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Abstract: The ring opening of 2-azetidinone via a neutrglCHassisted aminolysis process is studied using
different quantum chemical methods (MP2/6-31G**, B3LYP/6-31G**, and G2(MP2,SVP) levels of theory)

as a further step to the theoretical investigation of the aminolysis reacti@raztam antibiotics (Caz, N.;

Suaez, D.; Sordo, T. LChem. Eur. J1999 5, 1045-1054; Daz, N.; Steez, D.; Sordo, T. LJ. Org. Chem

1999 64, 9144-9152). The calculated pathways are analogous to those previously described for the amine-
assisted aminolysis reaction, a syn stepwise mechanism being the most favored one both in the gas phase and
in solution with an energy barrier of around 39.7 kcal/mtGtoutior). FOr this process the strong catalytic
action of one water molecule amounts to 23.0 (G2(MP2,SVP) electronic energy) Al@y8; (phasd, and 9.1
kcal/mol (AGsoiution). The water-assisted reaction between methylamine andotfeafoxypenam anion was

also studied at the B3LYP/6-31G* level of theory to model the specific role of water in the aminolysis of
bicyclic g-lactam antibiotics. For this system the most favorable attack aiNEH to the carbonylic group in

a low polar media can occur through simultaneous H-transfer to the carboxylate group assisted by the ancillary
water molecule with &\ Ggas prasdarrier of 31.0 kcal/mol with respect to separate reactants. A concerted route
becomes the most favored mechanism for the aminolysis of penicillins assisted by an ancillary water molecule
in aqueous solution. The structure of the concerted transition state is in agreement with the experimentally
reported Brgnste@-values close to unity. Interestingly, according to the experimental structure of thg Lys
active center of Human Serum Albumin, the mechanism for the aminolysis reactibtacfams in a protein
environment may be similar to the stepwise route found in the gas phase-ftarBoxypenam.

Introduction of these groups, Lysy, is also an important binding residue
f for other compounds such as acetylsalicylic acid, triodobenzoic
acid, etc.

To further understand the biochemical activity of these
antibiotics, the reaction gf-lactams with amines in aqueous
solution has been extensively studfed For a series of primary
monoamines, it has been found experimentally that the impor-
tance of the different terms contributing to the observed pseudo-
first-order rate constant for the disappearance offtactam
compoundsl—3 in Scheme 1 depends on the basicity and
concentration of the amine and the p#.

Thus, at high pH the aminolysis reaction @lactams1—3
proceeds predominantly via the specific hydroxide-catalyzed
rpathway while the kinetic constants on [RiHnd [RNH],?
corresponding to the uncatalyzed and the amine-catalyzed
aminolysis, respectively, are the predominant terms when weakly

Before reaching their biological receptors, molecules o
physiologically active compounds normally interact with blood
plasmid proteins to form weak or covalent complexes. This is
the case of the penicilloyl groups formed by reaction between
lysine residues in plasmid proteins and penicillin, which is
considered the major antigenic determinant of penicillin allergy
detected by the immune systém.

The Human Serum Albumins (HSAs) are the major soluble
protein constituents of the circulatory system, and hence are
involved in the transport, distribution, and metabolism of many
endogenous ligands (fatty acids, bilirubin, amino acids, metals,
etc.) and numerous pharmaceuticals as wéf.view of its
abundance in the human plasma and its functioning as a carrie
protein, recent experimental studies have focused on the binding
of penicillins to HSA3 Several benzylpenicilloyl-containing
peptides have been identified in different binding regions of  (4) (a) Page, M. IAcc. Chem. Red984 17, 144-151. (b) PageM. I.

HSA involving six different lysine residues. Particularly, one The mechanism of Reactions @flactamsIn The Chemistry of-lactams
Page, M. I, Ed.; Blackie Academic & Professional: London, 1992; pp

