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the binding sites. Since the monomer to monomer interactions 
in the polymer involve a large fraction of the total surface of 
the monomer, it seems unlikely that polymerization may occur 
without decreasing the number of the binding sites unless a 
very loose polymeric structure is formed as seems to be the 
case for actin polymerized in the presence of KCl. If this is 
true, polymerization induced by MgC12 must have led to a 
much more compact polymeric structure characterized by a 
further (20-fold) decrease of the binding constant for Tb3+. 
This view is supported by the very recent finding of Crawford 
et al. (1980), who isolated, from guinea pig polymorphonuclear 
leukocytes, two different polymeric forms of actin which they 
called Mg-actin and K-actin. The structural differences of 
the two polymers could be the basis of functional differences. 
This possibility is now under study. 
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Proton Nuclear Magnetic Resonance Evidence for the Absence of a 
Stable Hydrogen Bond between the Active Site Aspartate and Histidine 
Residues of Native Subtilisins and for Its Presence in Thiolsubtilisinst 
Frank Jordan* and Llszlb Polglr 

ABSTRACT: The very low field proton nuclear magnetic res- 
onance (‘H NMR) found in aqueous solutions of serine pro- 
teases and their zymogens is characteristic of the hydrogen 
bond between the imidazolium and aspartate groups of the 
catalytic triad: Ser-His-Asp [Robillard, G., & Shulman, R. 
G. (1972) J .  Mol. Biol. 71, 507-5111. According to ‘H 
correlation NMR spectroscopic studies performed in 80/20 
(v/v) H20 /2H20 ,  no such resonance is found in native sub- 
tilisins (even at -2 “ C  and pH 6.0), but it is present in 
thiolsubtilisins and in the phenylboronic acid derivatives of the 
serine enzymes. The resonance was not visible in the mercuric 
or carboxamidomethyl derivatives of the thiol enzymes or in 
the phenylboronic acid-serine enzyme complex if the serine 

X - r a y  diffraction studies on serine proteases, such as chy- 
motrypsin, elastase, trypsin, and subtilisin, revealed the 
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enzyme was first acylated with phenylmethanesulfonyl fluoride. 
The histidine at the catalytic site of thiolsubtilisin carries a 
positive charge between pH 5.6 and 8.4, in accord with pre- 
vious data in favor of a mercaptide-imidazolium ion pair at 
the catalytic site. The charge distribution (- + -) at the active 
site of thiolsubtilisin and in the phenylboronic acid derivatives 
of the serine enzymes resembles that in the tetrahedral tran- 
sition state formed between a serine enzyme and its substrate. 
Therefore, the stable hydrogen bond (found in the thiol enzyme 
and in the phenylboronic acid derivative of the serine enzyme) 
should be more important during catalysis than in the sub- 
strate-free enzyme. 

presence of an aspartate carboxyl group in the vicinity of the 
imidazole of the active site histidine residue [see Kraut (1977) 
for a review]. Blow et al. (1969) proposed that the triad of 
residues (aspartate, histidine, serine) at the catalytic center 
constitutes a “charge relay” that can conduct the electron pair 
from Asp to His to Ser, thereby enhancing the nucleophilicity 
of the catalytic serine oxygen. Such a relay of charge was 
questioned on chemical grounds (Polglr & Bender, 1969; 
Polglr, 1972; Rogers & Bruice, 1974). It was suggested by 
Polglr (1972) that the proton that is bound to the imidazole 
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the low-field proton is not observed. 

Experimental Procedures 
Materials. Subtilisins Carlsberg and Novo (the latter 

equivalent to BPN) were purchased from Sigma, St. Louis, 
MO, phenylboronic acid was from Aldrich, Metuchen, NJ,  
and phenylmethanesulfonyl fluoride was from Sigma. 

Synthesis of Thiolsubtilisins. Carlsberg and Novo thiol- 
subtilisins were prepared from the corresponding serine en- 
zymes. The crude preparations were purified on an aga- 
rose-mercurial column as described before (Polgbr, 1976). 
The mercury derivatives so obtained were lyophilized and kept 
at 4 OC until further use. No loss in the thiol content was 
observed during 1 year of storage as determined by titration 
of the liberated thiol enzyme with 5,5’-dithiobis(24tro- 
benzoate) (Ellman, 1959). 
Carboxamidomethylthiolsubtilisin. The “free” thiol en- 

