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ABSTRACT. An understanding of the physiological and toxicological properties of borate and the utilization

of boronic acids in drug development require a basic understanding of borate-enzyme chemistry. We
report here the extension of our recent NMR studies indicating the formation of a ternary-aicateot

trypsin complex. Crystallographic and solution state NMR studies of porcine trypsin were performed in
the presence of borate and either of three alcohols designed to bind to the S1 affinity subsite:
4-aminobutanol, guanidine-3-propanol, and 4-hydroxymethylbenzamidine. Quaternary complexes of trypsin,
borate, S1-binding alcohol, and ethylene glycol (a cryoprotectant), as well as a ternary trypsin, borate,
and ethylene glycol complex have been observed in the crystalline state. Borate forms ester bonds to
Serl195, ethylene glycol (two bonds), and the S1-binding alcohol (if present). SpectrdHrand 1'B

NMR studies confirm that these complexes also exist in solution and also provide evidence for the formation
of ternary trypsin, borate, and S1-subsite alcohol complexes which are not observed in the crystals using
our experimental protocols. Analysis of eight crystal structures indicates that formation of an active site
borate complex is in all cases accompanied by a significad®4) increase in thé-axis dimension of

the unit cell. Presumably, our inability to observe the ternary complexes in the crystalline state arises
from the lower stability of these complexes and consequent inability to overcome the constraints imposed
by the lattice contacts. A mechanism for the coupling of the lattice contacts with the active site that
involves a conformational rearrangement of GIn192 is suggested. The structures presented here represent
the first crystallographic demonstration of covalent binding of an enzyme by borate.

Boric acid has a wide range of industrial applications and  Biochemical studies of the enzymeglutamyl transpep-
is a common constituent of insecticides and wood preserva-tidase ¢GT) initially reported in 1959 11) led to the
tives (). It has been reported to exert a broad range of proposal that this enzyme could synthesize its own inhibitor
physiological effects, among the most provocative that it by stabilizing a labile ester linkage betweesserine and
functions as a regulator of the inflammatory respore ( borate, both bound in the active site. The resulting ternary
Moderate borate levels have also been found to interfere withcomplex was proposed to function as a mimic of the
male reproductive function3]. Recent interest in borate transition state, with a tetrahedral borate anion linked to the
compounds has been sparked by studies of 2-aminoethoxy-serine @, and to indeterminate residues of the enzyf. (
diphenyl borate (2-APB)an inhibitor of store-operated €a  Support for this hypothesis was recently obtained by the
channels4, 5), and by a furanosyl borate diester that appears construction of an isomeric boronate compoun#;amino-
to function as a universal signal for communication among 4-horonobutanoic acid (ABBA)in which the putative labile
bacteria 6). Boronic acid compounds, and particularly ester bond was replaced by a nonlabile methytesaron
boropeptides, are well-known inhibitors of serine proteases pond (L3, 14). The successful development of a more
(7, 8), and borate itself weakly inhibits these enzym8s (  selective and potent inhibitor for this enzymthe K; of
10). An understanding of the physiological and toxicological Appga is more than 4 orders of magnitude lower than an
properties of borate, as well as the exploitation of boronic equimolar serineborate mixture 15—has important im-
acid functionality in drug development, require information plications for the more general development of enzyme

about the interaction of borate with enzymes and other jnpinitors. Although a structural characterization of the
biological macromolecules. yGT—serine-borate ternary complex would provide the

Towh J Hould be add 4 Robert E. Lond most direct approach for verification of this hypothesis, it
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propanol; 4AB, 4-amino-1-butanol; pHMBA, 4-hydroxymethylbenz- Proteases fulfill a broad range of biochemical functions,
amidine. making many of the enzymes in this class attractive drug
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targets 7). For example, these enzymes play important roles sequence changes were made to match the expected porcine
in apoptosis 16, 17), bacterial {8), and viral (9) patho- pancreatic trypsin sequence. All models were refined using
genesis, neoplasi2(—22), blood coagulation23), fibrin- a maximum likelihood target against all intensities using CNS
olysis @4), T cell activation 25), and complement activation  (37). Force parameters were taken from the AMBER force
(26). Hence, the development of serine protease inhibitors field (38). All hydrogen atoms were used so as to model

is of considerable practical interest. their weak but significant contribution to the X-ray scatter