T Universidad de Oviedo. 129-147. (c) Georg, G. |.; Ravikumar, V. TThe Organic Chemistry
*The Pennsylvania State University. On leave from Universidad de of g-Lactams Georg, V. T., Ed.; VCH Publishers: New York, 1993.
Oviedo, Spain. (5) Gensmantel, N. P.; Page, MJl.Chem. Soc., Perkin Trans1879
(1) Levine, B. B.; Ovary, ZJ. Exp. Med.1961, 114, 875-904. 137-142.
(2) Peters, TAIl about Albumin: Biochemistry, Genetics and Medical (6) (&) Morris, J. J.; Page, M. II. Chem. Soc., Perkin Trans.1®8Q
Applications Academic Press: San Diego, 1996. 212-219. (b) Morris, J. J.; Page, M. I. Chem. Soc., Perkin Trans. 2
(3) (a) Nerli, B.; Romanin, D.; Picds. Chem.-Biol. Interact1997, 104, 198Q 220-224.
179-202. (b) Yvon, M.; Anglade, P.; Val. J. MFEBS Lett.1990Q 263 (7) Blackburn, G. M.; Plackett, J. Ol. Chem. Soc., Perkin Trans. 2
237-240. (c) Yvon, M.; Anglade, P.; Val. J. MFEBS Lett.1989 247, 1973 981-985.
273-278. (d) Yvon, M.; Anglade, P.; Val. J. MFEBS Lett.1988 239, (8) Yamana, T.; Tsuiji, A.; Miyamoto, E.; Mira, B. Pharm. Pharmac
237—-240. 1975 27, 56-57.
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Scheme 1 5, in which theanti/synisomerization is impeded, theoretical
calculation&? have shown that the most favored mechanism for
Qrz H E‘ H /]/:L aminolysis. in aqueous solution may be the concerted one in
jﬁ—fs ;C';?_l H j;-—rs \CgaH o contrast with earlier proposas.
° G NJ_‘ : 5 N\__)_ : Q From the previous theoretical and experimental work on the
o, coy NO, aminolysis of 5-lactams! ™12 it is clear that a computational
1 2 3 examination of the catalytic role played by an ancillary water
molecule may improve our understanding of these processes.
H s In the present work, we report a quantum chemical study of
/J;L );Nv/ J the water-catalyzed reactions between methylamine and two
o H N p-lactam models: 2-azetidinonkand the &-carboxypenam
€0, anion 5. This study will allow the specific effect produced
4 5 by a solvent molecule on these processes to be displayed. To
discuss the feasibility of the mechanisms found for the ami-
Scheme 2 nolysis of3-lactams in a protein environment, we will analyze
Gonerted H the Lysgg binding site of HSA using the crystallographic
echanism | K . . . . .
HoN N. coordinates availablé and discuss the possible interactions
RNH, \/ﬁg R between benzylpenicilli_n a_lnd t_his binding site._This analysis
N/H Tetrahedral could afford us further insight into the biochemical processes
+  or Steowise taking place in allergic reactions to penicillins.
) _O (RNHo), Mecﬁanism H
2-azetidinone EI\( anti Methods
INH
OHR RNH, Quantum chemical calculations were carried out with the Gaussian
anti/syn ass:‘l;ed 94 and Gaussian 98 systems of prografEor the reaction of
Isomerization 2-azetidinone, stable structures were fully optimized and Transition
H Structures (TSs) located at the MP2/6-31G** and B3LYP/6-31G**
N syn levelsi>16 All the critical points were further characterized by analytic
NH computation of harmonic frequencies at the B3LYP/6-31G** level.
OHR Thermodynamic data (298 K, 1 bar) were computed using B3LYP/

6-31G** frequencies within the ideal gas, rigid rotor, and harmonic
basic amines react witB-lactams in the biologically relevant  oscillator approximation¥’
pH range 6-8. Kinetic experiments?® have been interpreted To estimate the effect of larger basis sets and the more elaborated
in terms of a stepwise mechanism througyhitterionic inter- N-electron treatments on the relative energi(_as,_ electronic energie_s were
mediates for the aminolysis gflactams? In particular, Brensted ~ @lso computed for all the MP2/6-31G™* optimized structures using a
plots for the kinetic constants for the uncatalyzed aminolysis Modified version of the G2(MP2,SVP) scheffigo save a considerable
of 1-3 give slopes close to unity suggesting that a positive amount thhe computational cost of the QCI_SD(T)/6-3lG calculations
charge is developed on the amine N atom at the rate-determiningby reducing by 19 the number of basis functions, we assumed a formal
transition structure®’ However, the specific role that solvent (12) Diaz, N.; Steez, D.; Sordo, T. L.Chem. Eur. J.Manuscript

molecules could play in the mechanism of aminolysis of Su?g;t‘ég fﬁ; P)‘gb"\i/fét(i?:r-ter D. ONature 1992 358 209-215, PDB ID
p-lactams has not been clarified by experiments. code 1UOR. (’b) 'Sugl;’io, S, Moéhiiuki, S.; Noda, M.; Kashim’aP,@otein

To gain some theoretical insight into the thermal and amine- Eng.1999 12, 439-446, PDB ID code 1A06. (c) Curry, S.; Mandeikow,

assisted aminolysis of-lactams, we have previously studied i Brick P.; Franks, NNature Struct. Biol1998 5, 827835, PDB ID

the ring qpening of 'the simplegtlactam, 2-a;etidinoné, by (14) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.:
the reaction with either RNHor the RNH dimer (R = H, Johnson, P. M. W.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,

CHs).>* For these processes the ring opening of 2-azetidinone G- A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

may occur via a concerted mechanism or via stepwise pathways%oaa C,z;“f,(ﬂ' Ax]'ér':e%refnﬂa.”,’?gblié's egg’s(.:'Gt)'%ﬁ)é?tlg’ S Laﬁmer,; V|Y

passing through various neutral tetrahedral intermediates (Segrox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Scheme 2). Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 94 Gaussian, Inc.:

Pittsburgh, PA, 1995. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
The most favorable pathway for both the therhaadd RNH- Scuserig, G. E; Robb(, )M. A.; Cheeseman, J. R, Zakrzew%ki, V. G,

assistetprocesses is a stepwise mechanism that begins with Montgomery, J. A.; Stratmann, R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam,
a nucleophilic attack of RNto the carbonyl group leadingto  J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;

a neutral tetrahedral intermediate in which the attacking group Eﬁ][f%'}‘g' \é;-Cgiﬂt’e“r"s'&icimmpi»’e?é}s“é'g?"”é;”i’ABf; Ap;é?:"ibc'f.dgmo’g .