zyme was regenerated from the mercuric salt of thiolsubtilisin 
Novo by incubation at room temperature in 15 mM cysteine, 
pH 7, for 30 min. Next the protein was chromatographed on 
a Sephadex G-25 column that had been equilibrated with 0.05 
M phosphate buffer, pH 7.0. The free thiol enzyme (0.2 mM) 
was reacted with 2 mM iodoacetamide for 2 h. The alkylated 
enzyme was next chromatographed on a Sephadex G-25 
column that had been equilibrated with 1 mM phosphate and 
0.03 M KC1, pH 7.0. The purified alkylated thiol enzyme was 
lyophilized. Alkylation of thiolsubtilisin was complete ac- 
cording to titration with 5,5’-dithiobis(2-nitrobenzoate). 

Preparation of Samples for ‘ H  NMR. The thiol enzyme 
was liberated from its mercuric derivative by addition of a 2-5 
molar excess of mercaptoethanol or dithiothreitol. Regener- 
ation of the thiol enzyme was complete within 1 h under these 
conditions. The pH of the samples was adjusted initially in 
1.7-mL Eppendorf plastic vials by quick addition and mixing 
in of approximately 0.1 N acid or base. Typically, each sample 
was prepared in 80/20 (v/v) H20 /2H20  (the 2H needed for 
lock) containing 0.5 M KCl. Further adjustments of pH were 
accomplished within the 5-mm sample tubes by employing an 
Ingold combination electrode. 

NMR Measurements. All measurements were performed 
at low temperature (near 0 “C), and all samples were run 
within 4 h of initial dissolution in buffers. The measurements 
were performed at 360 MHz on a Bruker WH-360 spec- 
trometer in the proton correlation mode (Dadok & Sprecher, 
1974) at the Middle Atlantic N M R  Facility located at the 
University of Pennsylvania, School of Medicine. Typically, 
the 1-2 mM solutions required ca. 1000 l-s rapid scan ac- 
cumulations. It was found that careful application of the 
base-line correction routine was imperative; alternatively many 
artifacts resulted. Chemical shifts in Table I and Figures 1-8 
are given in parts per million downfield from DSS (4,4-di- 
methyl-4-silapentane- 1 -sulfonic acid sodium salt). 

Results and Discussion 
Robillard & Shulman (l972,1974a,b) and Markley (1978) 

presented evidence on serine proteases, their zymogens, and 
their inhibited complexes to support the thesis that the very 
low field ‘H NMR resonances observed only in H 2 0  pertain 
to the active site histidine. Very likely the observation concerns 
N61-H that is capable of forming a hydrogen bond with as- 
partate. For chymotrypsin A6 the resonance position was found 
at 17-18 and about 15 ppm downfield from DSS for proton- 
ated and neutral histidines, respectively (Robillard & Shulman, 
1972). 

Table I summarizes our data on subtilisins: (a) the serine 
enzymes (Carlsberg and Novo); (b) the serine enzymes in the 

His 
\ S e r  

nitrogen may be hydrogen bonded to but not transferred to 
the aspartate ion. It was further pointed out that such a 
hydrogen bond should be more important during the formation 
of the tetrahedral intermediate with the substrate, when the 
imidazole group is protonated, than in the substrate-free en- 
zyme (Polgbr & Bender, 1969). Proton nuclear magnetic 
resonance (‘H NMR) studies by Robillard & Shulman (1972, 
1974a,b) also suggested only partial proton transfer through 
the hydrogen bond and emphasized the existence of this bond 
in the free enzyme. Hunkapiller et al. (1973) interpreted their 
carbon-13 nuclear magnetic resonance (I3C NMR) data ob- 
tained on specifically [ 13C(2)]His-enriched a-lytic protease 
in favor of a complete proton transfer to aspartate ion at pH 
<7. By contrast, Bachovchin & Roberts (1978) examined the 
same enzyme specifically enriched in I5N at the single histidine 
imidazole and demonstrated that the proton remains on the 
imidazole during the pH titration near pH 7. Porubcan et al. 
(1979) examined the pH dependence of the C(2)-H resonance 
of imidazole in a-lytic protease and reached a conclusion in 
accord with that of Bachovchin & Roberts (1978). Most 
recently, neutron diffraction studies were reported on iso- 
propylphosphoryltrypsin (Kossiakoff & Spencer, 1980). It was 
concluded that in the catalytic cycle His rather than Asp is 
the protonated species. 