We have recently obtained kinetic and NMR evidence for @nd to avoid producing models in which deduced hydrogen
the formation of an analogous ternary complex formed from POsitions necessarily cause clashes with each other or with

the enzyme trypsin, borate, and 4-aminobutanol (4ABh non-hydrogen atoms. lons €aNa', Mg?*, and SQ? were
the latter alcohol, a lysine analogue, selected to bind to theidentified based on coordination geometry and distance,
S1-subsite of trypsin. In that study, th and B NMR ligand type, electron density maps considering the refined

data indicate the formation of a complex characterized by occupancy and B-factor, and the known calcium binding site.
covalent bonding of the borate to the hydroxyl oxygen of Alternate conformations were modeled where difference
Ser195 and to the alcohol function of 4AB. The X-ray e€lectron density and reasonable hydrogen bond and VDW
crystallographic and NMR studies described here were contacts suggested that two or three conformations would
undertaken to obtain more direct evidence for the proposedbetter represent the data. The relative occupancies were
borate complexes, and represent the first crystallographicchosen to reduce difference density as much as possible.
evidence for covalent adduct formation involving an enzyme. Occupancies of water molecules were refined while manually
These observations have important implications for the usemonitoring free-R factors to avoid overfitting the data.
of enzymes as active participants in the design of potent andModels and scaled intensity data have been deposited in the

selective inhibitors Z7—34). PDB (see Ta_ble 1 for codes)._ _ _
NMR StudiesType IX porcine pancreatic trypsin was
MATERIALS AND METHODS obtained from Sigma (St. Louis, MO). Guanidino-3-propanol

(G3P) and 4-hydroxymethylbenzamidinpHMBA) were
Crystal Preparation.Type IX porcine pancreatic trypsin  custom synthesized by UNIC, LLC (Research Triangle Park,
(Sigma, St. Louis, MO) was dissolved to a final concentration NC), and 4-aminobutanol (4AB) was obtained from Aldrich
of 30 mg/mL in 100 mM G3P.The pH was adjusted t0 8.0  (Milwaukee, WI).'H and'B NMR spectra were obtained

with NaOH, and the stock solution was stored a€4 Initial on a Varian Unity 500 NMR spectrometer operating at 160.6
crystals grew within several days of setup in sitting drop MHz for boron. The'H spectra were obtained at°& and
vapor diffusion experiments (2. of protein plus 2 or 3iL utilized a jump and return sequence to suppress t@ H
of well solution) in which well solutions contained 1+:6.8 resonance39). The lower temperature was used in fie

M MgSO,, 50 mM HEPES or Tris (pH 8.0), and 5 MM  NMR studies to limit the exchange broadening of the
CacCl. Boric acid was adjusted to pH 8.0 with NaOH and imidazole NH proton resonances. Th& NMR studies also
added to well solutions for final concentrations of 0, 5, 30, used high (500 mM) borate concentrations to inhibit pro-
and 90 mM; however, no crystals were observed in drops teolysis of the trypsin. Th&'B studies utilized only 25 mM
made with 30 or 90 mM borate. Crystals were harvested into porate to minimize the complexity arising from nonspecific
solutions containig 2 M MgSQ,, 50 mM HEPES (pH 8.0),  binding of the borate to potential impurities or to additional
50 mM G3P. They were then transferred 4 times to fresh, sites on the trypsin. Nevertheless, as noted below, we do
inhibitor free drops containing 8L of 2 M MgSG,, 50 obtain evidence for additional (non-active site) binding
mM HEPES (pH 8.0), and 5 mM Cagbver a period of 3 interactions at 25 mM boratéH spectral parameters were:
h. The structure of the resulting crystals was solved confirm- sweep width, 16 kHz; acquisition time, 1.0 s; transients, 2000.
ing the absence of S1-subsite inhibitors. These crystals wereThe 1B spectra were obtained at 26 using a 5-mm quartz
further soaked into solutions containing either 5 MM NMR tube (Wilmad, Buena, NJ) and a 5-mm Nalorac probe
pHMBA™ or 100 mM 4AB to produce alternate S1-subsite (Martinez, CA), which had been modified to reduce the boron
complexes. To produce trypsin/borate/ethylene glycol (EG) background!'B spectral parameters were sweep width, 10

complexes, the above crystals were further soaked inkHz; acquisition time, 0.6 s; transients, 44 408 shifts
solutions also containing 200 or 250 mM borate (pH 8.0) are referenced to external boric acid at pH 4.0.

for 1—20 min and then transferred to an 80:20 (v/v) mixture
of the same solution with EG. Crystals were flash frozen in RESULTS