and the N lone pair have a synperiplanar relationship (see wmorokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
Scheme 2). For the monocyclic model system, 2-azetidinone, J. Bk.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, AH;

i ; i i i Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
this preferential orientation stems only fr_om elect_ronlc factors. T AlLaham. M. A Peng, é’. Y. Nanayakkara, A.: Gonzaiez, C.
The most favorable evolution of the intermediate proceeds cpajiacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.: Wong, M. W.
through an anti/syn isomerization followed by H-transfer  Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.
between the hydroxyl and the forming amino group with A. Gaussian 98, Résion A.G Gaussian, Inc.: Pittsburgh, PA, 1998.

: . (15) Hehre, W. J.; Radom, L.; Pople, J. A.; Schleyer, P. VARInitio
simultaneous cleavage of tifelactam ring (see Scheme 2). Molecular Orbital Theory John Wiley & Sons Inc.: New York, 1986.

Interestingly, for bicyclic systems such ae-8arboxypenam (16) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Becke,
A. D. Phys. Re. A 1988 38, 3098-3100. (c) Lee, C.; Yang, W.; Parr, R.
(9) Diaz, N.; Sueez, D.; Sordo, T. LChem. Eur. J1999 5, 1045-1054. G. Phys. Re. B 1988 37, 785-789.
(10) Diaz, N.; Steez, D.; Sordo, T. LJ. Org. Chem1999 64, 3281 (17) McQuarrie, D. AStatistical MechanicHarper & Row: New York,
3289. 1976.
(11) Diaz, N.; Steez, D.; Sordo, T. LJ. Org. Chem1999 64, 9144— (18) Curtiss, L. A.; Redfem, P. C.; Smith, B. J.; Radom,JL.Chem.

9152. Phys 1996 104 5148-5152.
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partition of the QCISD(T)/6-31G* contributions by decomposing it into Different approaches can be followed to calculate the electrostatic
two terms corresponding to a QCISD(T)/6-31G* calculation (estimated potencialVe. For the aminolysis of 2-azetidinone and the-Grboxy-
after having replaced the methyl group by one H atom using a standardpenam anion, the recently derived UAHF (united atom Hartfesck)
N—H bond length of 1.01 A) and a MP2/6-31G* term accounting parametrizatio#fd of the polarizable continuum model(PCM) was

for a formal isodesmic reaction step to consider the methyl effects. used, including both electrostatic and nonelectrostatic sekdient

We have already showhthat the absolute error due to this approxima- interactions. The solvation Gibbs energi€Gsovaionalong the reaction
tion is substantially lower than the average absolute deviation of the coordinate were evaluated from single-point PCM-UAHF calculations

G2(MP2,SVP) method (1.63 kcal/mol). at the MP2/6-31G** level for 2-azetidinone and at the B3LYP/6-&*
The main TSs for the pD-assisted aminolysis of 2-azetidinone were level for 3n-caboxypenam® The SCRF calculations were carried out
analyzed carrying out a Configurational Analysis (GAJhis inter- on the gas-phase geometries given that previous work on the uncata-

pretative tool rewrites a TS monodeterminantal wave function (built lyzed aminolysis reaction has rendered similar optimized geometries
in this work from the B3LYP/6-31G** MO¥) as a combination of both in the gas phase and in solutfon.
the electronic configurations of the interacting fragments, obtaining thus ~ To obtain results directly comparable with previous ones on the ther-
a more chemically graspable picture of the catalytic effect of the water mal and RNH-catalyzed aminolysis of 2-azetidinotié! the calculation
molecule. This analysis was performed using a revised version of the of V,, for the HO-assisted aminolysis of 2-azetidinone was also per-
ANACAL program?! In addition the electrostatically derived atomic ~ formed at the MP2/6-31G** level of theory using the solvation model
charges at the B3LYP/6-31G** level were also computed according developed by Rivail and co-workers at the University of Natfchhis
to the Merz-Kollman—Singh schemé? SCRF method employs a monocentric multipolar expansion of the

We note that the computational and interpretative procedures molecular charge distribution to compute the sohgelvent interaction
described above provide results which are readily comparable with thoseenergy and assumes a general cavity shape that is obtained using van
for the uncatalyzed and RNHassisted aminolysis of 2-azetidinone der Waals solute atomic spheres with modified radii (1.3Q84,2%2
previously studied 1t necessary to fulfill the volume condition.

