:an give rise to systematic errors in phase delcrmina
tion, in dF term s usc<l in calcu lat ing ditTcrc1ll:c maps. 
and in si.:a lin g. Phases an<l t1F's free from suc..: h errors 
are crucial to accurate descriptions of moleL:ular shifts 
from difference maps (Dickerson, Kopka , Varnum & 
Weinzierl , 1967 ; Henderson & Moffa!, 1971; Krieger, 
Kay & Stroud, 1973). Furlhermorc, with pro lein crys
tals Whose rcn rc..: tion i111cnsitics arc small, a rl'llcction 
which is o nl y twic.:c a~ intense as the h:ickground may 
be len sland ard devialinns ahovc hackgrounJ . There
fore . well detcrmincu rc-lkclion intensit ies ( ~ .1tT) may 
he in error hy as mw.:h as J0°/4, if anisotropy in the 
hackground is no t al:t.:ountt·d for. 

As the hackground int ensi ty is independent of crys
lal ahsorptio n. the backgrounds. estima ted or meas
ured , shou ld he su btracted from the observed dif"
lraction intcnsilics lwforc appl ying the standard ah
snrption and 1.p corTCl:tion s. 

In th is paper w..: lkst.:rihc two method s for obtaining 

hackgr,H1nd Lor ree l ions of similar qualit y lo in<lividu 
ally m4..•as urcd hack grnunds, but al signi fit:ant sa ving ... 
in the lime spe nt on ohscrving hackgrounds. Althou!,!h 
it is d esirable to minimize the hackground prcscnl 
(i.l'. , improve lhc signa l-to-noise charackristics or th l· 
experiments), w..: arc primarily i.:o nccrned here with 
developi ng harkµroun<l correction methods who:-;c use 
wo uld ht.· applicable to a wide variety of cxi slinp. four 
ax is diffractometers, wi thout modificati on t) f the ex
peri menta l hanh\arc. As a resu lt of thi s analysis. and 
the consi<lcr:.11inn nf the origins of Ctlmpolh.·nt~ in the 
backgrou nd in tensity. l'xperimc 11 1al methods of red u
cing the background . and then· by incn·.i~i ng the signal 
lo-no isc ratit) , arc suggested. 

Experimental 

Measurt..·11 1cnh we re made o n several different d1f
fraclnnH.:krs ho lh with and without a mnnochromarnr 
Oetails of cad1 ex perime ntal arrn ngt'llll' IH used art.· 
Ucscr ilwd in T ;1hk I . Lich m;1d1inc ,, ,II ht..·nn· forth 

Ta hit.- I. Charactcri.\·tir du ta J;,r d!f(ractom1 ·1cr.\· u.n·,I in this stwf~, 

In ,il l 1,;;i...4.• ~ th l" h,l'•ll: four -nrdc ma,:him:s have been rch uill ;111d mudi linl ; in all l·a-.c .., c .-.:i.::cpt A ,111d I> n11,d1fica1i11 11 s haw hccn 
cxh.: n:-. ivc tn ll il' rl1i 11I ol h lla l remachining. 

Sl1u rcc 
Target s i,r.c 1111111) 

Vnltagc {k Vt 
Current (111A , 
Radia tion 

(jc11nu:try 

T,1kc-olf-ang:k 

( , I i 
Sy nl ex I' I 

IU x I 
40 
20 
Cu Ka 

M l11w chromJ l o r type (ir;ipl 1i h: 
M011 1)(.: hro111,11 o r n1l1un1111 g fel§ 90 • 
Mun4.X:hrlHHalor di :-.p<·r, i1111 11 ·3 

Soun:.: to cry:-.la l 
Dis lant.:c rrom soun:c to : 

h i apcr tur cti.:: m) (si:,e m mm) 
M unochrn111ator c1y:-.tal 
Apr.:rlu rc {si :r.c) 
Ape rture (s ize ) 
Crystal 

Cr \':-. t:d to counrc r 11 

Di :-.1.1m:cs from l:ry ... 1;d 111 : 

Aperture (si:,c) 
l\pcr111rc (...; iJ.l') 
< ·ounlcr 

Nni'ic counr rntc with X-r.a ys 
off(pcr 100 :-. ) 

~- ."i ( 2·0) 
ti X 

l'J ·K (1 ·0 - 1 ·5) 
2 1 · \I I ·1 -2·0) 
?.7- .l 

l~ -5 ! 2· 51 
)H ·5 ( I ·0 2-01 
40·~ 

)5 

(//1 
(d · XR ll -4'/0 

12 ·~ •. O·X 
-15 
I K·5 
< "11 K •1 

(iraphill" 
~u -
0 -1 

4 ·5 ( 1 ·U) 
5·0 
K·0 ( l ·UI 

14·5 I I ·Ki 
15·5 

4 ·0 ( l ·0 
12·0 (2·0 
lh ·O 

~-' 

1·51 
2·51 

• Standard four-..:in.:h.:: machine with 110 monochromator. 

( /)) 

l>;1h.-,. <; L lhl gl·r Wa n s• Buag:\.:'r Suppa j· 
hybrid 

12·5~ 0-X Ill · I 
4 5 ,Ill 
15 II, 
l

0

11A 7 < ·11 /\a 

J·· 
Nonl" N ont.· 

None None 
4 -5 11 ·"iJ , 4 0 (I ·01 

I4 ·.l ! l ·KI , •>·5 ! I ·0) 
15·0 2.\ ·5 

IJ 2 ( I ·OJ I 7·0<.Hll 
-~~ ,;; (.\ ·O) 

~2-2 .!\ 0 

2~ ' lH 

K ,. 11·4 
\.l 
.!O 
Cu Ka 

K·O (:! ·Ill 
lJ,() 

I \ · j(0·l>J 
l '\ -l)(tH,) 

19·4 

h ·O (2 ·2) 

II ·H ( I ·5 
l :l ) 

10 

2·11) 

(/· ) 
S. Samsont 

hyhrid 

12·'\ ~ 0 -R 
-15 
I H 
Mo K ".l. 

( ir;1pl111t.· 
0 
O·.l 0 ·4 

4·0 (1·01 
5·5 

12·0 ( I ·51 
~0-K f I ·X I 
22-5 

K·0 ! 2· 11 I 
11 ·4 (5·04) 
2 1 ·h 

11 

t This machine was ,·:..scnt ially redesigned by, and rchui ll under the dirl'C tion o r, K . M . Stroud, and 11 :..es Dalcx au to ma tion for 
opera tio n in a qi-step sca n mode ( t wo-circle Wcisscnbcrg gcomdry). 

t Four-i.:irdc diffra1.:1tu 11ctn assemhled loc~1 ll y under lhc direct ion 111 S. Samson . i:1c,: 11 0 11 ic :-. and Allo :v-. ,.wn io~lat , Varian 
compu tcr. Dalex rcsoverd )'1u:s. and Orlct: ,ountcf d1ain . 

~ C! i..; lht.· ;tngle tx:t wccn the 11 or mab to lht: plane, of incidt.~ ncc at the monochrrnn;ilnr. 
" C11u n ler 1ype : ;1 11 dill'r.1~11,nidcrs u-;c s4..• i11tillal i1111 i.: tll1nll·r I krnh.·til..·.i ll y scaled 11 -driftl·,t N;.1 1 ,·n ·~1a l~ <.lr l' indi, 1d 11,,ll y ~c h:ctt.·J 

and d1 L"d ,c li 1c~11brl y f11r .k,:a y and tlama gt." . 
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be referred to by a lc11cr (A-F) which in turn cor
responds to one arrangcrncnt in Table I . Each of the 
figures refers to a spec ific case, although the discussion 
considers result s ohtaincd from many different experi
ments. It should be notcJ that these different arrange
ments include diffractometers both with and wi thout 
monochromators, with hoth of the generally used 
monochromator selling,. with copper and molybde
num Krx radiation. and with or without helium-ftllcd 
pathways to the coun ter. 

Glass capillaries were 0·.1- 1·0 mm in dia meter with 
walls approximately O·lll mm thick . Crystals of trypsi n, 
trypsinogen, i.:ytochrome c and their derivati ves with 
dimensions ranging frnrn O· I x O· I x 0· 35 111111 tn 0·4 x 
0·4 x 0·7 mm were used in the crystal - capillary ex
periments. Trypsin crysta ls grow with aci<.:ular habit, 
cytochrome cryslals arc rectangular prisms, a nd tryp
sinogen crystals grow as approximately l'quidi111cn
sio nal trigo nal bipyramid, . Thus crysla ls of the most 
commonly encountered morphological forms have 
been used . 

\ 

' . 

:.~r:: ·:---i~--c= ~ 

J
&\ ,_

1 
Cop, ,,.,, a 

I 
I 

Counltr 
OJ) trlurt 

y \ c,,,101 

. 

Fig. I. The usual dilfra1.:1ornl'ler data -collection ,11 r:.ingcmcnt. 
The 'vi sihle vol umt•' i~ the vlllumc of uir irra<llalt~d hy the 
direct hcam that i:-. -.ei:n hy the n.:i:civing-counlL'r aperture. 
This vo lume 1.."hang1..·, only with 20. and govern-. the 20 
dependence l)f the .1ir •:-.l·,t11crcll p.irt of l he h.:h; k~rnund . 
Pon ion:-. of the ·v,sitilc vo lume· Mc at time:-. h idden fro111 the 
X-ray bcan1 and ill lime:-. I rum the ..:oun1c1 by the intcrpo~i
tion of the t.:,1r11ll.ir y a111I crysta l. The 0\•1..·rall had,~r111111d 
wi ll he affcl.'11.!d h y 1.. ha11 gi:, in the 1..·arillary~n y-;1al :-.c iting 
angk-;, as wd l a, !In; a11u1un1 of 1..·apil l;iry ~las-.; in the 1lirn·1 
hc.1111. 

., 
a 
C 

2 
t 

400 

o. 200 -

100 

i 
0 , - • ,0 ' O ' - ' ~() j I ' ' 310 I I O , . Jo 
s· 28 

l ·ig. 2. The b,1dgrnu11d 20 dcpcndcnl.'.c for : (a ) air scallcr only 
((), 5 min/ point), (b) an empt y l'api llary ( ✓ '• . 3 min/ puintt, 
,ind (<') fo r a lrypsinogcn ays tal , llltn1ntcll in lhe same O·.'i 
mm dia meter capillary ( I I. J m111 / poin1 I. All rnt·astm:
mcnts were made a1 l. ·~ 90". u~ in)! diffr:11..-1t11nt·1cr A as 1k· 
scnhed in tht· h:\I . 

Background ~ \\Trc mea sured under lhc following. 
con<liti(\ns: 

(I) with, 1111 c 1 y~ t;il or capill:iry in the hcam ; 
(2) wit h a we ll 1.·entl·rcd capill ary (mntrnlcd uMxia ll ~ 

wi 1h ip) in 1hr hl'am : 
(.1) with ;1 c:iri ll ary mi '.'-.ccnkrcd. hut mnL1ntcd par;ll 

lcl to the r;i ;1:"1.i-... : and 
(4) with a crystal i11 a capill.iry such 1hat the crystal, 

hut 1101 1hc capillary, i~ ccnli:rl'd in the hram (the 
standard d :1111-1.:o lh.T l 1on cond ililHI) . 

Background rou11t111g times we re usually 1 to 5 min 
per point for the em piric..:al background curves, an<l 
10 to 120 ~ for individual hat:k grnu nds used for com
parison. Rcllc..:li11 .i 111tcnsitic.:s were nH:a-...urcd in hnth 
the,,, sc;,11 and th,· Wyckoff step-scan (Wyckoff <'I ul .. 
11)07) modes. Mc.1., un.:mc1us were mad e over the ranges 
0 ,;; 211 ,; 46 ' ; o~· ,1, -. _1<,0 '' ; and O> x < :160". Allcnua 
tors were ust:tl 1,1 Pht:1in data for small 20 angks 
down to 0 

Results 

Fig. I shows the usual c.Ji1Tr,1ctomclcr data collcdion 
arrangement and illw;trntcs the origins ol' the dif
ferent variations 1n lhl· hackgrounO intl'n,it y. 

Primary <'f/<'clr : '!. ti dcpC'11tlenrc 

Vig . 2 shows 1 he livcra ll hackground as a function 
of 2// : (a) wi lh no c rys tal. no c:ipillary ; (h) f,ir a well 
ccntNl'd c 1pill :11 y; and (c) flH" :1 capi llary l.'.011taining 
a trypsi nogcn ny~1.1I (di rnen~io11s approximatl'iy 0·3 x 
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0·25 x 0·35 mm). The intrin:-.il' absorption or a g lass 
L"apillary wa·s mcasun.:d and fount.i to be generally less 
than 25°;;,. T he ahsorp1i vc.· componl'n l due to the gla :-.s 
whid1 affects the c urvl·:-. t ) r 1-'i g. 2 must conscqucnt ly 
he less than about 2~ " ,,. It i:-. murh kss where 'visible 
vo lume' dimensions (:-.l'l' i:ig . I) arc µ rca LL·r tlwn the 
diameter of the capi ll;1ry whi L' h is often the c.1sc . 
It is therefore dear th at :-.Gllll'ring by air is a majnr 
contributi ng l'at·tor to the hackgrou nd . In the prL-:-,l·lllT 

of a capi ll ary thL· ha1..:k;~round i:-. rcUw.:cd by ab:-.orption 
hy the glass c«pill ary . The hackgro und intensity in
cn.·ascs at hiµllcr 20 angks \\·ht.:rc sca tt er from the gl;l',s 
prL·dom ina t..:s ovt..:r 11., .11>~o rplio11. Variatinn s in lhi.: 
orientat ion nf the capill ary kad to rp- and x -LkpenJt.:111 
~LTo ndary pert11rhati11J1s in till' haL·kgruund. 

'OS 

-
~ ,o, C 

t ; ·v o o,, 

~ 

C 

0 , 0 0 

l 0 96 

y O 

0 

. '-! ·U 

z 
0 ':1£ _, I 

0 IH l ) ~(,l) 

1· 
I rg. ). 1'111.: ha..:kgr~lu11d IJ ' dq1i.:1hkm·c oh:-.i.:rvnl al -:!.fl 22 ·(1 '' 

and x ~· 'JO for a Dll' -1ryp,i 11 1:ry., 1.il. Thc :1vcragi.: 1111..:n,it y 
is nonna l i1i.:d 111 l ·O ( l) dhad11111i.:ll:r ·I). 

fig. 4. The ,p dcpcndcm:e <If the h;1dgro11nd for an cci.::cnlrit:
a ll y mounted empty <.:.1pillary at var illll 'i 20 va lm:s (1 - 90'· 
in all cases). While the a1uplitudc and ,ign of Ili c varia1i1H1s 
d1angc wi th 20. the ph;i -.c i'i LO fhlJnt. ·1 he CllfVl''> were 
llll'a'illfC<l al '20 °= 27·(, . 22 7, 17·X", 16 · 1" , ]4 ·.'i, (r4", ,rnd 
,l ·X" . The traL·\::-., cx..:cpt fn1 20 I •I · ~··, rcprL- .., l·n1 lh1c hl·:-.t ka., t 
,q uarcs lit of 24 p11111h mi.:a -. urcd ;1 1 I \ in1c1 v ,ds 10 IIK 
fu11dion : Nor 1n;1 l i1.i.:1 I 111 Ll'11-.11y l · tl 1 111·,,-. 21,p 1p,,) . l h t.: 
;1vt.:,;1Ke inh:n.-. ity ,11 l';1\ 11 211 ;.., 11, 11111,illlnt 1,, I ·tl . Th\· ~·11 rw 
l',1r 20 --: 14·5 1-. lhl' hl' :-. 1 , 1ra1~ht hm: lhrough t1 1l' d;1la ;II lhi,.; 
'20 valut.:. Mcas11re111enh wi.:rc 111:ide on d i tl'i ;l\'1! 1 1111:h·r ·I. 