||qL||d nitrogen. Since, as discussed beIOW, it was found that E|ght Crysta| Structure£rysta|s of porcine trypsin were
the use of EG as a cryoprotectant typically resulted in the prepared with either a vacant S1-subsite or with the S1-
formation of a quaternary complex, some crystals were sypsite occupied by one of three alcohols, selected for their
transferred to saturated magnesium sulfate, which served aproperties as substrate analogues: guanidine-3-propanol
an alternative cryoprotectant. (G3P, an arginine analog), 4-aminobutanol (4AB, a lysine
Data Collection and Refinemerata were collected using  analogue), angara-hydroxymethylbenzamidingglMBA,
a Rigaku rotating anode generator and R-AXIS IV detectors an analogue gf-amidinophenylalanine which has also been
(Molecular Structure Corporation). Data were reduced with incorporated into substrates for trypsin and related enzymes
DENZO and SCALEPACK (HKL Research@®). As a (40). Each compound contains a positively charged group
starting model, PDB model code 1AKS6] was downloaded  on one end and an alcohol function on the other. Each of
and reothogonalized to adjust for slight differences in unit the resulting four crystal structures was solved, and the
cell dimensions. The starting model backbone was also presence or absence of substrate analogue was confirmed.
reconnected after residue K145, and N165D and Q186E Crystals from each of the four conditions were then soaked
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in solutions containing borate to form covalent complexes. bond to a solvent EG molecule occupying part of the S1-
As discussed further below, EG, used as a cryoprotectantsubsite. In addition, the hydrogen bond donated by His57 is
during data collection, fortuitously formed an important part stretched to 3.4 A, and also is bridged by a water molecule
of the covalent complex. (Figure 1a). In the presence of borate and EG, Serl95 is

Structural Querview. The trypsin crystals belong to the seen covalently bonded to the tetrahedral borate anion. The
orthorhombicP2,2;2; space group, with a single trypsin EG molecule forms a five-membered ring with the boron
molecule in each asymmetric unit. The overall structures of center (Figure 1b,d,f,h). When compared to the corresponding
the trypsin complexes presented here are very similar to eachstructures not containing borate, Ser195 adopts a similar
other as the eight superposed models produce pairwise RMSotomer, but the @ moves as muchsal A toward His57.
deviations based on 2230 ranging from 0.10 to 0.41 A.  His57 in turn rotates slightly about thex€ Cj bond, moving
Likewise, when the eight models are superposed with the away from Ser195 and lining up to donate a hydrogen bond
starting model used for molecular replacement (PDB code to an ester oxygen in the five-membered ring of the borate/
1AKS?9), the RMS deviations from 223 «Cs range from EG complex (Figure 1b,d,f,h).

0.28 to 0.39 A. Figure 1 illustrates the active sites where Additional Features of Crystal Structuresilternate

the most significant differences between the eight structuresconformations of some parts of the models were observed
are seen. On the left side (Figure 1a,c,e,g), the four structuresand modeled in each of the structures presented here. Most
lacking borate are shown. Each structure can be compareddf these involve two discrete conformational alternatives with
with its counterpart on the right side (Figure 1, panels b, d, occupancies near 50%. Relevant to discussions of this paper
f, and h, respectively) in which borate forms a covalent are the two conformations adopted by G3P in the absence
adduct with the active site Ser195 hydroxyl group. In each of borate/EG. The guanidinium group flips 180 degrees to
of these cases, the two hydroxyl groups of the EG cryopro- form different hydrogen bonds with neighboring groups
tectant substitute for two of the remaining three hydroxyl (Figure 1c). Also, the hydroxyl group @dHMBA rotates
groups on the borate. The fourth borate hydroxyl group is about 120 degrees to form hydrogen bonds with either Ser195
free (Figure 1b) or substituted by the alcohol function of OH or a sulfate ion modeled as being present only 60% of
the substrate analogue bound to the Sl-subsite (Figurethe time. Worth mentioning for their structural significance
1d,f,h). Evidently, the flexibility of the serine/borate linkage are the two to three distinct conformations of the disulfide
allows a covalent bond to form with the substrate analogue bond between Cys191 and Cys220 (see the upper left corner
without disrupting its binding. of Figure la-g in Supporting Information).