Owing to the size of the @&carboxypenam anion, the B3LYP/
6-31+G* level of theory was used to study the water-assisted aminolysis Results and Discussion
of this bicyclic system, including diffuse functions in the basis set, to
get an appropriate description of the negatively charged sp&citss We present first the results corresponding to the water-assisted
level of theory was calibrated by studying the Potential Energy Surface aminolysis of 2-azetidinone, then those for tihe@rboxypenam
for the ammonolysis of a prototype system (2-formamide-acetate) at anion, and finally, we discuss the interaction between benzyl-
the B3LYP/6-3%+G* and MP2/6-3%G* levels of theory. For the MP2/ penicillin and a model of the Lysy binding site in HSA.
6-31+-G* optimized structures, electronic energies were recalculated  \\/ater-Assisted Aminolysis Reaction of 2-Azetidinon& he
using the G2(MP2,SVP) scheme. By carrying out a comparative o 1nration of the Potential Energy Surface (PES) for the neutral

: N -

analysis, we found that the B3LYP/6-8G* level of theory is adequate aminolysis of 2-azetidinone catalyzed by a water molecule

to study the aminolysis of thead3carboxypenam anion (see Results . . -
and Discussion in the text and Supporting Information). All of the rendered three possible pathways starting from two different

critical structures involved in the aminolysis af-&arboxypenam were ~ Préreactive complexes: a concerted one and two stepwise ones,
characterized and thermodynamical data were calculated from the theantiand thesynmechanisms. These pathways are analogous
corresponding B3LYP/6-3#G* frequency calculations. to those previously described for the Ri&ssisted aminolysis

To take into account condensed-phase effects on the kinetics andreaction©11
thermodynamics, quantum chemical computations on solvated structures  The optimized geometries of the main TSs located along the
were czaslrried out by means of a Self-Consistent-Reaction-Field (SCRF) concerted and stepwise reaction paths are shown in Figure 1.
model The solvent is represented by a continuum characterized by a Tape 1 collects the relative energies along the reaction profiles
relative static dielectric permittivity of 78.3 to simulate water as the obtained at the different levels of theorvy. TA& values
solvent used in the experimental work. The solute, which is placed in . . Y- gas phase/ et
a cavity created in the continuum after spending some cavitation energy,In Table 1 combine _the G2(MP2,SVP) electronlc*fnergles and
polarizes the continuum, which in turn creates an electric field inside the thermal corrections from the B3LYP/6-31G** analytical
the cavity. This interaction can be taken into account using quantum frequencies. As already mention€XiGsoivationfor 2-azetidinone
chemical methods by minimizing the electronic energy of the solute Was calculated at the MP2/6-31G** level using both the PCM-
plus the electrostatic Gibbs energy change corresponding to the UAHF model and the multipolar expansion model (Nancy

solvation process that is given by: model). The two series oAAAGsoaiion Values in Table 1 are
qualitatively similar and predict that the energy profiles with
AGgvation= ~1:Ein respect to reactants are destabilized in solution. The PCM-UAHF
model produces a destabilization which is about3cal/mol
whereEi is the solute-solvent interaction energy: greater than that of the Nancy model. Addition of the MP2/
= S VaRZ [V O e

(22) (a) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chem.

. . . . . . 199Q 11, 431-439. (b) Singh, U. C.; Kollman, P. Al. Comput. Chem.
In this equationVe is the electrostatic potential created by the polarized 1984 5 129-145.

continuum in the cativyR, andZ, are the position vector and charge (23) (a) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v.
of the nucleusy, respectively, and(r) is the electronic charge density ~ R.J. Comput. Cheml983 4, 294-301. (b) Gill, P. M. W.; Johnson, B.
at pointr. The factor—/, arises in the Gibbs energy from the factthat ~G.; Pople, J. A.; Frisch, M. hem. Phys. Let992 197, 499-505.

" . . S5 _ (24) (a) Rivail, J. L.; Rinaldi, D.; Ruiz-Lpez, M. F. InTheoretical and
the positive work required to polarize the medium is exactly one-half Computational Model for Organic Chemistijormosinho, S. J., Csizmadia,

t_he value Of the interaction energy in the Ilnt_ear '€Sponse approxima- | g _“arnaut, L., Eds.; NATO ASI Ser. C; Kluwer Academic Publishers:
tion.23 Addition to AGgas pras©f the solvation Gibbs energy, evaluated  pordrecht, 1991; Vol. 339, pp 792. (b) Dillet, V.; Rinaldi, D.; Angya,
neglecting the change in the relative value of the thermal corrections J. G.; Rivail, J. L.Chem. Phys. Lett1993 202 18-22. (c) Dillet, V.;
when going from a vacuum to the solution, giv&Ssoiution Rinaldi, D.; Rivail, J. LJ. Phys. Cheml994 98, 5034-5039. (d) Claverie,
P. In Quantum Theory of Chemical Reactipfizaudel, R., Pullman, A.,
(19) (a) Fujimoto, H.; Kato, S.; Yamabe, S.; Fukui, K.Chem. Phys. Salem, L., Veillard, A., Eds.; Reidel: Dordrecht, 1982; Vol. 3, pp-38%5.

