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ABSTRACT. The formation of ternary complexes involving serine proteases, borate, and an alcohol has
important implications for understanding the physiological actions of borate and for the development of
tight binding inhibitors for this class of enzymes. Recent studies of a related enzygiatamyl
transpeptidase, which is subject to inhibition by a labile serine/borate mixture, have demonstrated that
construction of a nonlabile boronate analogue results in an inhibitor with nedlpltiOgreater potency.

To evaluate the generalization of this biochemistry to serine proteases, we have observed the ternary
conplex formed from 4-aminobutanol, borate, and trypsin. A combinatioft®fand 'H NMR and
spectrophotometric assays using acetylargipingroanilide (Ac-Arg-pNA) as the chromogenic substrate

all indicate a cooperative binding interaction in which the borate is esterified by the oxygen atoms of the
4-aminobutanol and trypsin residue SerTwo downfield-shifted proton resonances at 15.5 and 16.6
ppm are proposed to arise from the labile imidazolium protons off Htislicating a salt bridge interaction

with the negatively charged borate. A cooperativity parametef 0.2 is derived from the assays. These
results provide the first direct evidence for formation of a ternary complex involving a serine protease,
borate, and an alcohol, and suggest that this represents a general approach for the development of tight
binding ligands.

Boric acid has been implicated in a range of biochemical complexes has significant implications for understanding the
and physiological phenomené, 2), and exhibits selective  biochemical and physiological effects of borate, as well as
toxicity to male reproductive functior8]. One of the most  for the design of strong inhibitors for this class of enzymes,
interesting aspects of borate biochemistry is the dramatic,as previously demonstrated for the case/abT.
cooperative inhibition of the enzymeglutamyl transpep- To test this more general hypothesis, we have investigated
tidase ¢-GT)! by a serine/borate mixture, discovered initially whether evidence for a ternary alcohdlorate-enzyme
due to the use of borate as a high-pH buf# This effect complex can be demonstrated for the serine protease trypsin.
was subsequently proposed to result from the ability of this For this class of enzymes, it has been known for some time
enzyme to synthesize or select its own inhibitor by stabilizing that potent inhibitors can be developed by replacing the
a labile borate-serine ester in the active sit&)( This a-carboxyl group of a C-terminal product peptide derived
inhibitor, a structural transition state analogue, involves a from the hydrolytic reaction with a structurally analogous
tetrahedral borate esterified both to an active site hydroxyl boronic acid function $—11). Upon complexation with
residue (presumably TH#; 6) and to the hydroxyl group of  trypsin, the boronic acid forms a tetrahedral structure
the serine, which also binds to the active site. This proposal resulting from a nucleophilic addition by S&in the active
leads to several interesting predictions. First, as we havesite. As a result of the P1 selectivity of trypsin, these
recently demonstrated;2-amino-4-boronobutanoate, a struc- boronates most typically utilize boronic acid analogues of
tural analogue of the labile serin®@orate complex, is found  lysine or arginine as the C-terminal residue. On the basis of
to be a strong inhibitor of-GT, with aK; of 17 nM (7). the reasoning outlined above, these results imply that
This value is more than 4 orders of magnitude lower than structurally related ternary complexes composed of borate
the K; for a serine/borate mixture, reported to be 1.45 mM and 4-aminobutanol in the first case, or guanidino-3-propanol
(8). Although y-GT is a rather unusual enzyme, its bio- in the second, should be stabilized or synthesized in the active
chemical mechanism appears to be similar to that of the site of trypsin.
serine proteases. Thus, it would seem possible that in general,
analogous ternary complexes involving serine proteases,MATERIALS AND METHODS

borate, and alcohols can form as well. The existence of such . . . .
Type IX porcine pancreatic trypsin was obtained from

Sigma (St. Louis, MO), and other chemicals were from
*To whom correspondence should be addressed: MR-01, NIEHS, . . e . 11
111 Alexander Dr., Box 12233, Research Triangle Park, NG 27709, Aldrich and used without further purificatioritH and '8
Phone: (919) 541-4879. Fax: (919) 541-5707. E-mail: london@ NMR spectra were obtained on a Varian Unity 500 NMR
niehs.nih.gov. spectrometer operating at 160.6 MHz for boron. The

Abbreviations: Ac-Arg-pNA, acetylarginine-nitroanilide;y-GT, spectra were obtained af& and utilized a jump and return
y-glutamyl transpeptidase; NMR, nuclear magnetic resonance.