Binding Site A detailed look at S1-subsite and active site  In addition to active site features, these structures present
residues reveals which ones appear unchanged and whiclseveral other noteworthy characteristics. The covalent binding
must rearrange to accommodate the borate binding. In theof borate/EG is associated with a significant change (about
S1-subsite, Asp189 is positioned to balance the positive 2 A or almost 4%) in the crystal unit cefkaxis. The side
charge of the incoming substrate lysine or arginine. In the chain of GIn192 appears to play an important role in this
structures presented here, Aspl89 coordinates the G3Rransition. In the absence of borate, the GIn192 amide group
guanidinium group and theHMBA amidino group directly is folded toward the active site (Figure 2). When borate
(Figure 1c,d,qg,h), while the 4AB amino group makes contact occupies the active site, the side chain extends outward and
to Asp189 through a bridging water molecule (Figure 1e,f). makes a hydrogen bond with Asn233 in another trypsin
When no substrate analogue is present, a solvent EGmolecule related by crystal symmetry. The symmetry-related
molecule occupies part of the Sl-subsite and Aspl189 molecule must move away along thexis to accommodate
coordinates a sodium ion identified based on its coordinating the new side chain conformation. Other interactions may also
neighbors, distances, and geometry (Figure 1a,b). Despitebe responsible for favoring the extendedxis, but appar-
the varied contacts that Asp189 makes in these structuresgntly the lattice contacts readily tolerate this transition when
the similarity with which the carboxylate side chain aligns crystals are soaked in borate-containing solutions followed
when all eight structures are superposed suggests that théy a 20% EG solution. There is no apparent damage to the
residue is well anchored in the trypsin structure. Even when crystal, and the change was shown to be reversible by
the alcohol adopts two distinct alternate conformations collecting data from a borate/EG-soaked crystal, then thawing
(Figure 1c), the side chain is well ordered and refines with the crystal in a saturated Mg%®olution for 30 s, refreezing,
relatively low B-factors. With generally little variation, and collecting a second data set. The first structure showed
Ser190 and several other residues not shown in Figure 1 alsclear presence of the covalent complex and exhibited the
help to coordinate the occupant of the S1-subsite with both larger unit cell b-dimension, while the latter (data not shown)
side chain and main chain hydrogen bond and van der Waalscontained no borate and had-~a2 A smaller unit cell
contacts. More detailed presentations of the active site b-dimension.
electron densities are included as Supporting Information. Proton and Boron NMR Studie$o compare the crystal-
On the other end of the Sl1-subsite, Serl95, His57, andlographic results with the solution behavior of this system,
Aspl102 (chymotrypsin numbering used throughout) form the NMR was used to follow the effects of titration of ethylene
catalytic triad of this serine protease. In each structure (Figureglycol into samples initially containing trypsin, borate, and
la—h), Aspl02 accepts a hydrogen bond from His57. When either of the three alcohols 4AB, G3P, @HiMBA. Prior to
a substrate analogue is noncovalently bound in the S1-subsiteéhe addition of EG, thé'B NMR spectrum of the trypsia
(Figure 1c,e,g), Serl95 accepts a hydrogen bond from His57borate-G3P containing sample exhibits two resonances at
and donates a hydrogen bond to the alcohol function present-1 and—17.4 ppm corresponding to uncomplexed borate
on each substrate analogue. When no substrate analogue igctually a concentration weighted average due to the boric
present (Figure 1a), the Ser195 hydroxyl donates a hydrogenacid and borate forms of the molecule) and to the borate
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Ficure 1: Identical views of the active site of porcine trypsin from eight separate crystal structures. Each figure shows the side chains for
the three residues of the catalytic triad, His57, Asp102, and Ser195, as well as Asp189 located at the end of the S1 specificity subsite. The
positions of the S1-binding alcohols, borate, ethylene glycol, selected water molecules (red spheres), and sodium ions are also indicated.
In addition to the use of red and blue color coding of oxygen and nitrogen atoms, respectively, boron is indicated in green, sodium is in
cyan, sulfate sulfur is in yellow, and carbon atoms in the alternate positioning of guanidino-3-propapétydrdxymethyl benzamidine

are tinted purple. (a) No S1-subsite specific inhibitor or borate is present. The S1-subsite is occupied by a sodium ion, a water molecule,
and an ethylene glycol molecule which hydrogen bonds to Ser195. (b) No S1-subsite-binding alcohol is present, but borate/EG is covalently
bound as indicated. Sodium and free ethylene glycol occupy the S1-subsite, similarly to observations in Figure 1a. (c) The S1-subsite is
occupied by G3P which appears to adopt two distinct conformations (X-ray data are consistent with 55% conformation one shown with
carbon in white and 45% conformation two shown with carbon in purple). (d) The S1-subsite is occupied by G3P. Borate forms a covalent
complex with G3P, EG, and Ser195. Only conformation two from panel ¢ is seen. (e) The S1-subsite is occupied by 4AB. The primary
amino group does not make direct H-bond contact with Asp189, but rather a water molecule bridges the opposite charges, and the narrower
dotted line indicates a 3.4 A salt bridge between a Asp189 carboxyl oxygen and the 4AB amino group. (f) The S1-subsite is occupied by
4AB which is part of a covalent complex with borate, EG, and Ser195. The amino group lies 3.3 A from Asp189 (essentially the same
place as in panel e) and interacts through a similarly placed water molecule. The 4AB hydroxyl group, however, shifts to form a covalent
bond with the borate. (g) The S1-subsite is occupiecpHWIBA. Two distinct arrangements are visible (data are consistent with 65%
conformation one shown with carbon in white and 35% conformation two shown with carbon in purple). In conformation pH&)Bre

hydroxyl group donates a hydrogen bond to a sulfate ion modeled as having 60% occupancy. In conformation two, the hydroxyl group is
rotated about 120 deg to form a hydrogen bond with a water molecule with 40% occupancy. (h) The S1-subsite is ocqiiléBl by

which is covalently bonded to borate, EG, and Ser195. The orientatiphllBA resembles that in panel g, except that compared with

the positions seen in panel g, the hydroxyl group (covalently attached to borate) is rotated abdudrt dnformation one or about 160

from conformation two.
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observed shift, this resonance arises from a borate complex,
and presumably corresponds to an interaction with another
site on the trypsin, or to a complex formed with an impurity.
The identity of this resonance is currently under investiga-
tion.