1974 60, 572-578. (b) Meriedez, M. |.; Sordo, J. A.; Sordo, T. Ll. (25) Barone, V.; Cossi, M.; Tomasi, J. Chem. Physl997, 107, 3210-
Phys. Chem1992 96, 1185-1187. 3221.
(20) Stowasser, R.; Hoffmann, B. Am. Chem. S0d.999 121, 3414~ (26) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094. (b)

3420. Tomasi, J.; Cammi, RJ. Comput. Chenl995 16, 1449-1458.
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Table 1. Relatives Energiéqkcal/mol) with Respect to Reactants of the Structures Considered in the Aminolysis Reaction of 2-azetidinone
Assisted by HO

structures B3LYP/6-31G**  MP2/6-31G**  G2(MP2,SVP) AGgasphast  AAGsonatio!  AGsolutior
CH3NH; + H,O + 2-azetidinone 0.0 0.0 0.0 0.0 0.0 (0.0) 0.0
Cc —-8.2 —10.2 —6.4 11.3 0.4(11.2) 11.7
TSc 18.1 14.7 19.8 41.1 3.9(6.7) 45.0
Pc -27.2 —-31.3 -28.1 —-9.4 5.9 (9.6) -35
Cs -12.4 —-14.1 —10.7 6.5 8.0 (13.4) 145
TS 135 8.6 135 35.4 4.4(9.2) 39.7
I;-anti —0.6 -7.9 —4.4 16.6 7.2 (12.5) 23.8
TS,-anti 28.4 22.7 29.2 51.6 5.9 (10.2) 57.5
Ps -31.8 —34.5 -31.0 -11.9 4.5 (10.4) -7.4
TS 4.8 —0.6 1.6 22.7 6.4 (11.3) 29.1
I2-syn 24 —-43 -2.0 19.0 5.0 (9.2) 24.0
TSk 3.0 —3.4 -0.5 21.2 6.4 (10.7) 27.6
Is-syn -0.3 -7.4 —4.3 16.6 7.9 (11.8) 245
TSo-syn 10.4 6.2 10.4 32.2 5.6 (9.4) 37.8
H20 + 3-aminoN-methylpropanamide —-25.0 —28.1 —26.5 -14.9 1.9 (4.1) -13.0

a|ncluding ZPVE correction from B3LYP/6-31G** frequenciésSingle-point calculations on MP2/6-31G** geometrie&2(MP2,SVP) electronic
energies and B3LYP/6-31G** thermal correctioA$4P2/6-31G** SCRF solvation energies employing a monocentric multipolar expansion. Values
in parentheses correspond to the MP2/6-31G** PCM-UAHF solvation enefgiesluding MP2/6-31G** SCRF solvation energies employing a
monocentric multipolar expansiohFor Cc the monocentric multipolar expansion AfGsoaion ShOWS @ poor convergence.

AG

keal/mol

(OREI
(1.165)-0.14

0470)

1383 ¢ 1340
(1.383)¢

(1.330) "/ p /L : \b

0.39 C &
078\ SO 200 072 0.34
1209 (1216)
_i1.222)

TS,

TS,

=24 D (2.8 D)

11.3[11.7]

v=1943icm™ v=1161icm’ 1=3.5D (3.5D)

0.0+

CHAH; +HO +O I P,

Reaction Coordinate

Figure 2. Gibbs energy profiles (kcal/mol) both in the gas phase and
in solution (in brackets) for the concerted reaction channel correspond-
ing to the HO-assisted aminolysis reaction of 2-azetidinone.

1250 Y o5
(1.262)  (1.269)

1108 -0.72
(1.128)

AG

kealimol|

TSy-anti

v=1247em’

v=1389iom’’ 1=37D(3.4D)

Figure 1. MP2/6-31G** and B3LYP/6-31G** (in parentheses)
optimized structures for the main TSs for theHassisted aminolysis
reaction of 2-azetidinone. Distances in A. B3LYP/6-31G** MKS atomic
charges in bold characters. Dipole moments (in Debyes) and frequencies
corresponding to the transition vectors are also displayed.

p=40D(38D)

6-31G** AAGsonation terms obtained with the Nancy model

t0 AGyas phasedives AGsoiution in Table 1. We note that these 001
AGgouiionfigures compare directly with those previously obtained

for the thermal and RNJHassisted aminolysis of 2-azetidindhé!

Figure 2 shows the corresponding Gibbs energy profile for the Reaction Goordinate

concerted mechanlsm Wh'le Figures 3 and 4 represent the GlbbsFigure 3. Gibbs energy profiles (kcal/mol) both in the gas phase and

energy profiles for thenti and thesynstepwise mechanisms,  in"solution (in brackets) for the anti stepwise reaction channel

respectively. corresponding to the #D-assisted aminolysis reaction of 2-azetidinone.
(a) Concerted MechanismThe prereactive comple&c in

Figure 2, is 6.4 kcal/mol more stable than separate reactants incule connects the amino group of methylamine with the amidic

11.87.4]

CHNH +H0+
o

G2(MP2,SVP) electronic energy, and presents thesNGi
bound to 2-azetidinone through weak €D (~2.8-3.0 A)
and CH-*N (~2.3 A) contacts while the catalytic water mole-

N atom of 2-azetidinone via N++O and OH--N H-bonds of
around 2.1 A. When including the thermodynamic corrections
this Cc becomes less stable than reactants (see Figure 2).
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AG

keal/moi|

21.2
[27.6]

16.8

Reaction Coordinate

Figure 4. Gibbs energy profiles (kcal/mol) both in the gas phase and
in solution (in brackets) for the evolution of the anti intermediate
through the syn stepwise reaction channel corresponding to 4be H
assisted aminolysis reaction of 2-azetidinone.