S, ·c1111dary t'ficl'f.\• • ~·' dcp,·11dc11C'(' 

When it is 11ccrssa ry l o ,.,:~)IICl:l d;1ta wi th a cryst ;d 
mounted in a cap illary whn . ..,e diameta is greater th an 
the rad ius of !he X•ray hcalll, there can he a :-, ignilic:1111 
sy~lema l ic v;1 r iation of the b;1d,:grnund rad iation with 
the dillr:11:tornder 1p selling. lkc111~e there is li11lc 
dilkn:ncc hcl,\1.'l'll the anµular dis1 ri huli1Hl llf till' 

hack gr,1u1al or an empty capill;1ry and 1hat of 11 c:1ril 
lary ct>ntaining ii cry~tal and its 111otlll'r l iquor. 1hc rp 
Jcpt..:mkncl' 1nusl be almo!-,I wholl y due to the CC(;Cll 
tri t:ity ur the c1pi llary about the q, ax.i~. 

rig. :1 ~hows typica l rp dependence of hackgr~iund 
inlL't1Sit y for a capi llary ,:n111aining a protein cry~ra l. 
;,11 H.J Fig. 4 shows this depcnlkn<.:e fo r . 111 ecccntric:1ll y 
mountl'd 1.:mpl y capi lla ry ~II different 211 va lues. /\ \vl'I I 
LT lltCfl'd L·apil l,1ry shows no rp JcpL·mlrm:e, whil~ with 
-:ccc11tricall~1 n1 n11 nt cd c;1pi lla ries the hackgrouncl vart.1 -
1ion is an ;1pproximatcl y si nusllid.il ru11cti1rn of 2,,n tb 

the capilla ry rnf;1tc" in anJ nut or lhl· hc.1 111. /\t l,1\, 
211 value'i thl.' h:1L·kground , pr imaril y d ue lo air sL·att cr. 
is llhHllllat cd hy 11h,lirptinn of the l'L:n'lltric capillary; 
lhncrorl-, tlJL' hat·kg.round i s grL'atc:st when the c 1p
illary hlnd .. s I lie dircL·I he:i m k :,~t ( ,11 - () ;111d I XII 
in Fig. S). /\t hi gher 20 an gks ! Ill· L·apillary sL·at 
ter:-; mnrc t.1d 1ati 1•11 1han it ;1hsnrhs. and hackµr1n111d :-. 
arc highc, t ;11 r,n <)() and 270 in h g. S. /\t intc-r-

1ncdiall' ~(J v:il lll''>, near the c r11., si11g point tlr hµ . 2. 
lht ahs,11 pl i1, 11 ;1r1d sl·t1ltcring 11!' lhc 1: apill;1ry ;1rL' 
nearl y cqu,d and lhe back grounds :,re L'~M' lll ia ll y ,11-

i nlkpc.•1Hk11t. The L'xten l of the h:iL·~µ.rou nd vari.11 11111 
with rp will lkpcnd on the L'l'n'.11lr icit~1 :111d d i :tllll'kr 

or till· capillill'y and the va lul'.' nl' !.fl. Thl'.' curve., 111 
Fig. 6 lkpil'I 1he huckground as a runction of 20 
mca,urL·d at l wo va lues or ,p; one w lll'll lhl· low-an gk 
h,1c~gr,111 1HI 1s :1 111inimum !curve A"'o• ' 'Ju(20)) and th e 
nt hn wlh·n lhc l1nv-anglc hac~µround 1s a m;1 xi 11111111 

[t:11n c /1,,.,
1 

. .,,)20JJ. The m.1g11itude or th e dilkrcnn·, 
hl'lv ... n·n the l wo curves is 1hi: amplitude or the ,p
dcpend('lll v,1riatinn. T here nwy he c ircumstance:, 1m 

dcr ,\llid1 th1.:..;c curves wou ld not L·r,h -.. . although we 
ha ve 11oi 11b,t..:rve<l th is. In s1Kh a case thc amplttudt..: 
t~f lhL· rp-de1'L't1dL·1n variat ion wi th "20 wnu!d nnt d1a11 r,1: 
s1g11 . 

For ;1 l>lf>.1rypsi n t:rysta l in : 1 (Hi mm capil l;1ry 
and a I 111111 ht.::1111. the h;H:kgrnund at 23' in 20 varinl 
11 11

, : 1 in i1111.:11:,ily wi th rotation ahout 'I'· The avnagL' 
n.:l1cct1011 inll'll!')ity in the she ll 22 , 20 -: 2<i for 1hi-. 
L: r ysta l w; 1:, .-..: vL·n times lht..: hackgrounJ kvcl. For ;1 

reflec t1u11 wit h thi s ·average' i ntensity. using interpo
lated h:1d,grt1L111<.ts uncorr~ctcd fo r the 1p ,kprndence 
wo uld pro(luct' a systcmal ic error up to I ·6°.{, 111 1h 

11e l in1 e11:-.1t y. WL·akLT reflections, which arc slill im
port;tnl rdr hea vy.a tom rc.:linemcnt and <lilkrc rn.:c maps. 
arc su bject to substantially larger errors: a rdlcdi1111 
with raw intensity twice h;u.: kt.!round. although at lcu.\f 
10 a ( ,·rmularrl dn iiaticm\·) ah111't' hac/..gr111111rl, would he 
in errt1r by as much :Is 11 °~,. Thcsl' LTl'l1rs are sy~11:-

11wliL· and rnusl ht: cnrnxll'd f,H·, if :tL·c11r. 1t t· pli;i -..l' ~ 
arc ll 1 lw ._; ill 11l:11l'd. 
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The foll owi ng schcmc was tested for generating in
terpolated backgrounds corrected for ,p dcpemJence : 

(I) Measure the ,p dependence at a low 2/1 value 
(-6 ") with a rp sca n al r. = '10". 

(2) Measure the '20 depctH.knce. A "'<.1 - .r,,,
0
(20). at the 

(fJ v; ilue (,p0 ) for which thl' hackground i~ a minimum 
on thl' r.p Sl:an . 

(.1) Measure the 211 dependence, B,,. ,,,,(211), al the 
,p value (q,1 = rp0 + 90 '') for which the background is a 
ma xi mum on the <p scan. 

(4) Tabulate the difference, D.(211) = IJ,
1
_,""(2/1) 

.1,
0

_ ,
90

(211). I Nurma ll y, it is convenient 10 interpolate 
the values between the nhscrvcd huckgroun<ls on the 
A..,

0 
. .r1KJ(20) and R"'i·"<Jo(20) curves at intervals in 

si n (//)/ k l 
(.') Calculate the backµround s. BG(20.,p). For back

ground co rrec tions (just as for ahSllfptio11 co rrect ion s) 
the '/J setting angle. 'P.\ must he moc.Jillcd lo :ict:ounl l"nr 
geometrical contrihution..; In rnt.11io11 wilh n:SplTl 111 

the incident beam rro111 x and, .,.• 

BG(W.,p,) ~ A,,.,.,,,,(2//) 1 n ,,(2//) ,in' (,p, • q,,,) ii) 

w here 

tp, .--= tp_, - tall 1 (cn:-.x t;111, o). {II) 

For 1500 rclkct ion!'i uh:-.c rvcU over a will~ r;1 ngc 
or 2/J, ,p. and x for a l)ll'-lrypsin crystal 10·~ '-, ti ·~ x 

0-4 mm) mountcU in a I 111111 capilbry on diffr;1ctnmctn 

A, the agrcc1nent bet wcTn ohscrvrU :ind i111npu l:1t n i 
hack gro und s 1ypic;1lly i111pro vcd hy 40 11/u whl'll ,p-de

pendcnt anisolrupic. rathL·r th:1n iso tr11pic. intcrp11la 
tion was uscU. This :-.chen11,: assume'\ that iii,.: 1p dl"
pcndcncc is si nuso iUal t ;111d that the amplitude t>f thL· 
va riation is the dilli.-re 11L·L· I 1><P(20)] hc1wce11 the 

Al/>o--X:90(20) and JJ.,., .Y,,o( ~/Jl L"lffVL'S of h g. 6. ,r pti:-.:-. ihk, 
crystals sho ulU be mou111":d only in capillaries whose 
diameters arc sma ller 1h ;111 the radius or the X-r~,y 
hcam. Under these t.:ond,t111ns the re is no ohsav;1hk ,p 
d epcmle ncc . 

• Any allditi,,uat (.;t.>rrc'-·111111 for .i 20 comptincnt in f/J r (due 
to ro1,i1ion wi1h rl·,pccl to th ..: niuntcn is much less s ignilkiln l 
in gcnl·ra l where the vis ible v11lu111c (1-'ig. 1) i., l;1rg'-·r than IIH" 
irradi.111.:d pnrtilHl of the c.iptl lary. The corrcdio n for l and, ., 
deals with the source of ..;ca lt c ring directly. v. h1lc the 2fl 
corn·1..1io 11 deals with 1rnl y ;1 ., m;dl 1:ompom·111 u l lhl: ,1..all \·rt·d 

r:1 d1a1ion . In ;,n y 1.asc an a,ld1!Jt1nal 20 1..·orrnt11111 would ht· 
;1,"f'll lllll"lrit· ilnd Clllllph: :.. an.I I , 11.,11, ill y lllllH'.n·c,,ary. 

t We h;1vc ah,.a ys oli'\t:n1·.I ., l'Crla in asy1111m:try in 1111: ,p 
:-can::. wh1d1 W\' prc:-umc 111 hl· du..: lt1 the tlilkrcnc..: 111 po:-1tu1n 
of lhc ccccntrit.:a lly 11H1unll:,I capillary w1lh rc,pecl to tht· 
counter al ,p and ,p I IXO"" . 111 llr<lcr to acuHJlll f1,r thi s asyn1 -
mctry, we hav<..· calc ulated had grounds 11\ing the cx.prc~sion : 

[ 
/'t p, ) - Flp.,) l 

ll(i(20,q,) .--: , \ ~,, .,1.,of20) t 0 11>(20) F(4P.) - /·(4P,.l 

where, for cxainplc, 
F(q,) -~, 11( .t - x,.f I h(y · y,. )~ Id.A - .\ 11 ) (y - y., J : x ~; sll\f/1, _\·= 

1.:os w. and ,·,,, y0 , a, h. and ,· art· rclinahk· pararnetcr, . Allcr 
nali vd y, one t:,,11ld use ;111 l!ll\'rpolatcd ip t: urv,· f11r 1-"(IPJ . 
Hnw,·vn. wt: ha ve nhlainnt 1hr h1.::- I rc\tdh using tht.: si n..: 
fu11~·1111n in cqua\1011 ~I) . 

X dependence 
The bat:kground x dependence is analogous to the 

cp dependence , bul a rigorou s dclinition of the prohle111 
is more difficull as a re:-.u ll of nwre com plex gcnmcl ry. 
However, the x_ depende nce may he und ers tood quali
tatively. As x varies from U to 90 '' , the a111n1111t \lr 

glass in the equatorial plane inc reases .ipproximall:ly 
as the seca nt of X· This, in turn , increase:-. the ahsnrp
ti on of air-s<..:att crcd radiation. The c:cict n:ilurc of 
this angular hackgrounJ variillil1ll with x. dcp~n<ls 
strongly un lhc ('xpcrimc ntal c1111dit ion s. t 

l Wt:: h;jvC oh:-.t:rvcd that c..tch d1lfra..:h11llt:lcr ha :-. a char;.1c-
1cris1ic x 20 dcpcndt::ncc, a\ sho wn 111 I •~:.- 7 arul X. Suhllc 
diffcrt::m.:c, in the.: g"·o mclr y of 1hc , ti ff1 .1c 1t1111i:11.: rs It-. J: ., 
l:ullimator-llH.:t y, tal di :-. la111·c) :..ir,· app;lrcntly tL·:-.pu11,;1hlc for 
the ditTc rcn\·c in lhc,c pa1i..-rn,. ·111"· i.:urrct·1io11 :-.i.:hl..'llll' 0111 -
lincd hdow ha, pr1ncn clfct· ln c f11r d ,ll.l 1..·nllc1..11·d , 111 tlllh-rc ·nt 
d1ffra..:10111c1'-·r, \\1lh ddfrrt·n1 1 ':_II p:1111.·rn .,. 

1-' ig. 5. View p;1ralld to Lill" ,,, 11,1-. nf ;i t:ilp 111 ary and ny:- • 

tnl, showtni; lilt.• aninunl of dirn.:l -hl·.1 111 radi atu1 n 1hcy i11kr 

cc p1 a1 \ ' ;1f111,.._ ,,, ' "· 11111g-.. Thl· 1..ap1lbry tl iatni:tcr i:- ).!rc;11~r 

1han tht: 1;1,1 11 1, ,,I lht.: "\ -ra y lw:11H . 

/\ 
I I 

/ \ 

;i; ""'1' , 
f. A+o_ ..: .,,, 

, ' 
.3 ,0,,! 

J ' 
Fig. 6. Curvt.:-; .-1.,0.x"'° and 11.,,1.x'.>O • the hac.:kgroun<l 20 dcpc11-

Jl·11r.:c ohscrwd at 1w11 1/1 sctltng:,,. 110·· ;qrnrt , fur a capilla r y 
rnount\·d f)JP-try p:,,111 crys t,d. ln,ct . a tP w an fl1r 1hi, cry:-.1al 
taken ;11 20 . t, ·, ..; l111 w111g 11\i: 1ws it ;111l!-. uf the qi., .and 1/11 

wlt1n ~, 1 I l1ll"n11.:t11111,·tc1 ·11 . 
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Figs. 7 and X :-.ho,, I hl' /.(I dcpcndc111..·l· 111 I Ii i...· h:1d.
grnund radiation ror lJIP-lrypsi n anJ l·~t,ilh romc l' 

cryslals al X •- 0 " IC.,." ' "1 211) ] a11d t. • 'JIJ 11.,."_,,,,,(211)1, 
and thC' variation or Ilic X lkpcndl' IH."L' rnr .,n,,:r;d v;dul.':-. 
or 20. Ju~t (h wit h lhl· 1/1 dqwndcnl'L'. thl' ;1111pl1tude nf 
thL· X v;1n:1Ii,rn depend, upon lhc diffcn·nL·t.: bctWl"l'II 

the hadq;rllunds ;1! the L'\ll"L'Jlll':-.. / 0 ;111(1 /. - •JO 
Dcpl'llliin~ 11pn11 lhL· cxpai111c ntal c,11hl1111llh . it is 
po:-.~ihlc I P 11lht:rn~ ;1 ,.: rLlssovcr ol' thl' A"'" ,,111( 20) ;1 11d 

I-lg. 7 . ('11n1.:~ Aq,
0

_y,,11 ;i1HI ( ·~•
0
.,11 : 111 \· ha..:kgn111nd 20 dqicn

dcm.:c ohscrvcU al / •JO and / 0 on dalfradomclcr A 
fllr a 01 J>-1ryp:-.it1 ,:q,,1.d 1nn1111h:d in a I nun capillary. 1'.ach 
data poinl was l"ounh.:d for 4 1111n. 111,d: Ille l dcpcnUcncc 
oh:>1crvcd al .-;cver.d '2// v; ,lucs . 1 al"h p,1111! was 11h.:.1:-.lll"l'.d fnr 
_,;; min. 