In order to evaluate the importance of the hydrogen bond 
between the imidazole and the carboxylate at the catalytic 
center, we have undertaken studies comparing subtilisin and 
thiolsubtilisin. The latter can be prepared from subtilisin by 
chemical modification (Polgbr & Bender, 1966; Neet & 
Koshland, 1966). Thiolsubtilisin contains a cysteine rather 
than a serine at the active center. The cysteine residue forms 
a mercaptide-imidazolium ion pair with the neighboring 
histidine residue (Polgbr, 1974). Therefore the charge dis- 
tribution at the active site of thiolsubtilisin is similar to that 
formed during catalysis by the serine enzyme while in the latter 
the negatively charged tetrahedral adduct forms an ion pair 
with the imidazolium ion. Thus, comparison of the hydrogen 
bonds of subtilisin and thiolsubtilisin may provide information 
about the ground and transition states of the catalytic process. 
In addition, thiolsubtilisin can be regarded as a model for thiol 
proteases, e.g., papain. NMR data on the state of ionization 
of the imidazole can confirm the existence of the mercap- 
tide-imidazolium ion pair in thiolsubtilisin. The existence of 
this ion pair was proposed on the basis of results inferring that 
the thiol group exists in its dissociated form (Polgbr, 1974). 
Such an activation mechanism is also of importance in other 
thiol enzymes (Polgbr, 1977). 

We report ‘H NMR studies that were performed in 80/20 
(v/v) H20/*H20 employing correlation spectroscopy (Dadok 
& Sprecher, 1974). This technique allowed us to examine the 
very low field proton in serine proteases that was first reported 
by Robillard & Shulman (1972, 1974a,b). Those authors, as 
well as Markley (1978), presented considerable evidence as- 
signing that proton to the catalytic center of these enzymes, 
specifically between Asp and His (N61-H). We report evidence 
for a stable hydrogen bond in thiolsubtilisin and in the phe- 
nylboronic acid adduct of the serine enzymes but not in the 
native subtilisins. The results also have direct bearing on the 
state of ionization of His and Cys at the catalytic site of 
thiolsubtilisin but not on the native serine enzyme in which 
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FIGURE 1: Subtilisin Novo, pH 7.1; 360-MHz lH correlation NMR 
spectrum recorded at 2 O C  (see footnote d,  Table I). The correlation 
function was applied to 1016 1-s accumulations. Chemical shifts are 
in pprn from DSS. 

FIGURE 2: Subtilisin Novo, pH 6.05, 360-MHz lH correlation NMR 
spectrum recorded at -2 OC (see footnote d, Table I). 1000 1-s 
accumulations were correlated. Chemical shifts are in ppm from DSS. 

I n ', 
1 

FIGURE 3: Subtilisin Novo, pH 7.5, 2.2 mM + 5 mM phenylboronic 
acid, 360-MHz 'H correlation NMR spectrum recorded at 2 "C 
[control experiment for condition 3, Table I (footnotej)]. 422 1-s 
accumulations were correlated. Chemical shifts are in ppm from DSS. 

presence of the transition state analogue phenylboronic acid 
(Matthews et al., 1977, and references cited therein); (c) the 
thiol enzymes (Carlsberg and Novo) as inactive mercuric salts; 
(d) the thiol enzymes liberated from their mercuric derivatives 
by addition of dithiothreitol or mercaptoethanol; and (e) thiol 
enzyme inactivated by iodoacetamide. 

First, it needs to be pointed out that in all spectra of sub- 
tilisin and thiolsubtilisin that we have examined there is a 
pH-independent resonance in H 2 0  at 15.1 ppm downfield from 
DSS. This resonance was not apparent in the spectra of 
subtilisin shown before by Robillard & Shulman (1974a,b). 
On account of its pH-independent chemical shift, the resonance 
at  15.1 ppm cannot be assigned to a normal histidine residue. 
Judging from its broad line width, the 15.1-ppm resonance 
pertains to a proton on a protein. Impurities in subtilisin 
preparations would be unlikely to be carried along throughout 
all synthetic and purification procedures performed on 
thiolsubtilisin. Concerning the 17.5- and 17.7-ppm resonances, 
Table I provides the following information: (1) The resonances 
are not observed at any pH (5.5-9) in either Carlsberg or Novo 
serine enzymes (Figures 1 and 2) at 1-2 mM concentration 
at 2 OC (in a limited number of experiments, as low as -2 "C). 
(2) The 17.5-ppm resonance is observed at all pHs (6 to above 
8) in both serine enzymes when phenylboronic acid is added 
as was reported by Robillard & Shulman (1974b) for the Novo 
enzyme (see Figure 3). (3) If the serine enzyme is first 
irreversibly inactivated with phenylmethanesulfonyl fluoride, 
addition of phenylboronic acid no longer induces appearance 
of the 17.5-ppm resonance (Figure 4). This is consistent with 
the assignment of the resonance to the catalytic center, since 
both reagents acylate the catalytic serine. (4) The mercuric 
derivatives of the thiol enzymes from both sources do not 
exhibit the low-field 17.7-ppm resonance between pH 5.25 and 