The concerted aminolysis process proceeds through a9,
in Figures 1 and 2, which presents a forming & bond 1.6
A) shorter than the endocyclic breaking-® bond 1.7 A)

while the water molecule mediates the H-transfer between the

attacking and the forming amino groups. The calculatsl
values forTS¢ are 41.1 and 45.0 kcal/mol in the gas phase and
in solution, respectively. The corresponding product complex,
Pc in Figure 2, hasAGyas phasedaNd AGsoiution Values of —9.4
and —3.5 kcal/mol, respectively.

(b) Stepwise Mechanism.The corresponding prereactive
complex, Cs in Figure 3, is 10.7 kcal/mol more stable than
reactants in terms of G2(MP2,SVP) electronic energy, and
presents a weak H-bond between methylamine and ag@iip
of 2-azetidinone while the water molecule forms a ©B
H-bond with the carbonylic O atom.

Csis connected with a TS, S;, for the addition of one NH
bond of amine across the-€© double bond of 2-azetidinone
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mol (AGsoiutio) More stable than reactants. TRe conformer
is around 2.5-4.0 kcal/mol more stable thdc. According to
the above figures the rate determining TS in #méi stepwise
mechanism isI Sy-anti.

Alternatively, in thesynstepwise mechanism the intermediate
[1-anti can undergo easily a lone pair inversion on the endocyclic
N atom throughTS; with an energy barrier of 6.1AGgas phask
and 5.3 kcal/mol AGsoiution With respect tolj-anti, to give
a second conformdp-syn 2.4 (gas phase) and 0.2 (solution)
kcal/mol less stable. A subsequent rearrangement of the inter-
molecular H-bonds ih,-synthrough a TSTSy, 2.2 (gas-phase)
and 3.6 (solution) kcal/mol abovie-syn yields a third con-
former l3-syn that is practically isoenergetic th-anti (see
Figure 4). Fromlz-syn the ring opening of th¢g-lactam ring
can take place througlSy-syn As a result of theanti/syn
isomerization thoughr'S;, the H-shifts take place now over
one face of the ring. ThAGgyas phase@Nd AGsoiution Values of
TS,-synare 32.2 and 37.8 kcal/mol, respectively. Figure 4 shows
that the activation energies required for either reversing to
reactants or cleaving the tetrahedral intermediates lie in the range
13—19 kcal/mol both in the gas phase and in solution. These
values are much larger than those for #mi/synisomerization
process and, therefore, theanti andls-syn species could be
considered as relatively stable intermediates in rapid mutual
interconversion. It may be interesting to note that previous
work!! has shown that these neutral intermediates for the
aminolysis of 2-azetidinone are also much more stable species
against fragmentation into reactants thamitterionic inter-
mediates.

The Gibbs energy profiles shown in Figures2 predict
clearly that thesyn stepwise route for the water-assisted
aminolysis of 2-azetidinones is the most favored mechanism.
In effect, the rate-determining TS of this mechanish$;,
is around 56 and 16-18 kcal/mol more stable thalSc
and the rate-determining TS of tlamti stepwise mechanism,
TS,-anti, respectively, both in the gas phase and in solution.

(c) The Catalytic Role of Water. Comparing the energy

assisted by pD, in which the attacking amine presents a barrier for the most favorable mechanism presented above with
syrperiplanar orientation with respect to the endocyclic N lone the corresponding energy barrier for the noncatalyzed précess,
pair. At TS;, the formation of the €N bond is almost we see that the catalytic action of one water molecule amounts
completed £1.5 A) whereas the H-shift from the attacking to 23.0 kcal/mol in G2(MP2,SVP) electronic energy and to 12.6
amine to the forming hydroxyl group is much less advanced and 9.1 kcal/mol in Gibbs energy in the gas phase and in solu-
(see Figure 1). This TS determines a Gibbs energy barrier of tion, respectively, despite the entropic destabilization. Hence,
35.4 and 39.7 kcal/mol in the gas phase and in solution, & purely uncatalyzed mechanism for the aminolysis reaction of
respectivelyTS; evolves to give a neutral tetrahedral intermedi- monocyclics-lactams in agueous solution would not be a com-
atel;-anti in which the hydroxyl group and the lone pair of the ~ petitive process with respect to the water-assisted mechanism.
endocyclic N atom present amtiperiplanar orientation (see We have previously reporté!! that in all the TSs for the
Figure 3). In thisantiperiplanar intermediate, the catalytic water amine-assisted aminolysis processes the catalyst presents a clear
molecule is linked to the nucleophitesubstrate moiety through  cationic character of methylammonium in consonance with
two typical OH-+-O and OH--N H-bonds. Neverthelesk,-anti amine basicity. In contrast, the ancillary water molecule in the
remains clearly less stable than reactants by 18®g{s phask water-assisted aminolysis of 2-azetidinone presents a variable
and 23.8 kcal/molAGsolution)- This first step is common to both  character depending on the TS considered. We see from bond
stepwise mechanismarfti andsyn). distances and atomic charges in Figure 1 thaSgtthe catalytic