,oo 

i 
1cul 

" 
Fig. X. ( ·urvL·,; A,p0 .x,,o a11d ( ·~•u --<o : the bm.:kgruund 20 1k• 

pcndcnl"c observed at ,. lJO and l = O'' for a cytod1rnrnc 1 

l"r y-.1al u:-.ing dilfr:1don1ctl·r /l. l1bl'.I: bad,.grnund x depend 
c11Le at :>1Cvl·ra l 2/J v.ilun . ;\II 1h1inh were mt:.i.,11rcd fnr -1 
llllll. 

c~•u -"0(20) i..:urvcs a11alogot1'i tu that for lliL' ff' l"lll"\L"',. 
In such t:. 1~es. the hi gh-.1 11 µ1L~ background 11H.'rea .... L·, ;i.., 

X goes rrnrn Oto 90 '', and tilt: slwpt.: 111" lhL· Clll"\'l' l.L tl 

vary fr1.1m th.ii uhscrvL·d at luw 20 ( h!! . XJ. 

The x -dqx-ndrnl ht1L-k).!rou11d vari:1ti1111 c. 111 rrprc.,L'llt 
~1 s1gni li c;111 I rr,1L"lion ol"lhL· ldtal background. We h,1,c 

routi111.:l y nhst.:rvt:d I .'-i "" diffL'l"L'lll"t.'S 111 h;1L·kgrou11d~ 
between l. --= O and /. ~ l)() and dilkr\·nces a:-. hi,1..d1 ;1:-. 

25'~~. art: not uncnllllll\111. ·1 ill· follPw111g intLrpnl:111,111 
sc hc111 e. an;iloµ(iu:-. 1,1 11 1.11 u~t.:d 1"11r '/!· ,vc1s ll ~L·d 111 

L·n1T1.·ct t"t1r the X lkp1.:r11k11t·L 

(I) Mca:-.lll"l' thl· ':.fl dependl.'llCL'. c.,,l> , ,r"!O) . al I u 
(~) Mc;1~un: 1h1.· '!.fl di..·pL'tlllt:llcl' .. ·f,

1
,
0

_.,.w(20). :11 
X"· 911 

()) ·1 ;1huhtl' 11iL· d1lk1~·11LL'S. /J,( lf/ ) c .,•o, l'o(20) 

A<1>
0
.,.,u(20) . 

(4) Mc:,surt: the x dl'fll·nd~ncc at ;1 20 -- 20;,, fn, 
which lhl' diffcrcnn:. /).,( 20 l. 1s large. 11· pPssihk, 20.,, 
sh1 1uld hL'. r"t·prt::-.LnL1tivL or lhl' 20\ In the d:11.1 set. 

I ) ) (.";1kul;1k thl' h,1d,~r, H111d~ frPm . 

IH d:11,/ J - -1,,., , . .,,(ell) I /I 1211 ) [ 1(1.) 
- ' no) 

n•10 ) l 
. F(<J()' I )(I 

1111) 

where F< x ) is eilhl'I" ;111 t."lllj)llll"a l ru11ct1,111 rq,n:st:llllll~ 
the / dq1c1idL·1tt:l' nr an intl.'rpolated x curve al 20,,,. 
Our hL·st result... ha\-t: been oh1: 1i11cd wi lh • 

nx, --ucxr: h/ (clh/ i ,): 11 v , 

whnt tht: CllL·lfo..:i~nl.s a ./i.c ,ir1.· dctcr1111n,;,:d hy a h:;1..,l · 
sq11an . .::-. lit. If thL' h.1i..:J..grt1und :-.hu\•.-11 in l ·ig. 7. fur 
cxarnpk. is not correc ted l", ir x (kpL·nde1Kc, i . .-., if 
isoI1opic i11Icrp1ll,1Icd h;1 L· ~gr0unJs (dl'pcnding onl y llll 
'!.( I) .1rL· used. :-.y:-.ll'r11;1Iic errors of up to .\0 11/u or I he 
h.1l·kgro1111d ,·a n n ::-.ull. J -dL·pcm.knt (anisotropic) 1n
tnp11btion i..:a11 hL· i111pro\ed llpon hy suhdi viding till.: 

(ltt.i 11110 s111alk1 .?fJ 1a11!!L:1 and applying upprnpriatc 
X L·tir vcs tn thl· da1.1 in c;1d1 ranµt.:. 

When hoth ,11 ;111d I. dcpLndcnct:s .trL· prc:-.cnt. back

~roun ds 111;1 v hl· ;1pproxima Ied hy l ,1111hi11 i11 g the rp 
amJ X cnrrci..:t 11 ,1,.., • 

BG(2//, ,p,)'.) •- A,,,
0

_ ,,.,(211) I 0,,(211) si11 1 lrp, •• ,p,,) 

/! ?(I r Fix) - 1:190 )] V 
I ,(- J 1-'(0--) . F('/0' I 2/1,,, I I 

No11-li11t'ar ln1,r -"</I/ares 

A Jiflcr1.·n1 apprnacli tn the c:-. ti111;1lit1n of hac~~ 
grou nd s is the U'iC of non -lint:ar lc~1st :-.yuarcs to ap
proximak background:-. as some runction ,1f 20, rp. 
:111d x- I Iii-. 1·u11ct1011 is determ ined by lit ting hacJ.. ~ 

gruund ::. mt:asuri:d for sho rt times in the vici nity ol" 
eac h rt:Occlillll. The reliability of suc h a procrdurl' 
depends on thL· choice tif ,1 well heh;1vcd furn.:tion 
wil h ; 1 rd:i11vd y ~mall 11u111hcr ol" par:111H:lcrs. It s at.: 
curacy ;dso ,kpend:-. 011 tile numbn l1f LLil:i ;1nd t in,c 
~pc nl u11 me;1"11rill!,! tlil' individual backgrounJs. 
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The dependence of background intensit y on 20 may 
be satis fo c torily accounted for by a third-order rune I ion 
of 211: 

llG(211) 11 1 ,,.,. 1 cF' ·I ,rr'. (YI ) 

where T , "!.() and the lowl·r c 1sc kt1crs a.h,c, cf<. , are 
paramL'lt·rs tn he ck tL·nnincJ . S<Hlh.' improvt·mcnl can 
he athicvcd when the data arc separated inh1 low. 
middk , ;ind high-an gle reg io ns i11 20. Other term s arc 
addt:d t o BG (20) to accounl l"llr !he va riation l,r 8G 
(20) as functions of ,p and /. 

In an y regio n nf rcc ipnic;il space (not ncn·ssar il y 
nvl'r all "20 _ran ges). ii is s11 nicicnl to approxi111:11c the 
changing magnitude anJ .., ig11 llf the rp correction with 
a third -orde r polynomial · 

.1 8,( ,p,2/l ) ~ si n ' (,p --- ,p,.i (, · + /T+ KT' + h7'-') (Viii 

whl.: n: 1'o is a par~11ndcr ... :orn:sponding to the Cf' value 
for min11num nr ma ximum hcH.:kgniund. If the hac,.:k· 
ground docs 1w1 h~1vc a r1, tkpc nd~nce. ,1 /Ji(rp,211 ) is 
zero. 

Sin..:c the nw gnitudc. c urvature. and sometimes the 
sign of the x co1Tl'l:tion arc al so 2U•dcpendcnt , we have..· 
tried various co mbinatio ns 1) f terms of the form '/' 1xJ: 
i = I lll 4; j = I 11 1 4 to tkll'r mini.! whic h terms arc use ful 
lO best corrt·d f'l1r the x tk pcndcnce. An express ion 
o f (Ill• rnrtll 

11B,(x,20) = il 1,+Jr x' I Al r. .. + IF'x'+ 111T'x (V III) 

provides the hest t·ompru misc between th e number of 
relined para melcrs :111d ihc overall qua lity of Iii. 

The ove rall expression for kas1·~quarc:s rclinemenl 
1s: 

llG( 211,q,,x) = BG (211) I ;t ll ,( q,,211)+ .1 B,<x,W). (IX) 

This function can be used 111 any 2f/ ra nge. However. 
BG(2//J and .1l/2(X,211) can often be simpli fi ed l'nr mid 
dle an<l high 211 ranges wilh essentia ll y '"' loss .. r 
accuracy: for mi<l<llc or hi gh 2/J, BG( 211 ) ~ u + bT , ur
licc, ; for the middle ran ge . .1 /l,(x. 211) ,~ ffr., JTx' ·I 
k7r.'+IT'x'; and for the h, gh ra nge ,1ll, tx .21i) = iJ ;,: -I· 
j'/r. 1 ➔ - kfr.'-

l)isrussion 

The ani::,otropic.: intcrpol.!11011 (Al) and non-linear 
least-squares (I.Si 1cchniq11cs have been used routinely 
to c.:omp.irc and measu re background int.:n sities for 
crystals of several pro1ci11 :-. on different diffractometers. 
Data for the comparison lo he di scus~e<l first Wl'rc 
taken from a DIP-tryps i11 1.:ry~tal using diffractometer 
A. The data shown in Tahlc 2 and Fig. 9 c..:0111parc 
the islitropic in1t·rpolat10 11 (II) , Al and LS mt.:lhods 
of estimating back ground intensit y with indi vidual 
backgrounds, BG.,t,,• c-ach measured fl1r 40 s. 

Fig. 9 shows the di strihution of e rro rs, ABG/o"'"·'· 
where 

, f llG ~ ( llG,,,, B< ;, .. ,,_) and a,,,,, " f1BG,,.,,, 

for cad1 o f the tlm .. ·c 111ethnJ :-. and f'ur a pcrfct:tly nor-

Tabl e 2. 1-.'rror analysis ,4· b1..u:kgrowul•a1111r.i>.i111atio11 

/('cltniqut·s 

l :slimate<l h:11.: kgrnu111b i..:n rnpared to hai.:kgrountls mea:-.un.:d 
f,1r •10 ~ per p~1inr.• 

MctlHid (.1HG' ) ' ' ' I Ru"",,§ (iO)· ' fit•~~.•• 
II (1 1 ·7 'i.:'i ] IP·O 2·2.2 l ·7<i 
A l 4 1 ·2 JO·H (d) 1 ·Jl-i O·XX 
LS .\Z .\ 17· 1 5-3 1·19 (HP 

• Result s arc for ltJ .'ih rl·lkl.'. tion:,. 1llCi1:-.un .. ·tl 1111 dilfrac1111n
clcr (A) as dcscr ihcd in the text. Tht.: ;lvt.T.lHC ohserv1.:d back• 
ground was :'iO I c11un,._ per min . anJ lhc mi ::. n (U(i,.,.,) was 
27 ·4 counts pt.:r n1111 . ·1 he l'.nnlpan -.;iins an.: a ll tat-iulatcd in 
ClllllllS per rnin. • 

t J B( i = ll(i .,,,. B< i, .• I ,· • 

t sis the error cnm po11c111 due to c1H1r:-. .irising frnm Ilic 
11 , A 1 <1r LS m ethods, .,. i ,_, (A B( ;1) - (o,~t>,) -

§ R111. 0 - l_ JtfB(il / : . B( i.,i, .. 

( 0 l ,· 1.IBG /n .. ,..f' ]' " 1 j t _.=-.:. ·-
1 

< . , the ·gondness•or- rit '. 
Y.J(, P l ',. 

•• Rt c: ~ : l / ; 111 ,oh> J-",u.-oJJ / ~ I / 11,,., b o(, 

mal distribulion . For the II method the di stribu1ion 
of error is for from normal bcc,1usc of the ~y'.'> tcmatic 
error introd ucc..:d by ignoring the anisutrnpy in the 
background. The error distribution is skewed a 11d 
distorted rc!!ardkss of the setting angles u~cd for ob 
se rvin g 1hc 2/1 c urve (sec Fig. 10). 

The error dis1rihu 1i o11s for the Al and LS methods, 
o n the other lrnnd. a rc ve ry nea rl y Gau~~ian,• incli • 

• We h<lve shown thi s in two wuy:-.: lt.:ast -squarcs li11ing a 
Gaus:-.ian lu lhc error rn.: 4ucni.:y n irvc~ in Fig. 9. and by di ree l 
i..:o mp,iri son Ill pcrrel"ll y nor111al d1 "') 1n [l11111, 11 s hy means of nor 
mal probabi lity ploh (.i\brall,1nh ,I,;.: Kcvl·, IW1XI. 

1-ig. 4 . The dis1rih1111t , n ,if errors he tween individu;dly uh-.ervcd 
(40 sJ hai.:kgrnunlh ;.inti backgrounds Ciili.:ulah:d u~i ng the 
three ln.: hni4uc~ (.k:-.nibed in the le x!. The :-.tat1"')!1c'i plollcd 
;11t' Ille numhcr:-. of poinls w ithin intervals 11f .IBG / fT.,,,., 

w l11.:rc .·IB(i ....::. ij(j ,,b• - U<ic.1c and <1,.1,. :..: Vuti.,t>•· The 1111,11 
an:;i undt'r each i.:urve is equivalr.:111 111 l'Vi6 dat;1 pu ints. The 
curve-; arc frcqucni.:y di s tribution~ r, ,r the errors of the II , or 
tsl1 trup1c intcrpolatcd hack ground:.., the A l, nr ,111iso1ropii..: 
ttJll'rrHilatcd hai.:kgr,,unds, and the I .S, o r lcc.1.,l-:..4u;1res had;
grnumls. The hl'il V}' t: ur vc repre sent-; an ideal ( iau:-.sian 
tl is1rihution of t·rn,r for the sa nu: numhr.:r tir pn11l h . (DII' · 
tr y1''-i11 (rysta l 1111 ditfrai..:tomctcr AJ. 
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f..'.itling lhat the ~ ... ~I1.:nwti c errors n:sulting from the JI 
mclhnd have hem largely elimin;iied. Th e slighil y 
irn.: rcast.·d breadth of tht.· Al and LS error distributio n.\ 
relative to the pcrfc..·dly normal dt~trihution is a con
,.,_.qt1t..' rKC of th1..· 1.;nors in1rodu1.:cJ hy tht·sc nil."th ods. 
\Ve t..:al\ t.'!'!limalL' the L" .-.:tent l)f thl!sc crrnrs, s, u~Ing the 
appn,ximalilHl : 

(X) 

where ( .1BG') is 1hc mean squared 1.IDG anti (a! •• ) 
is the mean squan;d e rror in the individually ohscrvcd 
backgrounds. h•r 1hc tlala illustr;itctl in 1-'ig. 9 the 
estimated avnagc 1.:r rur rnr bai.:kgroum.Js calculated 
using the /\ I lt.-c h11i4uc, with empirical background 
curves o bscrvt.·d r, 1r 4 min per point, is roughly equiv
aknt to that whidl would he ohtaincd hy mea su ring 
each backgrou11U for 32 s. For LS, s is equi vale nt to 
rrror cxpel'ted for h:u..: kground s ml'asuret..l l'nr 91 s L'ach. 
The value ol' .,· fn r Al de pends upon the time spent 
measu ring ca..:h point for the intcrpn latcd curves, while 
that for LS <lcpc11ds on the counting limes for indivi
dually measured backgrounds. In this example, indivi
dual 40 s backgroumh were used to ..:a k-ul:,tc Ilic LS 
!'unctio n. In another case resu lts were cs:-ientially idcn~ 
tic~d when 10 s hackgrounds were used, and this 
mctlh,d i:-. clc:i rl y nh,sl use ful when still shorlcr times 
are uscJ . 