FIGURE 4: Subtilisin Novo, pH 6.6, incubated with 3.3 mM phe- 
nylmethanesulfonyl fluoride for 2.5 h and then with 5.5 mM phe- 
nylboronic acid added (condition 3 and footnotef, Table I) (360-MHz 
lH correlation NMR spectrum). 1100 I-s accumulations (jagged 
curve) were correlated (smooth curve). The spectrum was recorded 
at 2 OC. Chemical shifts are in ppm from DSS. 

\i.r" 
FIGURE 5: Thiolsubtilisin Novo-mercuric derivative, pH 6.67 (footnote 
g, Table I), 360-MHz 'H correlation NMR spectrum recorded at 2 
OC. 1100 1-s accumulations (jagged curve) were correlated (smooth 
curve). Chemical shifts are in ppm from DSS. 

I 9 

FIGURE 6: Thiolsubtilisin Novo, pH 7.3 (footnote h, Table I; liberated 
by employing dithiothreitol), 360-MHz IH correlation NMR spectrum 
recorded at 2 OC. lo00 1-s accumulations were correlated. Chemical 
shifts are in ppm from DSS. 

FIGURE 7: Thiolsubtilisin Carlsberg, pH 6.37, 36@MHz IH correlation 
NMR spectrum recorded at 2 OC (footnote h,  Table I; liberated by 
employing mercaptoethanol); 1400 1-s accumulations were correlated. 
Chemical shifts are in ppm from DSS. 

/ 
FIGURE 8: Carboxamidomethylthiosubtilisin Novo, pH 6.92,360-MHz 
'H correlation NMR spectrum recorded at 2 OC (footnote i, Table 
I). 1200 1-s accumulations were correlated. Chemical shifts are in 
ppm from DSS. 

7.8 (Figure 5). (5) The thiol enzymes from both sources 
(Figures 6 and 7) do give rise to the low-field 17.7-ppm res- 
onance (pH 5.38-7.95 clearly, with diminishing intensity from 
pH 7.95 to 8.37). (6) Carboxamidomethylthiolsubtilisin Novo 
does not give rise to the low-field 17.7-ppm resonance at  pH 
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Table I: Observation of the Low-Field 'H NMR in Aqueous Solutions of Subtilisinsa 

condition pHb (no. of exptl points in pH range) chemical shiftC (ppm) 

(1) serine enzymes 
subtilisin Novod 
subtilisin Carlsbergd 

subtilisin Novo 
subtilisin Carlsberg 

+C&,B(OH), 

(2) serine enzymes with C,H,B(OH), addede 

(3) PMSF inactivatedf subtilisin Novo 

control for above [no PMSF but C,H,(OH),] 

(4) thiolsubtilisin Novo 
(a) mercuric saltg 
(b) Hg salt + 10 mMh dithiothreitol 
(c) Hg salt + 10 mMh mercaptoethanol 

(a) mercuric saltg 
(b) Hg salt + 10 mMh mercaptoethanol 

(6) thiolsubtilisin Novo, iodoacetamide inactivated' 

(5) thiolsubtilisin Carlsberg 

5.34-8.73 (12) 
5.91,6.59 

5.97,6.0, 7.0, 7.5, 7.99 
6.71, 7.15, 7.99 
6.67 
6.80 
7.50 at  2 "Cj 
7.50 at 7 OCj 
7.50 at 12 'Cj 