In the anti stepwise mechanisi-anti may evolve through water molecule presents an appreciable hydroxide character. At
a TS for the H-shift from the hydroxyl group to the endocyclic TS; the catalytic moiety presents an intermediate character
N atom mediated by the 3 molecule, TS,-anti in Figure 1. between OH and HO. At TSy-anti the catalytic moiety
Given that inTS,-anti the orientation of the hydroxyl group  presents an intermediate character betwee® ldnd HO™.

remainsantiperiplanar with respect to the endocyclic N lone
pair, the H-shift proceeds between the two faces of the ring.
TS,-anti has highAG values of 51.6 and 57.5 kcal/mol in the
gas phase and in solution, respectively. Along the reaction
coordinate fromT S;-anti, the C—N bond is completely broken

to give a product comple®s (see Figure 3) and a notable
reaction energy is releasd®s is 11.9 AGgyas phagtand 7.4 kcal/

Finally the catalyst presents a certain hydroxide character at
TS,-syn, slightly less accentuated than thatT&c. A similar
picture is obtained by a B3LYP/6-31G** configurational
analysis of the TSs carried out assuming three different fragment
partitions (see Table 2). In effect, we see in Table 2 that the
water-assisted TSs are considerably more complex than the
amine-assisted ones in the sense that they are always a mixture
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Table 2. Coefficients of Zero Configuration &g Calculated by Scheme 3
Means of a B3LYP/6-31G** Configuration Analysis of the Main
TSs Assuming Different Fragment Partitions AB

H concerted mechanism NH;
Cas N /]/i
(0]

H,0-assisted

¢ » TS TS, TS.anti 1S i H +NHg o+ NH-CHO

ragment partition c 1 2-anti 2-Syn o TS-test
A =0H" 0.562 0.529 0.408 0.538 N
B = 1,1-dimethylamino-alkoxy cation H,0-assisted C-N
A =HO 0.539 0.548 0.547 0.524 E TSy-test )
B = neutral 1,1-dimethylamino-alcohol nucleophilicattack | 75171t ’ bond breaking
A = H3O" 0.481 0.491 0.552 0.418
B = 1,1-dimethylamino-alkoxy anion H Hgo- s H_

N—? TS,-test NH2—~(
] N ) ) i NH, — NH,

of two electronic partitions in which the water molecule may 0% OH 14 H-shitt oo

appear as OH H,0, or HO" owing to its amphoteric character.
This flexibility of the water molecule appears to play an Table 3. Relative Energies (kcal/mol) with Respect to Reactants of

important role in its catalytic action. the Structures Considered in the Aminolysis Reaction of
Comparing the relative energies in Table 1 with figures S0-Carboxypenam Assisted by,

corresponding to the amine-assisted proééss see that for B3LYP/

the concerted mechanism in the gas phase the energetic catalytic _ Structures  6-31+G** AGgaspnast AAGsowatio? AGsoution

effect of water is 5.9 kcal/mol greater than that of one amine H2O + CHzNH; + 0.0 0.0 0.0 0.0

molecule. AtTS; and TS,-syn the stabilization gained by the 3o-carboxypenam

assistance of one water molecule in the gas phase is 3.8 ano(r:é PNC _%g'g _4%80 279'i 2574'%
. . Cc . . . .

4.9 kcal/mol greater, respectively, than that by one amine 15 pnc 85 31.0 19.8 50.7

molecule. In contrast, atS,-anti the amine-assisted structure |-pNC 3.4 24.2 22.7 46.9

is 7.0 kcal/mol more favorable. These energetic differences TS;-PNC 4.2 251 33.2 58.3

correlate well with the fragment partition described above: the P-PNC —438  -24.2 21.2 —3.0

H20 + penicilloy! —-31.7 —-20.9 7.7 —-13.2

more positively charged the catalystin a TS, the more favorable
the amine-assisted structure. In all cases the entropic factor 2Including ZPVE correction from B3LYP/6-38G* frequencies.
favors the water-assisted structures by2lkcal/mol owing to b Using B3LYP/6-31+G* electronic energies and thermal corrections.
their lower compactness corresponding to less bound protons.. R€lativeAGsonaionwith respect to reactants from single-point B3LYP/
On the other hand, solvent stabilizes preferentially amine- 6-31+G* PCM-UAHF calculations.
assisted structures because of their more ionic character.
Particularly, the energy barrier in aqueous solution for the most
favorable mechanisnT@;) is 2.5 kcal/mol lower when water
is the catalyst than that of the amine-assisted process (3.8 kcal
mol in the gas phase).