We ha ve compciretl th e effects of the 11, Al and LS 
method s o n thl' :-i tructun.: fa ctors hy ctkulatinµ thl' 
R values ( R,,) hdwccn the Jata ~c ts ob tained 11,ing 
ohscrvl'd and ctkulatcd background s {sc..: Tahir I}. 
Thr R, v:.ilue l'o r the II cnrn:..:kd Jata is approxi-
111:111,:l y I\\ ll'l' as la rgl' a..; that 1.:akulatcd for til e Al and 

( \ _ No, mol 0 1\h,bu1,on 
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I 
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Fig. 10. The Jislrihuli<lfl uf errors when liiffcrc_nl c1npirkal 20 
eurvl',; .ire 11 -.ed in the II incllwd . The frcqucni.: y di strihutions 
arc for ha..:kgro1111d, ..:all:ul:111.::d 11~ ing : a 20 curve nll.·J sured 
al f/J -~ ,p,,. x =-= O" ( J, a ~fl c11n-c 111l'a-.urcd at f/J :a 1/'1, 

1 90 I I, a ~fl i.:urvc tncasun:d al f/J :..: f/'u, X = 90' 
( --1 . ;i nd J 211 -.: u1 \I.'. ..:akul,11cJ from the vi, , ,ho and tf', ,.7.,,, 
c.:11rn·, . rq,rL ,l'1lt in~ .1 '?. IJ n11 vc w hid1 w11uhl be t1 ht ;,1incd II 
f/J~ \!rp,, t ~·',/ I I I ht· l1~lit n1rvc;: ( ) represents an 
iJc,11 (;,111." 1,111 d1 ,11it1ut1n 11 111 1.:rrot . I\~ 111 hg. 9, lhi.: , 11'1.:. 1 

1111,kr ,,_.;1l· h 1.: 11nc 1, p1..:-.c11h 19.) fi Jal.1 point... ,fo., 1rihu1nl 
,, \,' f 1111. 1.0l~l' i · h ~tJ . ,It. , 

LS l 't1 1 n._·cteU • data. Applying absorption t:orrcclitrn:-i 
to thl· ~c...111 11\lensit iL·S bt.fure suhtrncting II h~u:k
grounds. :i ~ rc1..:mnrnc11dcd hy Hill & Ba11a~1.ak, in
crea:-.cs tht.: R,.. value to 1·9) 1}:,. Clearly th e- Al ;111 d LS 
method ..., ;ire suhstanl ia l improvcmt!nts o\l.·r 1he II 
mctht,d . 

c;onclusion 

Thi.! mo~t signilicanl corn.:lusions to he drawn from 
these studies of background int ensi ty arc: 

(I) The princ ipa l W-dcpcndenl component of hack
ground intensity arise-" from X-rays ~cattcrcd by thc 
volume of air illumi11.1tnl hy the dircrl hcam a11d ·seen' 
by the rcL·l'1ving-coun1cr aperture. MnJulation of this 
air scattc:r hy ca pillar y ;1h:mrpt iot1 anJ ~..:attcr givcs 
rise tn 'fl and x- d..:pcn<lcnt variatiun.-. 111 the background. 

('.!) The hac~ground intensit y is essc11 tia\ly uncnr
rclatcd wi1h the cry:-.lal .ihsorplio11. Under certain l'X
perimcntal L'Pt1dition ::; the two phenomena may appear 
to be corrcbt..:d. for L'x;,1111pk . w he rl.! a Oat crystal rest s 
0 11 the sit.le llr !he c;.1pillary ~uL·h th :11 it s long axi:-i lies 
par.illcl to the ,p axis of th e U1ffnh.:tomctcr. 

(.1) As a consequence of ( 2 ), the background inten
si ty should always be ~ubtractcd from the scan inten
sit y before the absorption corrct:lions arc applied. 
c,H1tr;iry tu the sugge, ti@ or llill & Banas,.a~ (1971). 

(41 The ani sntropy of ba1.:kgrnum.l sca li er a~ a func
til111 or 2U, tp , and x C lll ht.: sa ti sfactorily Jl't.:UUlllt.;d fnr 
hy u:-.1ng a simpk i111crpolati ve prn..:cdurc. or hy llttinµ 
a !'> uitablc fundinn to man y hm.: kgrl )UIHls measured l'lH. 

:-.ll,11 t times near t.'aL·h refkctinn . 
() ) f'hc usc llfan isntr l1p i'-: bai.:kgruund i11Lcrpolat1011 

is u~uall y un :-.a ti sfLH.:t ory flu· acc111'.:1tc d;1t;1 rcdut"tion 
Thi:-. method c:rn introduce ~yst,.:malu.: L'rrPr~ o\ up 
111 .~0"-~, in thl· c:-.ti111a1cd h;1L·~µrou11d tnll'lhitic:-i. F1Tl11:-. 

of tli1 , ~o r! lcaJ to ~J ~krnati L· ...:1-r111s III ph;1 :-il'!'> an d 
1nc1'l•;1:-.L· 1l1c noiSL' levt.:b in d i lkrcllcL· 111;1p, . 

Both 1hc ,\I and LS 111cth nd:-. !->uli-.t:11111:ill v rL·J11n: 
1hc :-iysk11w1u.: errors inherent in the II 111l'lh~1d. As a 
n: sull, the U1Jfrrt·11ecs hctwel'n nbserved h;u.: kgrnu 11ds 
and cstim;11ed backgn,unds ~losc ly r,,llow a 11 on11. tl 
di~tr1hu1i t1 11 linth llll'll1od:-i il·prl·,enl sig nili ..:;i nl ~; 1v

ings in ti1111 · ;111d :11l' 1mprovc11 ll'lll-. ,Hl' I' lhL· 11 ml'tlwd. 
The overall accuracy nl'L·i1hL·r nh:tlh 1d is lim itl'd hy the 
ex tl'lll ;111d duralinn 1>!' 1'11.: had..:g rnu11d s;1mplin~. and 
1:-i gc-11n,dly L:111rnnt'11surall' wi th that o btained for indi
vidual h:1L·kg1nu11ds. Wlll'n lkcidinp: h!.!twc..:11 the two 
mclhPJs. n11l' nw st choose between the ~rcatcr sav1n:!s 
111 time pr11vidnl hy thl· A l method. or the ~u mL·wilat 

belter ;,1ccuracy ol' the IS tcch11iqt1L' :11 the l·\1,1 11!' 
in..:rca scd \.·ry:-i t.tl ex posu rl' and dL·c1~ 

Our r~::-i ulb identify the pr111\.·1pa l .,ll t1l'L·es ol bacJ..
ground intcn~it _v. l'on:-il.'4111.:11\ly, thrrl' arc several L'X

perillll'llt:L! step, which ,·.111 hc lil~l'II (11 rcdul'e h:1\.·~. 
ground inlL' ll ~1t y (I) ( ·apdla1 il's sho1dd 1Jca ll y Ix· d111-
sc 11 1,1 he -. m;11kr in d, ;1111l'tl'f' 1h.111 1hc r;1d1us or lhl· 
inL·idl'J :I X-r,, y hl':1111. I In, rn1Jl'1 S 1;1 depl'1ldl'nn I11 -
:-. 1g11ilica 1il, d1111i11ishl..':-. ,( dep1.· ndl'11n: 111 1l 1c lucl,._gr11u11 d 
1.rnd rnltll'l'~ th1.· h1 ~h -an ).!lc liad.gn•und du\.· Ill \.·apdl:ir v 
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sca lle r. (2) Hclium-lilkJ tubes are often used to reduce 
absorption hy air in lhc input or output hca111 din·c
tions . However, ns the m.Jin prohlcm is generally one 
of peak-to-background ratio, til,:'\c measun:s only 
s li ght ly affect this rati u. and in any case Jo not rcduo: 
h;u:k ground intcnsi1 y ~ignilil.:antl y. It woul d seem 
highly aUvanlagcnu.., In lill the 'vi:-.ibll' volume' wit h 
hdium, so affecting the had .. grou nd intcn:-.1ty dl!"l't:ll y. 

Thi s 1s obviou:-.l y d1fli1.:ult to do a:-. ii implii:s t...·ithcr 
:i hclium-fillctl l'llt:lo:-.urc llVl' f thl' cntin.· <lilfr:1ctnmc
ter. or a hclium-lilln! 1.: li.1mher 111011ntcd aruu11J the 'I' 
a~i:-. whi<.:h surnH111ds thl'" Gtpi ll ary anU crr,t;d com
plt:tel y. There arc ,1lwio11s mechanicil diflil:ultil's in 
buih..ling such a 1.kvil·c.: . Firsl, it 111u s1 bl' a ln1n:-. l X-ray 
lranspan.:nl over the angular r;111ges used . Sl'cond . 1l 
mu'.'-.l bc mndL•rakly wl'I I scaled ltl 111inimi1l' k:d,agc of 
hel iu m if it L'IK loscs thL· ,p drive shall hearin g. i\ m ylar 
cy linder ,vit h :-.n lid ... 11ppt1rt :-. OHlllllll..'d (Jilin lh l· lt >p nr 

1iw glllliofll4.'ll' I hL· ;1d wnuld SCL'lll l1 1 he :1 1,! t1 il tl l'!)lll

promi sc allow111!! rnr rigid support 111' thc t,1p ;1nd hnt 
lorn in the X-r:, y :-.h;1dow. 

111 An y ml·;11; , or rc.,1ri1.: ti11 g the vi'.'-. ihlc vo lurnc "'ill 
n:ducc thL· had, grou11d in ;d11111st direct prnp,1rtin11 
10 the vn lum4.• l·ha ng4.•. ·1 hi :-. ca n be achil' vcd by pl;1cing 
lhc linal rc~lricting apL"rturc and the Sl·ath: r cap nn the 
in pul col limat or ;1, L'lu:-.l· to thl' cry~ tal as pos:-.i hll' . 
Si111ilarly, thcrl' should hL· ;1 dcfi11ing aperture ;i.., rlo!'>c 

tu the crystal a:-. p,1ssihk 111 lllL· 4.·rr,;ta l cuun tl'r p:,th 
way. and a s4.•n.1 1HI nm.· ... : ld!'>l' to the nH11111:r. 

W..:. thank Drs !\. K11 ,:-. i,1!-.ldl' ;1 11d I< . Sw:, 11 :-.1111 l11r 

gn1L'rously :-. uppl ying h:idq..'.round data, Mr R . Al111.1,\Y 

for he lrful ass istance, and Dr R. E. Marsh and Mr 
J. Grei f for va luable discussion s. We arc grateful to 
D r Sten Samson for allowing us to rolled data on 
diffrac tomctrr F. a machine designed in the most part 
hy himself, and for his supervision in the rcdc:-.ign of 
diffractometer /J . Wt: also recognize hi s ronstant at
tention in the f\..'lk:-.ign anJ improvcrncnb made to 
diffr.Jct11rne-1cr C 
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Abstract 
~ 

The primary source of background intensity when measuring 

diffraction intensities by diffractometry is air scatter from the 

volume of air irradiated by the direct x-ray beam which scatters 

incident radiation into the photon detection system. In protein 

crystallography where crystals are generally enclosed in glass 

capillaries, scattering of the direct beam from the glass is the 

second most significant source of background intensity . Glass 

scattering leads to a broad diffuse ring centered at spacings of 

3. 0 A (20 = 20° - 32° ), whereas air scattering continuously 

diminishes in intensity between 20 = 0° and 45 ° (Krieger, Chambers, 

Christoph, Stroud, and Trus, 1974). Compared to these sources of 

background radiation, other sources are usually insignificant. 

Two experimental methods are described which reduce the air 

scatcered component of backgrounds by as much as a factor of 100. 

Use of these methods increased the peak to background ratio by a 

factor of 3-10 times in the case of typical diffractometry of protein 

crystals. This can be translated into time saving during data col-

lection, and into an increase in the range of measurable intensities . 
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Introduction 

In x-ray crystallography, the speed and accuracy of data col

lection is ultimately limited by the signal-to-noise rat:I.o. Rapid data 

collection is especially important in protein crystallography because 

the useful crystal exposure time is limited by crystal decay. If the 

signal-to-noise ratio can be maximized, more and better data can 

be collected from a single protein crystal. 

Our first investigation (Krieger et al. , 1974) of background 

intensity in protein crystallography served to identify the primary 

sources: first, background radiation is produced by scatter from the 

volume (the "visible volume 11
) of air irradiated by the direct incident 

beam, and seen by the photon detector. This effect generally over

whelms all other sources in the range of 2B between 0° and 15 ° 

(i.e., within the co - 6 A resolution range). A second source is 

scatter from the glass capillary in which protein crystals are 

usually mounted. Capillary scatter becomes most significant in the 

range of 2B between 20° and 32°, and generally overwhelms any 

contribution from solvent around the protein crystal in the capillary, 

or from inelastically scattered photons from the protein crystal. 

Based upon this understanding of the sources of background 

intensity, two accurate interpolative methods for obtaining 
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approximate background intensities were devised. Both methods 

allowed for significant savings of crystal x-ray exposure time, and 

were capable of producing background estimates of the same quality 

as measured backgrounds. The conclusion that air scatter was a 

major contributor to the background led to proposed ways of reducing 

or eliminating the air scattered component (Krieger et al., 1974). 

Since any reduction of the background intensity is reflected 

,,, 

directly in the peak'''_to-background ratio of the measurements of 

diffraction maxima, the gain in reducing background scatter is sig-

nificant--particularly for small crystals. If, for example, the back

ground is reduced tenfold, then equivalent intensity data may be 

collected from ten times smaller crystals, although the measuring 

time is ten times longer. This is important when crystal size is 

limiting. 

The first of two experimental techniques for reducing back-

ground is a simple precaution which should be taken to reduce the 

"visible volume" of air which may scatter x-rays into the detector. 

In the second method, air in the visible volume is replaced by 

helium contained in a small mylar-walled cylinder around the 

, ,, 

" I' "Peak" is defined to be the intensity of a diffraction maximum after 

correction for background. 
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crystal. This device may also be conveniently used to control the 

temperature of the crystal. 

Experimental 
~ 

-
Measurements were made on a Syntex Pl diffractometer using 

copper Ka radiation selected by reflection from a graphite mono

chromator. The location of restricting apertures and the running 

conditions of the diffractometer are summarized in Table 1. 

A controlled-environment chamber was assembled and mounted 

on top of the goniometer head . The chamber was constructed in two 

parts, which are illustrated in Fig. 1. The first component, the 

base plate A (illustrated in section in Fig . 1 ), is rigidly mounted on 

top of a eucentric goniometer head. A crystal can be mounted in the 

usual manner, with the mounting pin locked rigidly into the center of 

the base plate . The second part, B, which fits on top of the base 

plate, carries a cylindrical mylar window and provides an environ-

mental seal. Gas flow through the chamber is achieved through 

ports, P, mounted into the base plate. The temperature inside the 

chamber is measured using a thermistor, T, mounted into the top of 

the device, opposite the ,p drive shaft. In order to prevent conden-

sation onto the outside of the mylar windows, a laminar flow of dried 
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air can be maintained on the outside of the mylar window by leakage 

of air through holes in the copper tube, C. The laminar flow is in 

the direction away from the goniometer head . Using this device, the 

environment around the crystal may be carefully controlled and 

monitored. Leakage from the cell is low so that a closed circuit of 

cooled helium gas may be recycled through the cell. A slightly 

greater-than-air pressure is maintained in the helium system to 

ensure that helium is not displaced by air. 