> This inhibitor also has been subsequently identified by Stein and S€quence to suppress theCHresonancel). The boron
co-workers 43). spectra were obtained at 2& using 5 mm quartz NMR
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exchanging tetrahedral borate compl&®,(20). In contrast,

an B resonance at-17.3 ppm is readily observed in a

sample containing 2.0 mM trypsin, 5 mM borate, and 50

mM 4-aminobutanol (Figure 1D). As another control, we
oA obtained art'B spectrum for a sample prepared as described

for Figure 1D, but containing 3-aminopropanol instead of

A

L 4-aminobutanol (Figure 1C). Again, no separate resonance
B
C

that can be attributed to a tetrahedral borate complex is
observed. These data provide strong support for the conclu-
sion that a ternary trypsirborate-4-aminobutanol complex
forms, characterized by an upfield-shifté8 resonance. The
tetrahedral spgeometry of the borate is indicated by the
upfield shift, which is similar to that of B(OH). Thus, the
ternary complex is a transition state mimic, analogous to the
structures formed by boronate inhibitors. The enhanced
lifetime of borate in the complex, leading to slow NMR
oy exchange behavior, results from formation of a multidentate
interaction involving the hydroxyl function of the 4-ami-
nobutanol as well as the active site serine and/or histidine
D of the trypsin (Scheme 1). There is an extensive literature
on the stabilization and resulting slow exchange behavior
V\J\W of sp® borate complexed with multidentate ligand9,(20).
We note here that borate by itself is known to inhibit trypsin
(Ki ~ 80 mM as determined here). However, as with the
hydroxyl ion equilibrium, the exchange with the enzyme,
R T e e presumably involving a complex with H21), is fast under
4 0 4 3 12 -16 20 24 the conditions studied, and does not produce a separate
PP resonance. At substantially higher borate concentrations, an
FicURE 1: 1B NMR spectra obtained at 160.6 MHz and 5 o0n additional, narrower high-field resonance nest7.5 ppm
samples containing (A) 5 mM borate and 2.0 mM porcine pancreatic IS observed in the presence of trypsin or trypsin with
trypsin (type IX, from Sigma), (B) 25 mM borate and 250 mM  4-aminobutanol. This resonance is not affected by the
4-aminobutanol, (C) 5.0 mM borate, 50 mM 3-aminopropanol, and aqdition of leupeptin and, therefore, appears to arise from

2.0 mM trypsin, and (D) 5.0 mM borate, 50 mM 4-aminobutanol, . . . . . .
and 2.0 mM trypsin. Insets show a 10-fold vertical expansion. All complexation with an impurity or with residues not at the

samples were made up in 20 mM HEPES buffer (pH 8.0). Samples active site. However, as is apparent from Figure 1A, the
were run on a Varian Unity 500 NMR spectrometer gsin5 mm intensity of this adduct is below the detection threshold at 5
Nalorac NMR probe modified to remove borate background signals, mM borate and 2 mM trypsin.
and using quartz NMR tubes (Wilmad). Other spectral parameters g gownfield-shifted imidazole protons of the active site
were as follows: sweep width, 10 kHz; acquisition time, 0.65's; . .. - . . : . S
100 000 transients!B shifts are referenced to external boric acid histidine residue in serine proteases can provide useful insight
at pH 4.0. into the nature of the coordination of boronic acid inhibitors
(21-25). *H NMR spectra of the downfield region of

: . samples containing trypsin and borate or trypsin, borate, and
tubes (Wilmad, Buena, NJ), and usia 5 mmNalorac probe 4-aminobutanol are shown in Figure 2. Saturation of the

(Martinez, CA), modified to reduce the boron background, enzyme with 500 mM borate results in a proton resonance
Spectrophotometric assays were performed on a Beckmanat 1% 7 opm. in qood aareement with the \F/)alue reported b
DU 640 spectrophotometer using 0.3 mM acetylarginine - ppm, Ing 9 P y

p-nitroanilide (Ac-Arg-pNA) as a chromogenic substrate and Tsilikounas et al. 21). As discussed 'U§}hat study, this
200 nM porcine pancreatic trypsin and measuring the resonance arises from the,ll\proton Of.H' in a complex
absorbance at 410 nmi3, 14). Kinetic data were analyzed in which the boron is directly coordinated by.N\of the

using Mathematica (Wolfram Research, Champaign, IL). The Qilrsr::ﬁel??r.lt:er;stir:e ;fufg 5p;enS:nlt6e% her:], ;V\éov\::ﬁ' O;Sagcszr of
program was based on the equation given in the text. y ' - ppm, y