A parallel'H NMR examination of the downfield shifted
) resonances arising from His57 confirms this analysis. The
---- \ / ternary trypsin-borate-G3P complex is characterized by
] 7 ) two proton resonances at 15.4 and 16.6 ppm, indicating the
imidazolium form of the histidine side chain (Figure 4a).
By analogy with the trypsiftboropeptide complexes studied
by Tsilikounas et al.41), these resonances are assigned to
the labile HH1 and H2 protons, respectively, on the histidine.
Addition of EG results in the appearance of two new
resonances at 15.1 and 16.8 ppm, which are assignedo H
and H2, respectively, of the quaternary complex. As in the
1B NMR study discussed above, continued EG addition
reduces the signals corresponding to the ternary complex as
the signals arising from the quaternary complex increase.
Another interesting feature of the spectra shown in Figure 4
is the H1 line width difference observed between the ternary
and quaternary complexes. The chemical exchangeddf H
in the ternary complex leads to a broad resonance, and limits
the observation of 2D NOESY cross-peaks td1Hn this
system. However, in the quaternary complex, this resonance
sharpens considerably, indicating a more stable structure.
Mechanistically, this effect probably arises from the stabi-
lization of the tetrahedral borate coordination imposed by

} o . . . the bidentate ligation of the EG. Th#d NMR spectra

FicurRe 2: Examination of a series of eight trypsin structures

indicates that formation of an active site borasécohol complex obtained from an EG titration study of the trypsiborate-

is accompanied by expansion of the crystal parallel tohtfzeis 4AB complex shows a qualitatively similar pattern, both in
of the unit cell. The above figure illustrates ancarbon trace  terms of the shifts and broadening of théHresonance
corresponding to the active site of one trypsin molecule (shown in (Figure 4b). 2D NOESY experiments performed on the
white) and the proximate residues of a symmetry-related molecule o ) hjexes noted above were consistent with the histidine
(shown in brown). Several of the side chains have been drawn in . o A . .

as well. The upper trace corresponds to the structure shown in@sSignments indicated in Figures 4 and 5 but did not provide
Figure 1g, in which pHMBA is bound to the Si-subsite of the definitive assignment information.

enzyme. Side chains corresponding to the residues of the catalytic 1B NMR spectra were also obtained for mixtures of borate
triad (H57, D102, and S195), D189, Q192, and the disulfide bond ang ethylene glycol in the absence of trypsin. These spectra

connecting C191 and C220 are also indicated. In the lower trace, .
corresponding to the structure depicted in Figure 1h, formation of are characterized by a broad resonance ¥.3 ppm and a

the borate complex is shown to be accompanied by a significant Smaller, broad resonance afl0.2 ppm (data not shown).
change in the conformation of Q192, so that it extends toward the On the basis of the studies of Coddington and Tay@),(

symmetry-related trypsin molecule in a direction that approximately these resonances correspond to the EG complexed with
parallels the crysta-axis. borate and triborate @®s1), respectively. On the basis of
anion bound to the enzyme, respectively (Figure 3a). As in the line width, the lifetime of the borate/EG complex is
our previous study of the interaction of trypsin with 4AB estimated as 0.55 ms. Addition of trypsin led to further
and borateX0), the'B shift of the bound borate corresponds broadening of the resonances. Thus, although a ternary
to a tetrahedral borate anion, which is presumably esterified trypsin/borate/EG complex may form, the lifetime is con-
to the oxygen atoms of both Ser195 and G3P. Addition of siderably shorter than that of the trypsin/S1-binding alcohol/
EG results in the appearance of an additional resonance aborate complexes observed by NMR. We note that'tBe
—13.3 ppm, which we assign to the quaternary trypsin/G3P/ NMR spectra of the trypsinborate-alcohol systems ob-
borate/EG complex observed in the crystalline state (Figure tained at 800 mM EG (Figure 3) also show some evidence
1d). Successive additions of EG result in further increases of these broad resonances ned0 and—12 ppm, consistent

in the intensity of the-13.3 ppm peak and to decreases in with the assignment of these peaks to bor&& and
intensity of the —17.4 ppm peak, corresponding to the trypsin—borate-EG complexes noted above,