Background intensity measurements were made both with and 

without the mylar chamber; with and without a capillary, or a 

capillary and crystal; and with air or helium in the chamber. The 

effects of varying the size of counter aperture 1, located 9. 0 cm 

from the crystal and 31. 5 cm from the counter, were assessed. 

Crystals of di-isopropyl phosphoryl-trypsin (DIPT) with 

dimensions 0. 5 x 0. 15 x 0 . 1 mm mounted in a 0. 7 mm diameter 

capillary, or 0. 15 x 0. 15 x 0. 5 mm mounted in a 0. 2 mm capillary, 

were used in the crystal-capillary experiments. Background count

ing times varied from 15 seconds to 10 minutes per point. Reflec

tion intensities were rneasured in the w-scan mode . All data were 

collected at X = 0. 0° and over the 20 range 2 . 53° - 44. 93° . 
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Results 

The diffractometer is normally equipped with only one aperture 

located on the detector arm immediately in front of the detector. A 

second (variable-sized) aperture system was fixed 9 . 0 cm from the 

crystal on the detector arm, and can be seen in Fig. 2. This 

aperture limits the visible volume of air in the direct beam which 

can radiate into the detector. 

The effect of including this aperture is illustrated in Fig. 3. 

The upper curve represents the background intensities measured as 

a function of 29 for a trypsin crystal mounted in a capillary tube in 

the normal way. Aperture 1 is present, but is at its maximum 

opening of 4. 0 mm across. The lower curve shows the effect of 

closing down the aperture to about 2. 5 mm across. This represents 

an approximately 60% reduction in the visible volume . As a result, 

the background intensity at both high and low 29 angles is diminished 

as predicted (although the effect is clearly greatest at low angles) . 

The dotted line shows the effect of removing the crystal from the 

capillary, and confirms our previous observation that background 

intensity is essentially independent of the crystal under normal cir-

cumstances. If there were no aperture l, the background intensity 

would be even higher than that represented by the upper curve. 
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Therefore, the addition of a second aperture on the counter arm as 

close as possible to the crystal significantly improves the data. 

This would not be true if most of the background inte nsity was 

generated by capillary and crystal. The width of aperture 1 must be 

large enough so it will not interfere with the diffracted beam. 

In order to effectively reduce the high angle background due 

primarily to scatter from glass, the amount of glass in the direct 

beam must be reduced. The differences in the background between 

crystals mounted in 0. 7 mm and 0. 2 rnrn diameter capillaries are 

shown in Fig. 4. As expected, the backgrounds are similar at low 

2B angles, and the smaller capillary scatters less at higher angles. 

In the second series of studies, the effect of substituting 

helium for air in the visible volume around the capillary was 

assessed using the environmental chamber. Fig. 5 shows the effect 

of replacing the air in the visible volume with helium. In the 

absence of a capillary or crystal, there is an approximately 26-fold 

reduction in the background at 2B = 12 ° which diminishes to a 13-fold 

reduction at 2B = 1 7 _ 7° (corresponding to interplanar spacings of 

s A) . As far out as 37° in 2B, the air-only background is still three 

times greater than the background with the helium-filled chamber. 

The backgrounds measured without the chamber show that the mylar 

wall is essentially x-ray transparent. With a crystal and capillary 
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in the beam, the effect of the helium-filled volume is still substan-

tial, although capillary scattering dominates the background at high 

2e angles as expected. The helium had no effect on the magnitude of 

the integrated reflection intensities after correcting for the back-

ground. 

The overall effect of adding the helium chamber, using a small 

capillary and minimizing the width of aperture 1, is depicted in Fig. 

6. In concert, these precautions reduce the background (and there-

fore increase the peak-to-background ratio) by a factor of between 

three and ten throughout the 2e range, 2e = 0 ° to 2e = 45° . 

Discussion 
~ 

The atomic absorption coefficients of nitrogen and oxygen for 

CuKa radiation are 17. 5 and 30. 5, respective ly (International Tables 

of X-ray Crystallography, 1968) . The absorption coefficient for 

helium is . 255; thus, helium absorbs less, so scatters l e ss radia-

tion. For helium to effectively reduce backgrounds, it must replace 

the air that is contributing significantly to the background. The 

common practice of reducing air absorption of incident or diffracted 

beam intensity by using helium-filled tubes which enclose the beams, 

only slightly affects the peak-to-background ratio since the source of 



140. 

background intensity is not affected in any way. The main value of a 

helium pathway placed between the crystal and the detector is that it 

reduces air absorption of the diffra.cted beam. A 25 cm helium 

pathway typically increases peak intensities by about 20%. Data 

collection time can be reduced in direct proportion to the increase in 

diffracted intensity without sacrificing accuracy. By using a gas 

flow chamber around the crystal, helium replaces air in the visible 

volume and thus directly reduces the background. For the case 

illustrated in Fig. 5, the air scattered component of the background 

was reduced 26-fold at 28 = 12°. The use of smaller capillaries or 

of restricting apertures close to the crystal also reduces the back

ground because these precautions directly affect the content or the 

size of the visible volume. In concert, these techniques can produce 

a three- to tenfold reduction in the background intensity over the 

entire 28 range normally used for protein crystallography (out to a 

resolution of 2. 0 A). 

When backgrounds are reduced by three to ten times, the 

peak-to-background ratio increases by the same factor. While 

changes of this magnitude have essentially no impact on the accuracy 

or data acquisition times for intense reflections, they can affect the 

collection of weak diffraction data. 
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The principal advantage of using background reduction tech

niques is that the minimum peak intensity required for statistically 

significant measurements is lowered as the background intensity is 

diminished. If the background is reduced by a factor off, a small 

crystal can provide data equivalent to that from a crystal £-times 

larger, although the data collection time would be £-times longer. 

Alternatively, a decrease in the background will permit a reduction 

in the data collection time for weak reflections without loss of ac

curacy. Background reduction methods may also be useful in ex

tending the resolutions of structures when the diffraction intensities 

rapidly become small compared to the background; for example, 

tRNA crystals (Kim, Quigley, Suddath, McPherson, Sneden, Kim, 

Weinzierl, Blattmann, and Rich, 1972). 

In addition to its role as a helium chamber for reducing back

grounds, the mylar gas flow cell provides an economical method of 

cooling crystals during data collection. The gas flowing through the 

cell can be cooled by passage through copper heat exchange coils 

immersed in a cooling bath. Several other ways of cooling crystals 

have been described ( Coppens, Ross, Blessing, Cooper, Larsen, 

Leipoldt, and Rees, 1974; Marsh and Fetsko, 1973; Cucra, Singman, 

Lovell, and Low, 1970; Streib and Lipscomb, 1962; and Woodley, 

Hine, and Richards, 1971 ). One difference between the gas flow cell 
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and cooling methods which rely on an open gas flow over the 

capillary and crystal is that there is essentially no condensation of 

atmospheric water on the moving parts of the diffractometer when 

the flow cell is used because the cooled gas does not flow over the 

instrument. 

We wish to thank Mr. Steven Spencer for help in the design 

and assembly of the gas flow cell. 
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Table 1. Characteristic data for the diffractometer used in this study. 

>:< 

Model 

Source 
Target size (mm) 
Voltage (kV) 
Current (mA) 
Radiation 

Geometry 
Take-off-angle 
Mo.nochromator type 
Monochromator mounting (p )'~ 
Monochromator dispersion 

Source to crystal 

Distance from source to: 
1st aperture(cm) (size in mm) 
Monochromator crystal 
Aperture (size) 
Aperture (size) 
Crystal 

Crystal to counter 

Distances from crystal to: 
Aperture 1 (size) 
Aperture 2 (size)t 
Counter 

Counter 

Noise count rate with x-rays 
off (per 100s) 

-
Syntex Pl 

10 X 1 
40 
20 
Cu Ka 

60 

Graphite 
90° 

0. 3° 

5. 5 (2. 0) 
6.8 

1 9. 8 ( 1. 0-1 . 5 ) 
21.3 (1.5-2.0) 
27. 3 

9. O (0-4) 
35.0-40.0 (5) 
40.5 

Tl-drifted NaI 

35 

p is the angle between the normals to the planes of incidence at the 
monochromator. 

t Aperture 2 is a 5 mm diameter tube which is 5 cm long. 
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Fig. 1. Gas-flow chamber for the control of crystal environment. 

The base plate A viewed in section is attached to a goniometer 

head via a central pin and contains a coaxial mounting slot for 

the crystal mounting pin normally attached to a capillary tube. 

Gas flows through the cell via ports, P. A laminar flow of 

dried air can be maintained around the cell by leakage from 

the tube, C. The body of the cell, B, is constructed from 

aluminum tubing. The outer wall is 0. 001 inch thick 

mylar. A thermistor, T, is mounted in the top of the cell for 

temperature measurement. The chamber dimensions deter-

mine the maximum 2B angle at which data can be collected. 

For this device data can be collected to 2B = 45 °. The 
max 

aluminum connection between top and bottom of the cell, D, is 

adjusted so that it lies on the opposite side of the <p drive shaft 

to the quadrants of the reciprocal lattice to be measured. 

Fig. 2. The gas-flow chamber is shown mounted on the diffracto-

meter. The variable aperture 1 is seen on the left, mounted 

on the detector arm. 

Fig. 3. The effects of changing the width of counter aperture 1 

(see Table 1) on the 20 dependence of background intensity. 
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Backgrounds were observed with air in the mylar chamber and 

with a DIPT crystal in a 0. 7 mm capillary. The data were 

measured using a wide setting of counter aperture 1 (4 mm, 

15 seconds per point, 0), and using a smaller aperture 1 size 

(~2. 5 mm, 5 minutes per point, D ). Background intensity was 

also measured with the same capillary, but without the crystal 

in the beam (~2. 5 mm aperture, 50 seconds per point, 0). 

The vertical axis is corrected to counts per minute. 

Fig. 4. The effects of capillary size on the 2e dependence of the 

backgrounds. Backgrounds were observed with air in the 

mylar chamber, and with DIPT crystals mounted in a large 

(0. 7 mm diameter, 5 minutes per point, 0), or a small (0. 2 

mm diameter, 1 minute per point, D) glass capillary. The 

counter aperture width was ~2. 5 mm. 

Fig. 5. The 2B dependence of backgrounds with air or helium in 

the mylar chamber. a) Backgrounds observed without a cap

illary or crystal in the beam. All points were measured for 

8. 33 minutes each either with air (0) or helium (e) in the 

chamber, or without the chamber ( O ). b) Backgrounds ob

served with a DIPT crystal in a 0. 7 mm diameter capillary in 
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the beam. All points were measured for 15 seconds each, 

either with air (l!..) or helium (£.) in the chamber. The counter 

aperture 1 width was 4. 0 mm. 

Fig. 6. The cumulative effects of the background recluction pro-

cedures on the 2B dependence of the background . a) Back

grounds observed without a crystal or capillary in the beam 

were measured for 8. 33 minutes per point with a 4 . 0 mm 

aperture and air in the gas-flow chamber (O) or for S minutes 

per point with a ~ 2 . S mm aperture and helium in the chamber 

(e). b) Backgrounds observed with a DIPT-crystal in the 

beam were measured with the crystal mounted in a large 

capillary (0. 7 mm diameter) with a large aperture (4 . 0 mm) 

and air in the chamber (l!.. - 1 S seconds per point) or in a 

small capillary (0 . 2 mm diameter) with a smaller aperture 

(~2. 5 mm) and helium in the chamber (A - S minutes per point). 
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Figure 2 
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Figure 5 
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Fig ure 6 
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Structure-Function Relationships 
in the Serine Proteases 

Robert M. Stroud, Monty Krieger, Roger E. Koeppe II, 
Anthony A. Kossiakoff and John L. Chambers 

Norman W. Church Laboratory of Chemical Biology 
California Institute of Technology, Pasadena, California 91109 

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 
Monad J 961 ) 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 se rine protease family of enzymes 
plays a major role in many of these systems (Stroud 1974). The pancreatic 
serine pr0teases arc digestive enzymes which show optimal activity around 
the neutr:il 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 I 969), 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 Lherefore to be expected that these enzymes 
will have closely homologous tertiary structures and will share the same cata
lytic mech anism 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 stuJied of all enzymes, principally because 
they are extracellular enzymes that arc 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 (Kunilz and Northrop 1936 ; Northrop, Kunitz and 
Herriot 1948; Maroux , Baralli and Desnuellc 1971) by the cleavage of one 
critical peptide bond near the amino-terminal end of the polypeptide chain 
(Davie and Neurath I 955). This cleavage in turn permits a conformational 
change (Neurath and Dixon 1957 ; Sigler ct 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. I) involves a number of 
intermediates (Zerner, Bond and Bender 1964 ; Oppenheimer, Labouesse and 
Hess 1966; Caplow 1969; Hess cl al. 1970; Fcrsht and Requena 1971a; 
Fastrez and Fersht I 973a,b; Fersht and Renard 1974): 

E + S ;,::=:ES;,::=: EST;,::=: EP~ ;,::=: EP'~ ;,::=: EP" ;,::=: E + P ~. 

+ 
pl 

(1) 

Here, E represents free enzyme; S, the substrate; ES and EP 2 , enzyme sub
strate and product complexes; EST and EP'~, tetrahedral intermediates; EP~, 

an acyl enzyme; Pi, the amino or al cohol portion of the product; and P 2 , the 
carboxylic acid portion of the product. For amides, the rate-determining step 
is generally acylation , E + S - E P~ , whereas deacylation, EP~ - E + P 

2
, is 

usually rate-determining for esters (Zerncr and Bender 1964). The character
istic differences between each of the digestive serine proteases-trypsin, 
chymotrypsin and elastase-lie 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. l 968) and its proenzyme ( Freer et al. 1970) , clastase ( Shotton 
and Watson 1970), and DIP (diisopropylphosphoryl)-trypsin (Stroud, Kay 
and Dickerson 1971, 1974) and the proenzyme ( Koss iakoff, 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 de ve lopin g an understandin g 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 activa ti on of the pancreatic procnzymes is enterokinase, an 
enzyme secreted in small amounts by the mucous m embrane of the stomach. 
Its prime function is to convert some trypsi nogen to trypsin, which then 
activates a ll of the proenzy,m;s ( including more tryps inogen) (Kunitz and 
No rthrop 1936 ; Northrop, Kunitz and H erri o t 1948; Maroux, Baratti a nd 
D esnuelle 1971) . In each case, activation involves the cleavage of a few 
a mino acid residues from the am ino-terminal end of the proenzyme (Davie 
and Neurath 1955; Neurath and Dixon 195 7 ). 