6.7, 7.8, 8.3 
6.5, 7.3, 7.5, 8.2 
7.0, 7.96 

5.25 
5.38-8.37 (7)' 
6.92 

none obsd 
none obsd 

17.5 
17.5 
none obsd 
none obsd 
17.5 
17.5 
17.5 

none obsd 
17.7 
17.1 

none obsd 
17.7 
none obsd 

a All spectra were recorded at 360 MHz and 2 2 1 "C unless otherwise noted, nonspinning, and employing 80/20 (v/v) H,O/'H,O. All 
spectra indicated the presence of other resonances at 15.1 and 12.2 ppm. 
per million ( t0 . l )  downfield from DSS (4,4-dimethyl4-silapentane-l-sulfonic acid sodium salt). The sweep width was set up so that no re- 
sonances upfield from 12.0 ppm were recorded. The resonances at 15.1 and 12.2 ppm appeared in all spectra and, therefore, are not dis- 
cussed but are evident in the figures. Concentrations of protein were 1.5-2 mM in 0.5 M KC1, sometimes with 0.05 M NaHCO, buffer; 
otherwise the protein provided all the buffering. The pHs represent all values at which spectra were taken. Usually no more than two or 
three spectra were taken on the same sample. e In a typical experiment 3-5 mM C,H,B(OH), was present in addition to 1.5-2 mM enzyme. 
The phenylboronic acid was made up as a 0.1 M aqueous solution, and aliquots of this were added to the protein solution. The pH represents 
that of the total mixture. A 2.2 mM subtilisin Novo sample was prepared. A 0.5-mL portion was made 3.5 mM in phenylmethanesulfonyl 
fluoride (the latter was prepared as a 10 mg/mL solution in dioxane) and incubated at room temperature for 2.5 h, and the spectrum was col- 
lected in the last half hour. Next the solution was made with respect to C,H,B(OH),, and the spectrum was recorded immediately. To the 
other half of the protein solution was added only C,H,B(OH),, and the spectrum was recorded as usual. On this solution a limited study of 
the temperature dependence was also performed. g 1.8-2 mM protein solutions in 0.5 M KCl and sometimes NaHCO,. Dithiothreitol and 
mercaptoethanol were first made up as 0.1 M aqueous solutions (within a few hours of use), and aliquots of these were added to make the 
protein solutions 5-10 mM in these reagents. The protein was incubated from 1 to 3 h at room temperature (22-25 "C) with these reagents 
prior to recording of the spectrum. * Concentration of protein was approximately 1.4 mM. It was prepared as described under Experimental 
Procedures. The resonances at 15.1 and 17.5 ppm from DSS both decreased in intensity substantially (to less than half compared to that at 
12.2 ppm) in this temperature range. Compared to the intensity of the resonance at 15.1 ppm, the intensity of the resonance at 17.7 ppm 
became progressively smaller between pH 7.97 and 8.37, hardly detectable at the latter pH. 

Measured at room temperature, +0.05-unit uncertainty. Parts 

6.92, 2 OC (Figure 8), conditions under which the thiol en- 
zymes do. Conditions 4 and 6 inhibit formation of thiolate 
anion. 

The chemical shifts of the resonances observed at 17.5 ppm 
in subtilisin-phenylboronic acid complexes and at 17.7 ppm 
in thiosubtilisin in a wide pH range suggest that the resonance 
pertains to a nitrogen-bound proton in an imidazolium species 
(Robillard & Shulman, 1972, 1974a,b). The fact that such 
a resonance is not observed at any pH in the native subtilisins 
even at -2 OC is in contrast to some previous results. X-ray 
diffraction studies indicated that there exists a hydrogen bond 
between the N61-H of histidine and the adjacent aspartate. The 
conformation of the crystalline enzyme could be slightly dif- 
ferent from that existing in solution. 'H NMR studies by 
Robillard & Shulman (1974a) reported this low-field reso- 
nance in native chymotrypsin As at a variety of pHs and in 
native trypsin and in a-lytic protease near pH 3. Markley 
(1978) later confirmed the experiments on trypsin and claimed 
the existence of a very small peak at pH 7 at 17.8 ppm. This 
latter observation, however, would be inconsistent with the 
earlier reported pKa of 5 (Markley & Porubcan, 1976) for the 
catalytic histidine. The pKa of 5 at pH 7 would require a 
neutral imidazole ring whose N61-H resonance should be at 
or near 15 ppm, according to Robillard and Shulman's data 
on chymotrypsin Ag. Therefore, in native enzymes at pH >4, 
only in chymotrypsin Ab has the resonance at 15-18 ppm been 
clearly observed. Subtilisin undergoes denaturation below pH 
5.5; therefore, data could not be obtained at lower pHs. The 
observation of the very low field resonance in subtilisin Novo 
at pH 6.0 in the presence of 0.1 M N-acetyl-L-tryptophan 

(Robillard & Shulman, 1974a) is consistent with our results. 
This compound can bind at the active site, and the negative 
charge of its carboxyl group can cause an effect similar to that 
found in the phenylboronic acid adduct or in thiolsubtilisin. 