gradual conversion of the ternary to the quaternary complex. In contrast to the results obtained for the 4AB and G3P
Qualitatively similar results were obtained #B NMR complexes, thgHMBA formed a different type of ternary
studies using either of the other two alcohols (Figure 3b,c). complex in solution. ThéH NMR spectrum of the His57
We note also that in many of the spectra, the resonanceprotons reveals only a single proton resonance at 15.6 ppm
identified as the “ternary” complex exhibits an upfield (Figure 4c), rather than the two resonances observed in the
shoulder. This shoulder is not readily observed using 5 mM other ternary complexes (Figure 4a,b). Analogous observa-
borate (0), but becomes apparent at the higher 25 mM borate tions on related systems have been interpreted to indicate
concentration used in these studies. On the basis of theformation of a type Il complex, in which the borate or

ymmetry
Mate
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Ficure 3: 1B NMR spectra obtained on samples containing 2 mM porcine trypsin (type IX), 25 mM borate, and (a) 25 mM G3P; (b) 25
mM 4AM; or (c) 25 mM pHMBA and the ethylene glycol concentrations indicated. TBeNMR spectra were obtained at 160.6 MHz,

25° C, using a 5-mm quartz NMR tube and a probe which was modified to reduce boron background. The samples also contained 50mM
HEPES buffer (pH 8.0).!B shifts are referenced to external boric acid at pH 4.0. Spectral parameters were sweep width, 10 kHz; acquisition
time, 0.6 s; transients, 44,400, for a total acquisition time of 7.4 h. The spectral region containiig teeonance of free borate/boric

acid at 1.0 ppm is not included in the above figures.
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Ficure 4: 'H NMR spectra showing the His57 resonances of trypsin in the presence of 500 mM borate, and (a) 25 mM G3P; (b) 25 mM
4AB; or (c) 25 mM pHMBA, as a function of added ethylene glycol. The resonances labeled T or Q are assigned to the ternary and
guaternary complexes, respectively. The spectra were obtained at 499.9 MEizoH samples containing 2 mM trypsin, 500 mM borate,

100 mM KClI, pH 8.0, 25 mM of either G3P, 4AB, or pHMBA, and the concentrations of EG indicated in the figure. Spectral parameters
were: sweep width, 16 kHz; acquisition time, 1.0 s; delay between scans, 1.0 s; transients, 2000, for a total acquisition time of 1.1 h; a
jump and return sequence to suppress th® Fesonance was use89j.
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Scheme 1
HoN NH* HoN NH,
/H61 N,
NS,
/// + EG Higb7
0 Ne,
His” He.”
Oy — N Y > SN B/_ j 2
/ o
Ser'%?  oOH Ser'% o}
Table 1: Crystallographic Data Summary
Figure 1 reference a b c d e f g h
S1-subsite specific inhibitor none none G3P G3P 4AB 4AB pHMBA pHMBA
borate soaking [1(mM) (none) 200 (none) 200 200 200 250 200
time (min)  (none) 1620 (none) 2 1620 10-20 1 10
cryoprotectant 20% EG 20% EG 20% glycerol 20% EG satMgSQO0%EG satMgS® 20%EG
resolution (A) 17 1.85 14 1.8 1.25 1.85 145 2.2
R-factof (%) working 17.6 17.6 17.6 15.5 16.3 15.5 15.4 21.2
free R° 21.6 21.4 18.1 19.8 17.8 17.7 17.9 254
completeness (%) 98.0 99.8 89.6 99.8 92.4 99.9 89.1 99.8
redundancy 10.2 6.6 7.5 9.7 7.6 6.6 6.0 8.3
/o overall 16.0 21.0 25.1 20.3 21.7 20.6 27.6 20.5
last shell 8.6 5.6 3.2 4.1 4.2 4.8 4.0 6.4
R-synf (%) overall 11.9 8.8 5.6 11.9 7.2 9.2 5.1 111
last shell 24.6 36.5 17.1 45.3 35.6 41.1 30.8 37.7
unit cell b dimension (A9 53.45 55.53 53.45 55.75 53.33 55.77 53.20 55.41
pdb code 31 182 1S 16F 183 184 16H 185
aR-factor= Y ||Fo| — |F¢||/3| Fol calculated from working data sétFree R is calculated from 5% of data randomly chosen not to be included
in refinement Rsym= 3 (| I; — OO)/3 (I;) wherel; is the intensity of théth observation andillis the mean intensity of the reflectiohUnit cell

a andc dimensions range from 75.7 to 76.4 A and 46.5 to 46.9 A, respectively.