With the formation of th e new amino terminus at Ile-16 1 (Oppenheimer, 
Labouesse and Hess 1966) , the prote in unde rgoes conformational changes 
(Neurath , Rupley a nd Dreyer 1956) lead ing to a ca ta lyt ically active configu
ration. A comparison of the hi gh-resolu tion structure of chymotrypsinogen 
with that of chymotrypsin ( Freer ct al. 1970 ; Wright I 973) and of the high
resolution st ructure of DIP-trypsin with the recently determined high-resolu
tion structure of trypsin ogen (Kossiakoff, Kay and Stroud, unpubl.) helps us 
to understand the exact n at ure of these conformational changes. (A detailed 
desc ription of the trypsin og in st ructure will be publi shed later.) In both cases, 

Figure 1 
A comparison of the 5-A mode ls of t rypsinogrn (/cf I ) and DIP-trypsin ( rit:ht) 

shows close structural homology in most areas of th e molecule. Striking st ructural 
differences are observed in onl y two areas of th e 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- 15 I loca ted on the right
hand side of the molecule. The small difference in size of the model s 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, pos iti ve ly cha rged a -amino 
terminus at residue 16 to fold into the interi o r of the globul ar struc ture and 
form an ion pair with the negative carboxyl group of Asp- I 94 (Matthews 
et al. I 967 ; Sigler et a l. 1968 ) . While th is cha nge is accompanied by move
ments in the regio n of the spec ificity binding pocket, there appea rs to be little 
change in the inte raction betwee n Asp- I 02, Hi s-57 and Ser-1 95 at the cata
lytic site ( F reer et al. I 970 ; see al so F ig. I ) . T hus the a rrangement of these 
catalytic residues is preformed in the proenz yme. One majo r factor which con
tributes to the relative inacti vity of the zymogen is that the binding of the 
normal substrates is impa ired ( Kasse ll and Kay 1973 ; Genier , Walsh a nd 
Neurath I 974). 

Enzyme Specificity and Substrate Binding 

The serine proteases differ in the ir specificiti es because of diffe rences in their 
substrate binding sites. Trypsin , chymotrypsin and e lastase all have spec ific 
side-chain binding pock ets on the surrace o f the p ro tein close to the cata lytic 
site ( see Fig. 2). This pocke t is lined by residues 2 14- 220 and I 89-192 and 

Figure 2 
Ste reoscopic pho tograph o f a space -filling m odel sho wi11g the active site and 
specific ity pocket in trypsin (sec St ro ud , Kay a nd Dickerson 197 1, 1974). The 
imidazole side c hain o f Hi s-57 is v is ible ; however, the carboxyli c acid side chain 
o f Asp-10 2 is h idd en fro m view by seve ra l amino acid res idues. The viewing 
direc tio n is appro ximate ly the sam ..: as th a t o f Fi gures 4 and 7. The side-chain bind
ing pocket is loca ted be nea th and to the ri ght of the ca talyti c s ite . 

Stars arc placed near the acti ve si te as ma rk ers. They arc locat ed ( reading from 
left to right) at the fo ll o win g pos it io ns: th e Asp- I 0 2/ His-57 h ydrogen bo nd , the 
/3-carbon prntons o f H :s-57 . o ne of th e ri11 g p ro to ns on His-57, and the Scr-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, J anin 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 (lnagami and Murachi 1964; lnagami 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 arc involved in binding other parts of the sub
strate molecule as well as the side ch ain, 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 I 973), 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 
genernlly 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 197 4). 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-PT! 
association (Chauvet and Acher 1967; Kress and Laskowski t 967; 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 I lJ7 I ; Krieger, Kay and Stroud 1974) and inde
pendently by Huber et al. ( 197 I ) and Blow et al. ( 1972). High-resolution 
structures of the PTl-trypsin complex ( Ruhlrnann et al. I 973) 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-PT! complex and between the serine hydroxyl and 
the carbonyl carbon of Arg-63 in the trypsin-ST! (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-substkitc 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.) 

(B0110111) 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 n-carbon atoms of the 
substrate fragment are labeled 4-3-2-1-1 '-2' ( along the sequence in the substrate). 
The peptide bond between I and I' 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 ( res idue 195). Diisopropylfluoro
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 irreve rsibly 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-<'>i of His-57 is hydrogen bonded 
to the carboxyl group of Asp-I 02, which in turn is not directly accessible to 
solvent (Blow, Birktoft and Hartley 1969; Wright, Alden and Kraut 1969; 
Alden, Wright and Kraut I 970; Birktoft and Blow 1972; Stroud, Kay and 
Dickerson 197 4). 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 renect maximal enzymatic activity 
at about pH 8. The high pH limb of the curve depends on an apparent pK

11 

of 8.8 for a-chymotrypsin ( Fersht and Requena 1971 b) or 10.1 for trypsin 
(Spomer and Wootton 197 i). Fersht and Requena have demonstrated that 
thi s ionization, which controls enzyme conformation and subst rate binding 
( K,,.) , is directly associated with titration of the a-amino terminus of Ile-16. 
The internal sa lt bridge formed between thi s 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
11 

about 6.7 
in both enzymes; protonation of thi s group adversely affec ts 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 
thi s group need not be His-5 7, but might be some ot her group on the enzyme 
either controlling conformation or effecting a change in rate-determining step 
near this pH. The aspartic-histidine-serine system c1s 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 o-chymotrypsin, k ,.01 or k,.,, ,/ K

111 
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. I 973) have shown by 
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nuclear magnetic resonance studies that the imidazole of His-57 in a-lytic 
protease ( a bacterial homolog of the pancreatic seri ne 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-1 02. 

In order to study the ionization of Asp- I 02 in trypsin ( Koeppe and Stroud, 
unpubl.), we monitored infrared absorbance arising from the carboxyl C=O 
stretch at 1570 cm - 1 and 1710 cm -· 1 (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 5 indicates differential absorbance at 1600 
cm - 1 and at 1680 cm - 1 between semicarbazide-trypsin solutions of pD 6.50 
and 7.13. Each peak is shifted toward the other by about 30 cm- 1 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-trypsi n 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, whi le 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 th e upper limb of the titration downward 
from pH 6.8. Martinek ct al. ( 1969, 1971) have shown that Ag+ ions are 
powerful competitive inhibitors of trypsin , and that Cu + + 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 
values in all cases co rrespond to 
uncorrected pH meter readings. 
Concentrations were 1.5 mM 

enzyme, 6 mM NaNO:1, and 12 
mM benzamidine. The peak po
sitions at I 680 cm - 1 for C= 
0 in COOD and at 1600 cm - 1 

for C-O in COO - are closer 
together than for other trypsin 
carboxyls due to the effect of 
hydrogen bonding. T he detected 
difference in species concentra
tion judged from peak heights 
corresponds to about 0.4 car
boxyl equivalent. 
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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, 4.4 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,qq, :::- 7 .0. Since we have shown that Ag+ 
binds specifically between Asp- I 02 and His-57 in the orthorhombic crystal 
form of DIP-trypsin (Chambers el al. 1974 and Fig. 7), in trypsinogen and 
in trigonal DIP-trypsin ( Kossiakoff, Kay and Stroud, unpubl.), the pK

11 
of 

6.8 has tentatively been assigned to the carboxyl of Asp-102. (A detailed 
description of the experimen tal 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-245 is 2 .9 . 

Control experiments el iminate the possibi lity that imidazole-stretching fre
quencies could account for the infrared bands at 1680 cm - 1 and 1600 cm - 1 

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 possibi lity is the subject of continuing investiga
tions in our laboratory. 

There arc two arguments against this possibility and in support of the 
assignment of a pK,, of about 7 .0 to Asp- I 02 . First , using an average extinc
tion coeflkient for the other seven carboxyl groups in /3-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 1 + 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-9 I 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 Mechanism 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-I 02 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- I 02 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-e2 of His-57 in chymotrypsin, the shuttle can no longer operate normally 



Active form: above pH 6.7 

Inactive below pH 6.7 
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Figure 8 
Ionization of the active center in the range 
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 Ca-C/l bond and forms a 
covalent chemical bond to the substrate carbon at step 1- 11 (Steitz, Henderson 
and Blow 1969) . Concerted with this, a proton is transferred from the serine 
hydroxyl group to the N-E~ 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-8 1 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- I 02 
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 I 971; 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-2 I 4 
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 I 972; Kobayashi and lshi 
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 11-111, 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 (Ill). At pH 8, 
N1• ; Nm 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 I 973a). 

The breakdown of the acyl intermediate (IV-VI) is the microscopic reverse 
of steps 1-111; 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
11 

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
I 02, 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-I 02 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-I 02 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- I 02 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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Plasminogen Binding to Balb/c 3T3 and SV3T3 Cells ':< 

Monty Krieger 

ABSTRACT: Plasminogen binding to Balb/c 3T3 and SV3T3 cells 

was studied using 1251-labeled dog plasminogen. The binding appears 

to be independent of the plasmin-dependent morphological changes 

(PDMC) which are exhibited by many transformed cells. The plas

minogen which binds to the 3T3 cells reaches approximately steady

state concentration while the plasminogen bound to the SV3T3 ceHs is 

completely degraded during three days of incubation to macromole-

cules which are the same size as the large and small chains of active 

plasmin and to 3-iodo-L-tyrosine. The results of a sublethal "cell 

surface" trypsinization assay suggest that the plasminogen and its 

macromolecular degradation products are bound to the surfaces of 

the 3T3 and SV3T3 cells, and that the plasminogen degradation on the 

SV3T3 cells may actually be the result of cell surface plasminogen 

activation. 

,I, ,,, 

This research was performed in collaboration with Jerry Tobler 

and Robert Stroud. 
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INTRODUCTION 

Dr. E. Reich and his colleagues have shown that the enhanced 

proteolytic activity of cells transformed by oncongenic DNA, RNA 

viruses, or chemical carcinogens is important in mediating certain 

morphological changes characteristic of transformation (1, 2 ). 

Unkeless et al. (3) have shown that transformed cells synthesize 

an enzyme which activates serum plasminogen to plasmin. The in

creased proteolytic activity of transformed cells due to plasmin is 

responsible for these morphological changes (4, 5 ). Cells which 

have undergone these morphological changes are spherical, tend to 

clump, and retract from the substratum. When cells are grown in 

plasminogen-free serum or in serum containing high concentrations 

of plasmin inhibitors, the morphological changes do not occur (5). 

Ossowski et al. (6) have reported that simian virus 40 (SV40) 

transformed hamster embryo fibroblasts can bind more 
125

1-labeled 

plasminogen than their normal counterparts, and that soybean

trypsin inhibitor decreased binding to the transformed cells. These 

binding data and reports of proteolytic activity associated with the 

plasma membranes of transformed cells (7) suggested the possibility 

of a specific cell surface-plasmin interaction. We have studied the 

binding of 125 1-plasminogen to normal and SV40-transformed 
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Balb/c 3T3 fibroblasts and its relationship to the plasmin-dependent 

morphological changes (PDMC) exhibited by the transformed cells. 

EXPERIMENTAL 

Binding Studies: The Balb/c 3T3 and Balb/c SV3T3 cells used 

were obtained from G. Todaro and were maintained in an incubator 

(37°C, 5% CO 2 atmosphere) in Dulbecco's modified Eagle's medium 

(Gibco) with 4. 5 times the glucose concentration and supplemented 

with 10% fetal calf serum (1 0% FC S) . The cells were periodically 

checked and found to be fr ee of microplasmal infection (8, 9). Plas

minogen isolated from dog serum by lysine sepharose affinity chro

matography (10) at 4°C was iodinated using lactoperoxidase (Calbio

chem, Lot 387009) and carrier free Na125 I (Amersham-Searle)(l l ). 

The specific activity was generally 1 x 10
8 

cpm/mg. Radioactivity 

was measured with a Nuclear Chicago Automatic Gamma Well 

Counter, Model 1085, and all protein concentrations were deter

mined by the Lowry method (12) using bovine serum albumin (Sigma, 

Lot 43C-8120) as a standard. The plasminogen was radio-labeled 

one to three days before each experiment. The enzymatic activity of 

the plasminogen activated with V a ridase (Lederle, Lot 406-3 34) (13) 

was unaffected by the iodination. All cell incubations were carried 
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out in a 37 ° C incubator (5% CO 2 atmosphere), and all other pro-

cedures were conducted at room temperature unless otherwise noted. 

To determine the extent and the time course of plasminogen 

5 
binding to the cells, the cells were plated at 4 x 10 cells /60 mm 

petri dish (Nunclon) in 5 ml of 10% FCS supplemented medium. After 

one day, the medium was removed and the cultures were washed 

twice with Tris buffer (0. 025 M Tris, 0. 14 M NaCl, ·o. 005 M KCl, 

0. 0007 M Na 2HPO4 , 0. 0005 M MgC12 , 0. 0009 M CaC12 , pH 7. 4). 

Fresh medium supplemented with either 10% dog serum (Gibco) (10% 

DS) or 2% dog serum (2% DS), and 1251-labeled dog plasminogen (final 

concentration = ~l 00 nM) were then added (t = 0). After incubation 

periods of 24, 48, and 72 hours, the cell morphology was scored to 

determine the extent of plasmin-dependent morphological change 

(PDMC) according to the criteria of Ossowski et al. (5), the incubation 

medium was removed, and the cells were detached from the petri 

dish using a rubber policeman. The cells were washed in 20 ml Tris 

buffer suspensions and pelleted (2500 rpm for five minutes) between 

each wash until they were free of unbound radio-labeled material. 

(
11 Off Plate 11 washing procedure.) Five to ten wash cycles were 

normally required to bring the supernatant counts down to back

ground . After resuspension in a one-to-one mixture of 10% FCS 

supplemented medium and a 1 % solution of trypsin (two times 
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recrystallized, Worthington Biochemical Corporation) in phosphate 

buffered saline (0 . 016 M Na
2

HPO
4

, 0. 0015 M KH
2

PO
4

, 0. 137 M NaCl, 

0. 0027 M KCl, 0. 00049 M MgC12 , 0 . 0009 M CaC12 , pH 7 . 4), the 

number of cells was determined using hemocytometers (at least four 

independent determinations), and the radioactivity in the suspension 

was measured. The results of the binding studies will be presented 

as equivalent molecules of plasminogen bound per cell. These data 

are calculated from the specific activity of the plasminogen and the 

amount of cell associated radioactivity. 

Similar binding studies were also conducted with SV40 trans

formed hamster embryo fibroblasts (SVHEF) kindly provided by Dr. 

D . Rifkin . The SVHEF cells were maintaine d und e r conditions 

identical to those for the Balb/c cells. For the binding studies, the 

SVHEF cells were incubated in 2% DS-supplemented medim/n and 

were washed in one of two ways. In one set of experiments~ the 

cells were washed free of unbound radio-labeled material while 

attached to the substratum ("On-Plate" washing procedure). The 

cells were then released from the plate by trypsinization, sus

pended in the trypsin solution and counted. In other experiments, 

the Off-Plate wash was used. 

Because an increase in plasminogen binding to the SV 3T3 and 

SVHEF cells appeared to accompany PDMC on the third day of the 
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binding experiments, a number of PDMC inhibitors and an accelera

tor of PDMC w e re included in the incubation media to assess the r e -

lationship betwe en plasminogen binding and PDMC. Soybe an-trypsin 

inhibitor (STI) (1, 2) and pancr eatic-trypsin inhibitor (PTI) can 

inhibit the PDMC e xpressed by SV 3T 3 and SVHEF cells grown in 

DS-supple m e nted medium. PDMC is also inhibited if the cells are 

incubated in FCS rather than DS-supple mented m e dium (2) . In order 

to inhibit the PDMC during plasminog e n binding exp e rim e nts, STI 

(Worthington Biochemical Corporation, lot 54J35 8 ) or PTI (Sigma, 

lot 81C-8200) was added to the DS-supplemented incubation medium 

at t = 0, or 10% FCS was substituted for DS in the m e dium. The 

conc e ntrations of STI (14. 6 µM for SV 3T3 c e lls) a nd PTI (6. 7 µM fo r 

SV 3T3 and 1 5 µM for SVHEF c e lls) used to inhibit PDMC wer e 

determine d by dos e -respons e studies. The commercial STI was 

chromatographe d on Sephadex G-75 at 4°C to remove contaminants. 