weak shoulder near 16.8 ppm, are observed for a sample
RESULTS containing trypsin, borate, and 4-aminobutanol. The observa-
tion of two proton resonances of approximately equal
Trypsin assays an#B NMR (15—18) data provide the intensity is most directly interpreted as arising from coor-
most direct way of assessing the possible formation of a dination to active site S&° (Scheme 1A). The resulting
ternary complex. A series 6tB NMR spectra obtained for ~ complex stabilizes the imidazolium form of Hiso that both
the proposed ternary complex and related control samplesthe Ns; and N, protons can be observed. A salt bridge
is shown in Figure 1. Binary samples containing a combina- between the negatively charged borate ester and the positively
tion of 2.0 mM trypsin and 5 mM borate (Figure 1A) or charged imidazolium increases thK pf the latter so that
250 mM 4-aminobutanol and 25 mM borate (Figure 1B) the!H spectrum remains nearly unchanged in the pH range
exhibit an intense boric acid/borate resonance B0 ppm, of 6.0—8.0 (Figure 2). Interestingly, the shifts of the proton
referenced to external boric acid at pH 4.0, but no resolved resonances differ significantly from those reported for
upfield resonance which would be expected for a slowly complexes formed between trypsin and boropeptide inhibitors
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Ficure 2: Downfield region of the proton NMR spectra of samples containing 2.0 mM trypsin and (A) 500 mM borate, (B) 100 mM
borate and 100 mM 4-aminobutanol (pH 8.0), (C) 100 mM borate and 100 mM 4-aminobutanol (pH 7.0), and (D) 100 mM borate and 100
mM 4-aminobutanol (pH 6.0). All samples were run on a Varian Unity 500 NMR spectrometgy agimmproton NMR probe. Proton
spectra were obtained at’® using a jump and return water suppression sequek®Be@ther spectral parameters were as follows: sweep
width, 13 kHz; acquisition time, 1.0 s; pulse recycle time, 2.0 s.
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(21). In general, the involvement of the histidine;Nand shift differences may be indicating a variation in the
N.2 protons in hydrogen bonding interactions is expected to hydrogen bonding interactions of the;;Nand N, protons
significantly affect the observed shift values. Thus, the large between complexes of trypsin with the boroArg peptides
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studied by Tsilikounas et al2{) and with the 4-aminobu- [4-aminobutanol]
tanol borate. The strong sensitivity of these shifts to subtle 10 mM
structural variations is also illustrated by the fact that the
assignments of the / and N, proton resonances in
boropeptide complexes with chymotrypsin and subtilisin are 1 /v,
reversed relative to those in-lytic protease 24, 25).

Preliminary analysis of th¥H shifts observed for the ternary 4 mM
complex formed from borate and guanidino-3-propanol

. . 2 mM
indicates values somewhat closer to those of the boropeptides B
(unpublished results). At this point, we cannot completely A

rule out the possibility that the observed spectrum corre-
sponds to a mixture of species in which the borate is
complexed by the serine and/or histidine residues (Scheme [Borate]  mM

1). However, in this case, the shifts are equally difficult to Ficure 3: Yonetani-Theorell plot of the reciprocal initial rates
rationalize, as is the equal intensity of the two observed as a function of borate concentration at 4-aminobutanol concentra-

R ; ; tions of 0, 1, 2, 4, and 10 mM. Studies were performed in 100 mM
peaks. Although a conclusive interpretation of theshits HEPES buffer (pH 8.0) using 200 nM porcine pancreatic trypsin

is not possible at this point, the above analysis indicates that,4 93 mm Ac-Arg-pNA. Data were fit to eq 2 usind<a of 3.47
the ternary complex involves a borat8ef® bond, either mM, aKg of 80 mM, and aK; of 3.5 mM, and using/max and a

exclusively (Scheme 1A) or, less probably, as a componentas adjustable parameters.
of a mixture of species (Scheme 1). .

Spectrophotometric assays of trypsin were performed atP-Serine-borate complex. We propose that the lower level
pH 8.0 in a 100 mM HEPES buffer using Ac-Arg-pNA as of synergy (_Jbserved for 4-aminobutandlorate |nh|b_|t|0n
the substrateld). The resulting data were intrepreted using of tryspin arises due to thg lack of structural constralr_lts near
the equation for cooperative binding of two ligands, | (4- the CHOH end of the aminobutanol molecule, reducing the
aminobutanol) and B (borate), both of which are competitive likelihood of formation of the ternary complex. However,

with substrate b|nd|n¢(6) This leads to a Ve|0city equation the value obtained is C|eal’|y consistent with the NMR data
of the form indicating formation of a ternary complex.