boronate inhibitor interacts directly with the HiseR structures containing boric acid or borate molecules have
(possibly in addition to Ser195), so that only the histidine been reported (e.g., ketose reducta46) @nd xanthine-
HO1 proton is observed4(, 43, 44). On the basis of the  guanine phosphoribosyl-transferasé7)j, none to date
observed crystal structure of the trypgiHMBA/borate/EG involves a covalent linkage. The recently reported crystal
quaternary complex (Figure 1h), addition of EG would be structure formed from a complex of the bacterial sensor
expected to displace the histidine from the borate, so thatprotein LuxP with a furanosyl borate autoinducer contains
the four boron ligands are supplied by the trypsin Serl95 no covalent bonds between the borate and the pro&in (
oxygen, thepHMBA oxygen, and the EG, as shown in As demonstrated here and in our previous NMR stuld), (
Scheme 1. borate complexes can be stabilized by the presence of
Examination of the'H spectrum as a function of EG additional borate ligands that bind to the enzyme and/or
indicates that the complex observed in the crystal structure stabilize the tetrahedral hybridization of the borate. As noted
(Figure 1h) also forms in solution, with the His57 imidazole above, there is substantial indirect evidence for the formation
side chain gradually converted to an imidazolium cation in of an analogous ternary complex involving a related enzyme,
which both the M1 and N2 hydrogen nuclei can be y-glutamyl transpeptidasd 2—14). While no direct crystal-
observed (Figure 4c). We note as well that the interpretation lographic data have been obtained, the construction of a
given above indicates that thedl resonance does not shift transition state inhibiton,-2-amino-4-boronobutanoic acid,
significantly in going from the ternary to the quaternary which mimics the proposegt-GT/serine/borate structure,
complex. In the absence of the EG, the borate may actually provides strong support for the existence of such a ternary

bind to the His N2 or to both His N2 and Ser195 §, as
occurs, for example, in the complexpfchymotrypsin with
L-p-chloro-1-acetamido-boronic acid inhibitot5).

complex.

A comparison of the results obtained for the solution and
crystalline states provides some unique insights into the

formation and stability of the borate complexes. Solution
DISCUSSION state NMR studies were readily able to identify ternary
Although the structures of many complexes formed from complexes formed from trypsin, the S1-binding alcohols, and
serine proteases and boronate inhibitors have been deterborate; however, similar ternary complexes were not seen
mined (more than 80 structures of this type are listed in the in crystals placed in solutions containing as high as 250 mM
protein database), the structures reported here provide theborate at pH 8. As is apparent from Table 1, formation of
first crystallographic evidence for the formation of covalent active site borate complexes is in all cases accompanied by
bonds between borate and protein. While several proteina significant expansion of the crystal along thexis. A
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more detailed structural evaluation indicates that this expan-Scheme 2
sion parallels a conformational rearrangement, the main

H
. . . . . |
feature of which is the extension of the GIn192 side chain +H2N\ /N\/\/O\ /OH

in a direction approximately parallel to the crystallimexis
(Figure 2). The data are thus consistent with the conclusion T T
that the complexes formed from borate in the presence of NH, OH

ethylene glycol provide sufficient energy to fuel this con-

formational rearrangement and the resulting crystal expan-

sion. This in turn suggests that the stability of the ternary HoN E oH
complex may be insufficient to overcome the effects of e \C/ \/\/\B/
crystal packing, which produce a conformational state | |
characterized by a folded GIn192 side chain which intrudes

into the active site. In addition to this effect, sulfate ion,
present at 2.0 M concentration when MgS® used as a
stabilization solution (and higher concentrations when used H

as an alternative cryoprotectant), may block the active site. N N\/\/\ _-CFs
Indeed, the presence of a sulfate ion in the active site is ¢

apparent in the structure shown in Figure 1g; however, its |
occupancy is clearly less than 100%, suggesting that borate
binding may not be completely excluded by sulfate. More-
over, the structures in which borate and EG are bound are
also determined in the presence of 2.0 M MgSitlit appear

to have 100% occupancy borate/EG bound. This analysis
illustrates the value of NMR in providing complementary
solution state information for analysis of structures involving
weak binding ligands.

The quaternary trypsin/S1-binding alcohol/borate/EG com-
plexes, however, were readily observed both in the solution
and crystalline states. For these complexes, the NMR titration
data indicate that EG binding is rather weak, requiring very e
high concentrations of EG to convert from ternary to
quaternary forms. However, the quaternary, EG-containing
complexes are kinetically more stable, as indicated, for
example, by the sharpéid1 resonances for the quaternary S . o ;
complex seen in Figure 4, and by our ability to observe them to subch |nh|tt))|.tor3. T.hﬁ alEOhOIS |dent|f|edb||n Sl]fcil;. Sdt.Ud'eS
in the crystalline state. It has been proposed that the catalyticfr?; nﬁc(fg(;n hlirl]i?; OV)Z't e?wt gfr %reor?npe; ?%;))a sﬁc?n alsn tlr?g o
efficiency of the enzyme arises in part from the creation of il tﬁ | ket Y9 h ! S 'h 5
an oxyanion hole which stabilizes the transition state of the rifluorometnyl ketone group SNowN In SCNEMe 2.