Varidas e , which contains the plasminog e n activa tor stre ptokina se, 

was us e d to acc e lera t e the time course of PDMC by one day during 

a plasminogen binding experiment . The Varidase conc e ntration 

requir e d to d o this (83. 3 str e ptokina s e units per dish) was deter

mined by a do se -respons e e xperiment. If a high e r Varidase con

centration is us e d, the c e lls can be r e duced to rlebris within 24 

hours. 
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The binding of other 1251-labeled proteins to the 3T3 and SV 3T3 

cells was measured to compare with the binding of plasminogen. 

The proteins, their specific activities, and their concentrations in 

8 
the incubation media were: PTI (1. 5 x 10 cpm/mg, 0. 61 µM), STI 

(1. 2 x 10 
7

. cpm/mg, 14. 6 µM), avidin-biotin complex (9. 1 x 10 
7 

cpm/mg, 160 nM), ovalbumin (4. 4 x 10 
7 

cpm/mg, 209 nM, two times 

recrystallized, Worthington Biochemical Corporation, lot 0435A 953 ). 

The avidin-biotin complex was made by mixing an excess of biotin 

(Sigma, lot 94C-0187) with avidin (Sigma, lot 104C-0117) and purify-

ing the iodinated complex on a Sephadex G-25 column at 4°C. The 

experimental procedure was identical to that used for plasminogen. 

Characterization of Cell- bound 1251-labeled Material: The 

results of the plasminogen binding experiments can only be inter-

preted properly when the iodinated species associated with the cells 

have been characterized. Therefore, the molecular weight distri-

bution of the cell-bound iodinated molecules was analyzed by gel 

electrophoresis. After the radio-labeled cells were washed free of 

unbound radioactivity, they were dissolved in a 3% SDS-[3-mercapto

ethanol Tris buffer (3% SDS, 0. 1 M Tris, 2. 5% glycerol, 5% f3-

mercaptoethanol, 0 . 002% Brom Phenol Blue, pH= 6. 8), and the 

macromolecules were denatured and reduced by heating for three 

minute s at 100 °C. To reduce the viscosity of the sample, the 
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solution was then vigorously passed through a Pasteur pipette. The 

cell solutions were then electrophoresed in 5 mm diameter tubes on 

a 10% polyacrylamide separating gel over layered with a 3% stacking 

gel according to Laemmli (14) . The schlieren line due to the stacking 

buffer system was not allowed to run out of the gel during electro

phoresis. The gels were frozen immediately after electrophoresis, 

sliced into 1 mm long pieces and counted. Small aliquots of the 

incubation media were treated similarly. 

The depe ndence of the electrophoretic mobility on molecular 

weight was det e rmined from Coomassie blue- stained gels (staining 

solution: 0. 25 % Coomassie blue , 25 % propanol, 10% acetic acid; 

d e staining solution: 10% acetic acid) using myosin (210,000 daltons), 

phosphorylase A (93 ,000 daltons), bovine serum albumin (68,000 

daltons), catalase (60,000 daltons), aldolas e (40,000 daltons), and 

myoglobin (17,000 daltons) as mole cular w e ight standards. To 

further characteriz e the very low molec ular weight iodinated mole-

cules found associated with the SV 3 T3 cells, small (25-100 µl) 

aliquots of the SDS-c e ll or SDS-supernatant solutions were chroma

tographed on Biogel P-2 columns using micro-step-elution 

chromatog raphy. Th e columns were 3 . 5 cm long and were prepared 

by packing approximately 300 µl of Biogel P-2 (excludes molecules 

with molecular weights larger than approximately 1800) into a 
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conical polyethylene microcentrifuge tube (approximately 400 µl total 

capacity) which had a small (approximately 0. 8 mm diameter) hole 

punched in the bottom with a small plug of glass wool blocking the 

hole . To obtain a chromatogram, the sample is layered on top of 

the packing material, the microcentrifuge tube is inserted into a 

larger 1 ml conical glass centrifuge tube and the apparatus is spun 

for one to two minutes in a clinical centrifuge (approximately 2500 

rpm). Under the c e ntrifugal force, the solut ion of macromolecules 

passes through the packing material into the bottom of the conical 

outer glass tube . The lip on th e polyethylene tube keeps the micro

centrifuge tube above the l e vel of the liquid in the bottom of the outer 

glass tube . The portions of the sample r emaining in the column can 

b e eluted in steps by layering on a dditional column buff~r (in this 

case, 3% SDS, 0. 1 M Tris, pH == 6 . 8), transferring the polyethylene 

microcentrifuge tube to another 1 ml outer tube and repeating the 

centrifugation. The fractions can then be assayed, for example, by 

counting. This method is a modification of the desalting procedure 

described by Neal and Florini (15). Using a 100 µl sample and 50 and 

100 µl elution steps, the lower molecular weight components of the 

SDS-cell solution were clearly r e solved from the larger molecules 

in a seven-step chromatogram. The low molecular weight fraction 

from SV 3T3 cells incubated with 125 1-plasminogen for three days was 
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further analyzed by ascending paper chromatography (butanol:acetic 

acid:water, 4:1 :2, v /v) (16 ). Standard samples of monoiodotyrosine 

(3-iodo-L-tyrosine, Aldrich lot 082837) and diiodotyrosine (3, 5-

diiodo-L-tyrosine, Aldrich lot 071637) were co-chromatographed 

with the low molecular weight fraction and were visualized with UV 

light and ninhydrin spray staining (0. 2% in acetone, v/v). 

Trypsinization Assay: A sub-lethal 11 surface 11 trypsinization 

assay was developed in an attempt to determine what fraction of the 

cell-associated radioactive material was cell-surface bound, and 

how much was internalized. 3T3 and SV 3T3 cells washed free of 

unbound radioactivity were resuspended in a one-to-one 10% FCS

supplemented medium:1% trypsin solution. At various time 

intervals, aliquots were assayed for release of cell-associated 

radioactivity by pelleting the cells at 4°C for 30 minutes at 7000 g 

and determining the relative amounts of radioactivity in the super

natant and in the pellet. Cell viability under these conditions was 

checked by measuring the relative plating efficiency and growth of 

the cells i.n 10% FCS-supplemented medium after the trypsinization 

treatment. 
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RESULTS AND DISCUSSION 

Plasmin-dependent Morphological Changes (PDMC): Dog 

serum is an "activating" serum (2) for SV 3T3 and SVHEF cells; 

therefore, when these cells are grown in dog serum-supplemented 

media, they undergo PDMC. We found that the SVHEF cells ex

hibited dramatic PDMC between the second and third days of incuba

tion in either 10% DS or 2% DS-supplemented medium. While minor 

PDMC occurred in the SV 3T3 cultures between 24 and 48 hours after 

transfer to DS-supplemented medium, the major PDMC also occurred 

between the second and third days. PDMC was not as dramatic 

with the SV 3T3 cells as with the SVHEF cells. 14. 6 µM STI or 

6 . 7 µM PTI completely inhibited PDMC with the SV 3T3 cells. 15 µM 

PTI was required to inhibit the PDMC occurring with the SVHEF 

cells and 0. 6 µM PTI was sufficient to inhibit the PDMC manifested 

by a line of mycoplasma-infected Swiss SV 3T3 cells. Swiss SV 3T3 

and Swiss 3T3 cells were provided by J. Vinograd and maintained in 

culture as described for the Balb/c cells . These results are con

sistent with the findings that PDMC depends upon serum plasminogen 

activation by a cell synthesized activator; thus, the different cell 

lines require different concentrations of plasmin inhibitors to 

prevent PDMC, presumably because they synthesize different 
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amounts or types of the activator. Fetal calf serum is a ''nonacti-

vating" serum (2) for SV 3T3 and SVHEF cells, and no PDMC was 

observed when the cells were grown in 10% FCS. In contrast to 

previous reports of the effects of trypsin inhibitors on cell growth 

(17), we found no differences in the doubling times for Balb/c SV 3T3 

(~17 hours) or SVHEF (~14 hours) cells grown in media which 

included 2% DS, 10% DS, 10% or 2% DS supplemented with STI or 

PTI, or 10% FCS. Varidase, a plasminogen activator, could 

accelerate the onset of PDMC in Balb/c SV 3T3 cells; however, the 

concentrations of Varidase necessary to produce a one-day shift in 

the PDMC time course (83. 3 streptokinase units/dish) inhibited cell 

growth. 

The untransformed Balb/c and Swiss 3T3 cells do not exhibit 

PDMC; however, trypsin inhibitors did delay the detachment of the 

cells from the petri dishes when the cells were allowed to grow for 

extended periods (5 to 8 days). This suggests that a serine protease 

may be involved in the detachment process for normal cells. 

In one experiment, the fibrinolytic activity in the 10% DS

supplemented incubation medium was assayed using the 1251-fibrin 

plate method (1 ). The fibrinolytic activity in the medium was low for 

the Balb/c 3T3 cells throughout the three-day exp eriment, and for 

the Balb/c SV 3T3 cells for the first two days of the experiment. On 
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the third day of incubation, there was a substantial increase in the 

fibrinolytic activity in the medium in which the SV 3T3 cells were 

grown. This increase accompanied the PDMC. Using the harvest 

fluid fibrin plate assay (1), in which the cells are incubate d in media 

without serum supplement for eighteen hours, the media for both the 

Balb/c 3T3 and SV 3T3 cells showed high fibrinolytic activity. It 

can be argued that the use of the incubation m e dium for the fibrino

lytic assay is superior to using harvest fluid or growing the cells 

on fibrin-coated dishes because using the incubation medium allows 

a direct assessment of the fibrinolytic activity without perturbing the 

environment of the cells. 

Plasminogen Binding: Afte r incubation for one, two, or three 

days in 1251-plasminogen and 10% DS-supplemented medium, the 

Balb/c 3T3 and SV 3T3 cells were removed from the p e tri dishes by 

scraping, thoroughly washed and counted to determine the specific 

activity. The results averaged over three to six separate experi

ments are illustrated in Figure 1. The plasminogen binding curves 

(plasminogen bound per cell vs. time) for the 3T3 cells were either 

11 V 11 shaped or showed a continuous decrease in binding with time, in 

which case the binding decreased more dramatically between the 

first and second days than between the second and third days (dis

torted L-shaped curves). The SV 3T3 binding curves were 
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generally 11 V" shaped, although the relative h e ights of the sides of 

the "V 11 did vary. Binding curves for SVHEF cells (Figure 2) show 

that plasminoge n binding increases throughout the three-day incuba

tion with the larg e st increase occurring between the second and third 

days. 

Inhibitors of PDMC (STI, PTI, and fetal calf serum) wer e 

add e d to the incubation m e dia in several binding experiments in 

orde r to study the r e lationship b e tween PDMC and plasminogen 

binding. The ratios of the exte nt of pla sminogen binding in the 

presence of inhibitors to tha t obs e rve d without the inhibitors are 

listed in Table I. The value s in the table ar e the average s of the 

ratios observed on ea ch of th e thr ee days of the experim e nts. The 

e ff e ct of PTI on pla sminoge n binding was fo und to d e pend on when 

the inhibitor was a dded to th e incubation m e dia, a nd the cell 

washing proc edur e . A ''puls e " of PTI a dde d two hours b e fore the 

cells were ass a y e d for plasminog e n binding had no effect on the 

binding . Whe n the PTI w a s a dded a t t = 0 and left in the medium 

throughout, it had little if a ny statistically significant effe ct on the 

plasminogen binding to the Balb/ c 3T 3 , B a lb/c SV 3T3 or SVHEF 

cells washed using the Off-Plate pr9cedure . When the On-Plate 

wash was used, PTI add e d to the incubation media of Balb/c SV 3T3 

or SVHEF cells at t = 0 r e duced the plasminog e n binding by about 
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5 0%. Os sow ski et al. (6) reported that STI blocke d the uptake of 

125I-labeled plasminog e n by SVHEF c e lls whe n the binding was 

assayed using the On-Plate wash proc e dur e. Th e ir expe rime nts 

diffe red from thos e reporte d h e re in that th e dog serum used to 

suppleme nt the incubation media was subjected to affinity chroma

tography and dialysis to remove e ndog e nous plasminogen and the 

time cours e of binding was followed for 24 hours rather than 72 

hours. 

STI had e ss e ntially no effect on the plasminog en binding to 

Balb/c SV 3T3 cells and apparently induced a slight incre ase in 

binding to Balb/c 3 T3 cells (T a ble I). In these experiments, STI was 

added at t = 0 and the c e lls w e r e washe d with the Off-Plate tech-

nique . The effe cts of fetal calf serum on plasminog en binding ar e 

difficult to assess because of the substantial variability in the r e 

sults (Table I). V a rida s e tr e atme nt of the c e lls can acc e l e rat e the 

ans et of PDMC , but it did not affe ct the sha p e s of the binding curves 

for the Balb/c 3T3 and SV 3T3 c e lls. At th e conc entrations of 

Varidas e used in the binding exp e riments (83. 3 str eptokinase units/ 

dish), PDMC oc curr e d a pprox ima tely 24 hour s e a rlier than 

normally, and cell growth was inhibited. 

The discr e pancie s b e twe en the Off-Pla t e and the On-Plate 

assay result s may b e due to two problems associated with the 
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On-Plate technique . In a control experiment, SV 3T3 cells which 

were incubated for three days in 125 I-pla sminogen and 10% DS

supplemented medium were washed while attached to the petri dish, 

then removed from the dish with a rubber policeman. The cell free 

plates were extensively washed with Tris buffer and then trypsinized. 

The trypsinization solution contained 125 I-radioactivity; therefore, 

the On-Plate wash assay may have monitored dish-associated as well 

as cell-associated radioactivity. Additional support for this obser

vation was found in a study of binding to SVHEF cells in replicate 

petri dishes. The "plasminogen binding" was higher when the cells 

were washed on the plates than when the Off-Plate wash was used . 

An additional problem with the On-Plate wash is that free-floating 

or loosely-bound cells are washed away, thus biasing th e cell popu

lation with firmly-attached cells. This selection can be particularly 

significant after PDMC occurs and many cells have retracted from 

the petri dish. In contrast, the entire cell population is assayed 

when the Off-Plate procedure is used. 

The extent of plasminogen binding to the Balb/c 3T3 and SV 3T3 

cells (10
4 

- 10
5 

molecules/cell), determined using the Off-Plate 

procedure, was within the range of binding observed for other 125 I

labeled proteins (Table II) . There is no apparent correlation 

between the extent of binding and the molecular weight or the 
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isoelectric point. 