The absence of the low-field resonance in the native subtilisin 
enzymes has two possible explanations: (1) The hydrogen bond 
between the carboxylate of Asp and His N61-H does not exist 

at any pH or is not stable, allowing rapid exchange of Ngl-H 
with solvent hydrogens, and this exchange broadening makes 
observation difficult. Examination of the 15.1- and 17.5-ppm 
resonances in the subtilisin-phenylboronic acid adduct between 
2 and 12 OC and Markley's studies (1978) indicate that the 
line width of such N-H's is strongly temperature dependent, 
Le., exchange broadened. (2) Our observations in subtilisins 
pertain to N'*-H whose resonance becomes visible upon hy- 
drogen bonding of N'2-H to the phenylboronate-Ser adduct 
or enzyme-CH2-S- in thiolsubtilisin. Especially the spectra 
shown on "2-alkylated chymotrypsin As (Robillard & 
Shulman, 1974b) make the first choice more plausible. Our 
conclusions below stand, irrespective of which explanation 
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above is valid for native subtilisins, although we assume for 
the sake of discussion that the first explanation above is correct. 

An important aspect of our results concerns thiolsubtilisins 
in which the low-field resonance characteristic of the pro- 
tonated histidine appears. From this observation two con- 
clusions may be drawn: (1) The protonated histidinium ion 
exists in a wide pH range over which one of us already ob- 
served the mercaptide ion form of the thiol group by employing 
a spectrophotometric technique (PolgBr, 1974). Thus the 
presence of the mercaptide-imidazolium ion pair in thiol- 
subtilisin is now supported by two totally different experimental 
approaches, each of which examines a different aspect of this 
ion pair. (2) During the catalytic process the negatively 
charged tetrahedral intermediate and the protonated imidazole 
form an ion pair. Thiolsubtilisins, as well as the phenylboronic 
acid adducts of the serine enzymes, exhibit similar charge 
distributions at their active sites. The observation of the 
low-field resonance in these species but not in native subtilisins 
suggests that the hydrogen bond between His N*l-H and Asp 
COT is more stable and likely more important during for- 
mation of the tetrahedral intermediate than in the sub- 
strate-free state of these enzymes. This is consistent with an 
earlier proposal (PolgBr, 1972) concerning the stabilization 
of the tetrahedral intermediate by an extended hydrogen- 
bonding network involving the imidazo1ium.-aspartate hy- 
drogen bond. 

According to our results, the hydrogen bond between His 
Ndl-H and Asp in subtilisins is very greatly stabilized by the 
presence of an oxyanion near the “2-H. In native subtilisin 
the lifetime of the hydrogen between N61-H and Asp then must 
be short on the NMR time scale. Since the line must be 
broader than ca. 400 Hz, the lifetime must be shorter than 
1 ms. The adjacent oxyanion could stabilize the proton be- 
tween N61 and Asp by electronic effects and by restriction of 
the motion of the imidazole ring. That the latter effect could 
be quite important is indicated by the rapid temperature-de- 
pendent diminution in size of (this study on phenylboronic acid 
adduct) and disappearance of (Markley, 1978) the low-field 
resonance. Accordingly, in our opionion, the difference in 
aqueous solution between native subtilisins and, for example, 
chymotrypsin A6 is in the stability of the hydrogen bond rather 
than its presence or absence. This is a significant difference, 
not recognized so far, and implies that at a given temperature 
the imidazole ring (or perhaps aspartate adjacent to it) has 
more motional freedom in subtilisins than, say, in chymotrypsin 
A& 

Finally, one can conclude from our data that between pH 
6 and 8 the proton resides on the imidazole in thiolsubtilisins 
and in the phenylboronic acid derivatives of the serine enzymes 
[the chemical shift is at 17.7 and 17.5 ppm, respectively, a 
position consistent with a protonated histidine in serine pro- 
teases; see Robillard & Shulman (1972, 1974a,b) and Markley 
(1978)l. These results further suggest that in the catalytic 
intermediate (that bears a similar charge distribution, Le., - 
+ -), the proton must also reside on the imidazole. Since the 
proton remains on histidine in the entire pH range studied here, 
the charge relay is unlikely to be operative during catalysis 
by subtilisins. 
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