! 20 40 60 80 100

) [S] CONCLUSIONS

v [N [B]  [1B] (1) The results presented here provide the first direct dem-
mas K l S . .
{1t P Tk T onstration that a stable, ternary complex is formed from a
! B e serine protease (trypsin), borate, and an alcohol. These results
support the inferences discussed above for the formation of
an analogous stable boratgerine-y-GT complex, for which

direct NMR or crystallographic structural evidence has been

where S is the substratis is the Michaelis constant, and
K, and Kg are the inhibition constants corresponding to

inhibitors | and B, respectively. Kinetic analysis of initial e i . . ;
rate data as a function of the substrate and borate or'€"Y difficult to obtain @8). There is no obvious constraint

4-aminobutanol yielded the following valued(s = 3.47 suggesting uniqueness of this phenomenon, so it is reasonable
mM. Ks = 80 mM. andK, = 3.5 mM. This Kssvalué is to anticipate that such complexes can form in many, perhaps

somewhat higher than the reported value of 1.08 mM ][nost,t_enzyrpes Olf this class. ?\s in the exsmpl@d‘ﬁtT,t .
obtained under slightly different conditioris4j. Direct fitting ormation of ‘analogous compiexes may be important in
of eq 1 using Mathematica yielded anof 0.2. A value of understanding the biochemical and physiological actions of

o below 1.0 indicates positive cooperativity of the two bo_lr_ate. lex f i involve bindi ¢
inhibitors. Additionally, a reciprocal plot of the initial ernary compiex formation may invoive binding o

velocity as a function of borate at variable concentrations 4—am|n0butanofbor|c acid monoestgr from solutpn, bgt
of 4-aminobutanol is predicted to yield a series of linear more probably mvolve_:s _esterformatlon at the t_rypsm active
relationships described b6) site. From a mechanistic standpoint, the binding of borate

to His*” N, (21) and 4-aminobutanol to the S1 specificity

1 K Il 1 K K{[I] pocket of the trypsin could provide an initial structure leading
=S [14+ [B] + 14+ — 4 — ) to the formation of a covalently linked complex. In some of
v [SIVmaKe ok, Vimax\  [S]  [SIK the ligand-borate kinetic studies of Pizer and co-workers

(2) (29, 30), the substitution reaction leading to biligand
complexes occurs more rapidly than the addition reaction

The corresponding Yonetanirheorell plot 6, 27) was fit of the first ligand to the B(OH) Thus, the hydroxyl groups
using two adjustable parameteYsx anda (Figure 3), and of Sef® and 4-aminobutanol could substitute for the
yielded a similar valueo{ = 0.23). The (negative) concentra- hydroxyl ligands after formation of the initial complex with
tion at the point of convergence corresponds-toKe. histidine. Nevertheless, a boronate substitution reaction does
Although this degree of cooperativity is significant, it is not seem to be significant for inhibition by boronic acids
considerably below the level that is observed for the which appear to react only in the acid forr@l( 32). We
cooperative inhibition ofy-GT by a serine and borate also note that there have been several reports on the
mixture. The data in Table 1 of Tate and Meist8) &long formation of ternary complexes formed from serine proteases
with some reasonable assumptions yieldoaof ~104 for with boronate inhibitors and alcohols or polyoB3¢-35). It
the L-serine-borate complex and ao of ~1073 for the has been suggested that such complexes may form the basis
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for the development of more potent and specific inhibitors,
although the realization of such inhbitors is apparently not
straightforward 86, 37). Such structures suggest the pos-
sibility of analogous doubly substituted borinic acid inhibitors
(38) or related constructs. However, for some of these

examples, no cooperative inhibition has been demonstrated,

while for the complexes that involve tetrahedral boronate

adducts, the ligands might be expected to compete with the
enzyme for the boronate rather than to enhance inhibition.
The latter conclusion is suggested by previous studies of
serine protease inhibition by aryl boronic acids that show a

reduction in the level of inhibition at high pH, which has

been interpreted to indicate that only the acid forms are active

as inhibitors 81, 32).
In addition to the physiological significance of ternary

complex formation by serine proteases, borate, and alcohol,
the observation of such complexes has important implications

for the development of tight binding ligands, as in the

example ofy-GT discussed above. Thus, as noted above,

the y-GT inhibitor L-2-amino-4-boronobutanoic acid, ob-
tained by replacing the labile serinborate ester with a
nonlabile methylene linker, exhibits potency more than 4
orders of magnitude greater than that ofL.aserine/borate
mixture (7, 8). Thus, identification of an alcohol, ROH,
capable of forming a ternary complex implies that the

corresponding boronic acid, RGB(OH),, will be a more

potent inhibitor. Further, since the active site serine is subject

to tetrahedral adduct formation with aldehydas, 40) and
fluoroketones41, 42), one can predict that RGBHO and
RCH,(C=0)CFRR" will also be inhibitors. More generally,

the ability of borate to coordinate with other types of ligands
such as the ring nitrogen of histidine or carboxylate groups

suggests that the use of this strategy may be subject to

significant extrapolation. Further studies on related alcehol
borate-trypsin complexes are currently in progress in our

lab.
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