Characterization of the Cell-bound Radio-labeled Molecules: 

1251-radio-labeled molecules associated with the cells or in the in

cubation media were analyzed by polyacrylamide gel electrophoresis, 

Biogel P-2 chromatography and paper chromatography after solubil

ization in SDS and 13-mercaptoethanol reduction. The variation in 

electrophoretograms of solubilized Balb/c 3T3 and SV 3T3 cells with 

time is shown in Figure 3. The electrophoresis shows that the 

plasminogen (molecular weight = 93,800 .:!:_ 6,500) was degraded by 

the Balb/c SV 3T3 cells into at least three species: 1) a 71,300 

+ 3, 800 molecular weight molecule which is the size of the larger of 

the two polypeptide chains of plasmin (1'B protein''); 2) a 25,000 

+ 800 molecular weight molecule which is the size of the smaller of 

the plasmin chains ("C protein"), and 3) low molecular weight 

material (11 LMW 11
). Similar electrophoretograms were prepared 

from Balb/c 3T3 and SV 3T3 cells incubated with STI to prevent 

PDMC, and from the incubation media of the experiments. The 

peaks in the electrophoretograms were integrated and the relative 

amount of each species (as measured by radioactivity, not concen

tration) was calculated (see Figure 4). Radio-labeled material of 

very low electrophoretic mobility (HMW) was observed in the 
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electrophoretograms. This material has not been identified and 

may be an artifact due to excess '3-mercaptoethanol in the SDS-cell 

solutions (R. Vandlen, personal communication). The relative 

amount of plasminogen associated with the Balb/c 3T3 cells re

mained fairly constant throughout the incubation while the plasmino

gen associated with the transformed cells was complete'ly degraded 

after three days. The degradation of the plasminogen was accom

panied by an increase in the relative amount of the C-protein, 

whereas the relative amount of the B-protein remained fairly con

stant. The addition of STI to the incubation medium at a concentra-

tion sufficient to inhibit PDMC had very little effect on the molecular 

weight distribution of the 1 25 1-la be led molecules; therefore, active 

plasmin in the medium cannot be responsible for the degradation of 

the cell-associated plasminogen. The STI results also show that the 

plasminogen degradation is independent of PDMC. 

55% of the total radioactivity in the Balb/c SV 3T3 cells 

solubilized afte r 72 hours of incubation was small enough to be re-

tained by the Biogel P-2 (s 1800 molecular weight) mic re-chroma

tography column. This material co-migrated with monoiodotyrosine 

during ascending paper chromatography. Since approximately 60% 

of the total radioactivity in Balb/c SV 3T3 cells afte r three days of 

incubation migrates as low molecular weight material during gel 
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electrophoresis (Figure 3 ), almost all of the low molecular weight 

material is monoiodotyrosine. 

One possible explanation for the degradation of the cell

associated plasminogen might have been that the plasminogen in the 

incubation medium was being degraded and that the distribution of 

molecules bound to the cells simply reflected the distribution of 

molecules in the medium because of direct cell uptake. Electro

phoretograms of the incubation media, however, show that the dis

tribution of molecules in the media is different from that on the 

cells (see Figures 4 and 5 ). Therefore, the degradation of plasmin

ogen in the medium does not directly account for the degradation of 

the cell-associated plasminogen. 

Electrophoretograms of the media (Figure 5) also show that 

plasminogen was partially activated to plasmin in the rredia in which 

the Balb/c SV 3T3 cells grew, but not in the media from the 

Balb/c 3T3 cells. STI did not inhibit this activation of plasminogen. 

Therefore, the plasminogen activator synthesized by Balb/c SV 3T3 

cells appears to be similar to the activator synthesized by Schmidt

R uppin RSV-A infected chicken embryo fibroblasts in that both acti

vators are insensitive to macromolecular trypsin inhibitors (3). 

Because the concentration of plasminogen molecules associated 

with the Balb/c 3T3 cells reaches an approximately steady state 
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during the incubation while all of the cell-bound plasminogen is de

graded by the Balb/c SV 3T3 cells, a thorough understanding of the 

plasminogen binding will require the determination of the location of 

the bound molecules on or in the cells, the mechanism of degradation 

and the principal sources of the differences between the normal and 

transformed cells. 

In a preliminary attempt to localize the cell-bound 1251-labeled 

protein, the cells w e re trypsinized with the goal of gently stripping 

off cell surface proteins without releasing molecules which had been 

internalized. The time cours e of 1251-r e l e as e from labeled c e lls 

showed an exponential release of radioactivity which plateaued when 

approximately 50 - 80% of the cell-bound radioactivity was released 

by the trypsinization (Figur e 6 ). 

The kine tics of release were similar for the Balb/c 3T3 and 

SV 3T3 cells. Half of the counts which could be released by trypsin 

(trypsinizable counts) were released after six minutes and the 

plateau was reache d by approximately 50 minutes of trypsinization. 

If the period of trypsinization was extended beyond 100 minutes, 

there was an additional release of radioactivity. The cell viability 

began to fall after 60 minutes of trypsi.nization; therefore, the in

creased release of radioactivity after prolonged trypsinization was 

probably caused by cell damage and release of internalized 
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radioactivity. A twenty-minute standard trypsinization incubation 

time was therefore chosen because approximately 90% of the tryp

sinizable counts were released after twenty minutes, and there was 

no loss of cell viability. 

The amounts of radioactivity released by trypsin (averaged 

over five separate binding experiments) are listed in Table III . The 

percentages of the cell-associated 125!-labeled material which was 

found in large macromolecules (with molecular weights greater than 

15,000) are also included in the table for comparison . The results 

of the trypsinization assay and the gel electrophoresis are strikingly 

similar. This would suggest that almost all of the 125!-labeled cell

associated macromolecules are bound to the external surfaces of the 

cells and that the monoiodotyrosine is inside the cells. Because two 

of the macromolecules (the Band C proteins) are plasminogen 

degradation products, plasminogen degradation to the B and C pro

teins must occur at the cell surface. This interpretation assumes 

that the trypsinization assay is working properly; that is, that the 

trypsinization is efficiently stripping off only cell surface-bound 

molecules without releasing those which have been internalized. 

While the bulk of the data in T a ble III supports this assumption, the 

72-hour SV 3T3 data are not consistent with it, for the percentage 

of 1251-labeled material trypsinized off is larger than the percentage 
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of 125 I-labeled macromolecules. Furthe r expe riments are required 

to validate, or invalidate, the 72-hour data point and permit greater 

elaboration of models for the plasminogen d e gradation. 

One question which arises is that, if the cell-associated Band 

C proteins are the large and small fragments of plasmin, then the 

alteration of plasminogen on the cell surfac e is its activation to 

plasmin . This suggests a specific type of proteolytic activity which 

is localiz e d on the c e ll surface. Could this b e due to the plasmino

gen activator of transforme d cells? I£ so, that in turn would sugg est 

that the activator might have an important role at the c e ll surfac e , 

rather than just in the medium. We ar e curr ently conducting auto

radiographic experiments which s hould furth e r test the validity of 

the cell-surfac e trypsiniza tion assay a nd help to more pr e cisely 

locate the cell-associate d radio-labe led mole cules. 
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TABLE: I 

F:ffect of PDMC Inhibitors on Plasminogen Binding 

Assay Pia sminogen Hinding Ratios 
b 

Cell Type Inhib itor 
a 

T ec hnique (with inhibitor/ without inhibitor) 
·- - - - --- -- ·- - . - ---- ------ ·-·-

l',alb/c 3T3 Off-Plate PTJ . (, <; I 0 . 6 
PT I pulse 1. IS r 0 . 4 

ST! 1 i) I o.i 

FCS 1 . I + 0.6 

Ila lb / c sv J TI Off- \'lat e PT! 4 I 0. 

PT!puls" 0 . ') + 0. 2 

ST! 1. I c, I 0.4 

FC:S I . ., I 0. 7 

(Jn - l'latc 1.-'TI 0 . -1 0. S 

sv 1n:F Off- ·Plal,· PT! 1. ·I o_ I 

l.-' Tlpuls e 1. I ()_ IS 

FL S (, i I. H 

l )n -· l-'la t< · l 'TI 0 . ,1 c; I o. ,( 

PT!puls" I . lJ I ()_ ·i 

F C S l. <; I 1. () 

'
1
The inhibitors wer e, added all = 0 unless indicated by lhe Ht1perscr1pl 

" puls e ", in which case th, · inhibitor was added two hours lwfore th,• bi.n<ling 

assay. Abbr e viation:-1: P T!, pancreatic t r ypsin inhibitor; ST[, soylwan 

trypsin inhibi.tnr; !"< :s , fot,tl calf so,ru,n . 

1, 
Raliot; fron1 th1· G· I. •IH. and 7!. - hour obR('rval ions w e re av,·raged togethe r 
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TABLE III 

Sub-lethal, 20-Minute Trypsinization Assay Results 

Cell Type 

SV 3T3 

3T3 

Incubation 
Time (hours) 

24 

48 

72 

24 

48 

72 

Cell-associated 
Radioactivity 
Released by 

Trypsinizationa 
(% of total) 

74 + 5 

54 + 8 

64 + 15 

78 + 8 

58 + 7 

64 + 7 

1251-labeled 
Cell-associated 
Macromoleculesb 

(% of total) 

82 + 7c 

58+ 0.4c 

27+13c 

83 

81 

61 

a Average values from five independent experiments. 

bMacromolecules are defined to have molecular weights greater than 

15,000. The data were obtained by integrating the peaks on 

electrophoretograms. 

c Average values from two independent experiments + the deviation 

of either datum from the mean. 
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FIGURE CAPTIONS 

Fig. 1: Time course of 125 I-plasminogen binding to Balb/ c 3T3 

and Balb/c SV 3T3 cells. The cells were incubated in medium sup

plemented with 10% dog serum and 100 nM 125 I-labeled dog plasmin

ogen and assayed for cell-associated radioactivity using the Off-

Plate washing procedure described in the text. The specific radio

activity of the cells was converted to plasminogen molecule equiva

lents per cell based on the specific activity of the plasminogen. 

There were two distinct types of binding curves for the Balb/c 3T3 

cells (left): High binding on the first day followed by decreased 

binding on the second and third days (distorted L shape, upper curve) 

or V shaped binding (lower curve). Each of these curves is the 

average from three independent experiments which involved a total 

of ten separate petri dishes averaged together for each datum in the 

upper curve and five dishes per point for the lower curve . The V 

shaped binding curve for the Balb/c SV 3T3 cells is the average 

from six independent experiments in which fifteen separate petri 

dishes were ave raged tog ether for each point. For both the Balb/c 

3T3 and SV 3T3 cells, the standard deviation for replicate plates 

within an experiment was about 20% of the total binding. 
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Fig. 2: Time course of 125 1- plasminogen binding to SVHEF 

cells. The cells were incubated in medium supplemented with 2% 

dog serum and 100 nM 1251-labeled dog plasminogen and assayed for 

cell-associated radioactivity using the Off-Plate washing procedure 

as described in the text. The specific radioactivity of the cells was 

converted to pla sminogen molecule equivalents per cell based on the 

specific activity of the plasminogen. The width of the error bars 

represents two standard deviations from the mean calculated by 

averaging together this binding curve and two binding curves in 

which PDMC inhibiting concentrations of PTI were added at t = 0 or 

two hours before the binding assay. All three curves were observed 

during the same experiment and show that PTI had no statistically 

significant effect on plasminogen binding. 

Fig. 3: Electrophoretograms of SDS solubilized, f3-mercapto

ethanol reduced Balb/c 3T3 and Balb/c SV 3T3 cells. After 24, 48, 

and 72 hours of incubation in 125 1-plasminogen and 10% dog serum

supplemented medium, the cells wer e washed using the Off-Plate 

technique, dissolved in a 3% SDS-f3-mercaptoethanol-Tris buffer, 

boiled for three minutes and 100-200 µl aliquots containing 1500 to 

6300 counts per minute were electrophoresed on 10% polyacrylamide 

tube gels. The relative radioactivity in each 1 mm gel slice is 
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presented as a function of the position of the slice relative to the 

Brom Phenol Blue tracking dye (Rf = 1 . 0). Because the amounts of 

radioactivity in the samples were different for each gel, relative 

radioactivity scales, which are normalized to the total radioactivity 

on the gels, were used. 

Fig. 4: Time dependence of the relative concentrations of the 

Balb/c 3T3 (- - -) and Balb/c SV 3T3 (---) cell-associated 

1251-labeled molecules. The peaks in the electrophoretogram in 

Fig. 3 were integrated and the relative amounts of each species (% 

of total) are presented as a function of time . Ne arly identical 

electrophoretograms of Balb/c 3T3 (- - -) and Balb/c SV 3T3 

----) cells which had been incubated with PDMC-inhibiting con

centrations of STI (14. 6 µM) were similarly analyzed. 

Fig . 5: Time dependence of the relative concentrations of 

1251-labeled molecules in the incubation media. Samples of the 

incubation media from an 1251-plasminogen binding experiment on 

Balb/c 3T3 (- - -) and Balb/c SV 3T3 (---) cells were de-

natured in 3% SDS-l3-mercaptoethanol-Tris buffer and electropho

resed on l 0% polyacrylamide gels. The peaks in the electrophore

tograms were integrated and the relative amounts of each species 
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(% of total) are presented as a function of time . Electrophoreto

grams of Balb/c 3T3 (- - -) and Balb/c SV 3T3 (---) incubation 

media which included PDMC-inhibiting concentrations of STI (14 . 6 

µM) were similarly analyzed. The data represented in this figure 

and in Figs. 3 and 4 were observed during the same experiment. 

Fig. 6: Cell-surface trypsinization assay. Balb/c SV 3T3 

cells were incubated in 1251-plasminogen and 10% dog serum-supple

mented medium for three days and then washed using the Off-Plate 

technique. The release of radioactivity by trypsinization was followed 

as a function of time. An exponential function was fit to the data 

by the method of least squares (solid line) and showed a half-time 

for the trypsinization of six minutes. 
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Figure 6 
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Abstracts of Propositions 

Monty Krieger 

The Function of Trypsin's Specificity Binding Pocket: The catalytic 
role of spe cific substra te s id e cha ins . In orde r to determ.ine more 
precisely how substrate dde chains function in tryptic catalysis, the 
hydrolysis of "fragmented" substrates should be studied. The sub
strates to be investigated should include substituted glycine amides 
and analides and the pH dependence of the reactions should be consid
ered. 

The Synthesis and Structure of a Complex Molecule: Trurnbelene. 
A pathway for the synthesis of a highly strained hydrocarbon, trum
belene, is proposed along with a discussion of the electronic structure 
of this unusual, currently hypothetical, molecule . 

Solution Complexe s of DNA and Ione ne: A simple assay system and its 
application. DNA forms highly-ordered, birefringent fib e rous 
precipitates with a series of quaternary ammonium polymers called 
ionenes. A simple centrifugation assay for solution complexes of DNA 
and ionene is proposed and a direct application of the kinds of informa
tion provide d by in vitro physical-chemical studies of DNA-polycation 
complexes is discussed. 

The Antileukemic Action of Glyoxal-bis(guanylhydrazones): Do these 
drugs act by inhibiting S-adenosyl methionine decarboxylases, DNA 
polymerases or trypsin-like enzymes ? The anti.leukemic activities of 
glyoxal-bis (guanylhydrazones) and 4, 4 '-diacetyl-urea-bis (guanylhydra
zone) may be due to the ability of these drugs to inhibit certain en
zymes. A systematic , survey of the inhibitory effects of these drugs is 
proposed. 

Is Retinal Rivalry Dependent upon the Lateral Spe cialization of the Human 
Brain? Retinal rivalry appears to requir e high-le vel visual informa-
tion processing. Experiments which could test for the involvement of 
lateral specialization in retinal riva lry using a symmetrically brain
damaged patients, commissural:omy patients , and normal subjects are 
proposed. 