substrate48). In the active site complexes studied here, the i Qltreoi%g;Tth2|C§2§||§ UUS:Sd fc;;(tj?;:éu?(')eiirrfgotge?h‘geéi
oxyanion hole is occupied by borate. Since the bidentate P g P

ligation of the EG imposes geometric constraints that strongly speificity pocket on the enzyme, different and more complex

favor the tetrahedral, anionic form of borate, EG complex- alcohols could in principle be identified via a screening

ation effectively contributes to the stability of the complex g;;?ég?og rctr:rthjJ?;ngreg?nlartQ:r?gelIggr.nT?eex:-:-dsevr\]/ﬂEcglr(i)r?e
via this electrostatic binding interaction. The ternary trypsin P 9 ry P

borate-EG complex observed in the crystalline state is not proteases and bqrate would appear to be a very attractive
easily identified in solution, although broadening of i alternative to a direct evaluation based on the synthesis of

resonances presumably results from an intermediate exchang oronate inhibitors. The lack of commercially available

rate between borateEG and borate EG—trypsin com- oronate inhibitors suggests that these are difficult to
plexes. Presumably, the lack of direct interactions betweensyntheSize' We note also that borate has been found to inhibit

the EG and the enzyme, as well as the competition with 55 other classes of enzymes, and particglarly metalloenzymes,

M water, explains the difficulty in observing this complex €.g., urease5(0) and arginaseS(L, 52).* Suenaga and co-

in solution. workers @7, 28) and Katz and co-worke_rsZQ) have N
In each of the four crystal structures complexed with proposed an analogous approach for enhancing the selectivity

borate/EG, Serl95 is covalently bound to boron regardlessmc boronate derivatives by searchmg for ternary _complgxe;.
SR - In general, the use of boronate ligands as starting points is
of the presence or absence of an inhibitor in the S1-subsite. A . S
. . . . much more limiting, both in terms of the availability of the

Interestingly, NMR studies of trypsin angHlytic protease boronate ligands and from a structural standpoint. As an
have indicated that formation of a binary complex with borate illustration gf this limitation, the ternar GT/seriﬁe/bdrate
involves binding to His57 K2 (trypsin), rather than with ' y
the Serl95 @ (43, 44). One explanation for this difference 3 _ _
is the possibility that the interaction of boric acid with In ref 51, the authors discuss a structure of a ternary arginase

L . . . . S orate-ornithine complex in which borate is bound to the manganese
histidine requires an addition reaction, while binding of the | ster, although we were unable to find this structure in the protein
borate/EG complex with trypsin would involve a substitution data bank.

NH, OH

o——0O

NH,

of a hydroxyl ligand by the Ser19540 The substitution
chemistry of borate has been studied by Pizer and co-workers
(49), and typically requires an incoming ligand, such as a
serine hydroxyl, which can donate a proton to a boron-
coordinated hydroxyl oxygen to form water, which then acts
as a leaving group. In any case, the crystal structure of the
trypsin/borate/EG complex indicates that the presence of the
EG alters the nature of the complex formed, perhaps as a
result of the geometric constraint introduced by the chelation
The present results extend the idea of using enzymes as
mplates for the organization of simple ligand building
blocks into more complex structures. Although such struc-
tures have direct implications in terms of the construction
of boronate inhibitors, the information derived is not limited
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complex led to the development of a strong inhibitd8,(
14), while studies of ternary alcoheboronate-yGT com-
plexes 28) have not as yet resulted in a significantly
improved inhibitor.

The studies reported here provide a particularly striking
example of the interaction of crystal packing with active site
structure. Formation of four active site complexes was only
feasible by forcing a 4% increase in the length of bhaxis
of the unit cell, within the context of the crystal structures
studied. This result has important implications for the use 4
of crystallographic analysis for drug lead discove®2-

34). The ability of the active site of an enzyme to accom-

modate ligands that are soaked into a preformed crystal must 15.

be considered in light of the subtle constraints imposed by ¢
crystal packing. For the case of weakly binding ligands, such
constraints may be of paramount importance.

18.
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NOTE ADDED AFTER ASAP POSTING

An earlier version of this paper was posted to the ASAP
website on February 18, 2004. Additional information on
the space group of the trypsin crystals (first sentence under
Structural Overview in the Results section) was added to
the current version posted February 27, 2004.

SUPPORTING INFORMATION AVAILABLE

Views of the active site that include electron density and
other atoms are provided for the eight separate crystal
structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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