Water-Assisted Aminolysis Reaction of &-Carboxypenam
To model the specific role of solvent in the aminolysis of
bicyclic -lactam antibiotics, we investigated the water-assisted
reaction between methylamine and tlhe&rboxypenam anion.
Given the size and the negative charge of fhictam, we
decided to study this process using the B3LYP/6-Gt level ) : ! .
of theory which includes diffuse functions to better describe As;ummg a less st_erlcally hindered attac_k of methylamine,
this anionic system. two different mechanlsms were fqund fqr this process: a con-

To asses the suitability of the B3LYP/6-8G* methodology, certeq one and a stepwise route (inversion on the endocycllc N
we investigated the water-assisted ammonolysis of an amidic &tom is now impeded). The resultant molecular geometries for

bond in a negatively charged prototype system (2-formamide- the crm_cal structures _Iocate_d on the BsLYP/ 6433.* PES are .
acetate). This small model system has a carboxylate group an hown N Flgurc_e 5 while thew corrgspondmg relative elgctronlq
the same connectivity as the corresponding moiety in the 3 energies and Glbbs energies both in the gas phase and in solution
carboxypenam. Two mechanisms were analyzed: a concerted?© collected |n.TabIe 3. .

and a stepwise route which are very similar to those thoroughly . BOth mechanisms start from a prereactive comi@leRNC
discussed below for the aminolysis of the-8arboxypenam M Wh'sh the water molecule presents a strong H-bond inter-
anion (see Scheme 3 and Supporting Information). Single-point actior? Wlt_h the carboxylate group. In this complex the amine
G2(MP2,SVP) calculations on MP2/6-3G* geometries and ~ Molecule is placed on the less hindered face of thecdr-
B3LYP/6-31+G* optimizations render similar relative energies P0XYPenam forming two typical H-bond interactions with the
for the ammonolysis of 2-formamide-acetate. Thus, the B3LYp/ © &om of HO and with the H atom of the bridge C atom of
6-31+G* energy barriers corresponding to a TS for the the bicyclic system. In terms of electronic energy including the
concerted reactiorTSc-test) and a TS for the breaking of the 2P VE correction,C-PNC is 18.5 kcal/mol more stable than
amidic bond in the stepwise mechanisiS(-test) are respec-  reactants (0.8 kcal/mol in terms AiGgas phash .

tively 1.5 and 0.1 kcal/mol lower than the G2(MP2,SVP) ones. The concerted mechanism proceeds throiigi-PNC in

On the other hand, the B3LYP/6-3G* energy barriers corre- which the_water mole_cule catalyzes the_ H-transfer frqm the
sponding to a TS for the initial nucleophilic attack in the step- nucleophilic methylamine to the N atom in tffielactam ring
wise mechanismTS-test) and a TS for a H-shift [Sstest) (see Figure 5)TSc-PNC presents a forming €N bond quite
are 2.0.and 4.0.kcaI/moI higher than t.he GZ(MPZ,SV.P) values, (27) Gerlt, J. A.; Kreevoy, M. M.; Cleland, W. W.; Frey, P. Shem.
respectively. With respect to the reaction energy of this process,Biol. 1997, 4, 259-267.

the B3LYP/6-31%G* value is only 1.5 kcal/mol below that
estimated at G2(MP2,SVP). Overall, we conclude that B3LYP/
p-31+G* can be a reasonable level of theory to study the water-
assisted aminolysis of thex3carboxypenam anion although the
stability of a concerted TS could be moderately overestimated
at this level. Taking into account the energetic bounds defined
by this calibration process, thAG energies obtained for
the aminolysis of 2-azetidinone andi-8arboxypenam using
G2(MP2,SVP) and B3LYP/6-32G* electronic energies, respec-
tively, can be compared semiquantitatively.
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Figure 5. B3LYP/6-31+G* optimized structures for the J@-assisted
reaction between methylamine ana-8arboxypenam. Distances in A.
B3LYP/6-31+G* MKS atomic charges in bold characters (H atoms
of the methyl group summed into the C atom). Gas-phase dipole
moments (in Debyes) and frequencies corresponding to the transition
vectors are also displayed.

advanced (1.664 A), an endocyclic-8l bond barely cleaved
(1.655 A) and the two H atoms being transferred located near
the amino N atoms. Thus iMSc-PNC the catalytic moiety
exhibits an accentuated hydroxide character while the amine
fragment has not yet transferred a proton- distance equal

to 1.087 A) and presents a MKS positive chargetdf.5 e.
The AGgas phasdor TSc-PNC with respect to separate reactants
is 45.0 kcal/mol. FromAGgas phasedata in Tables 1 and 3, we
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TS:-PNC the forming G-N bond is quite advanced (1.620 A,
similar to that forTSc-PNC) and the catalytic moiety presents
a certain hydroxide character. The nucleophilic amine fragment
presents a positive charge of0.4 e. In the gas phase,
TS;-PNC is much more stable thamSc-PNC, and has a
AGgas phas¢/alue of 31.0 kcal/molTS;-PNC is connected with

an amino-alcoholate intermedidt®NC that is 24.2 kcal/mol
less stable than reactants in termsA@gas phase N [-PNC the
endocyclic C-N bond has a bond distance of 1.661 A and the
p-lactam N atom bears a negative charge-@.3 e stabilized

by means of an intramolecular strong H-bond with the car-
boxylic group (OH:*N 1.775 A). The catalytic water molecule

in I-PNC is placed below thes-lactam ring solvating the
exocyclic amino group via a typical H-bond. Th®NC inter-
mediate can readily evolve through a TS only 0.9 kcal/mol above
it in AGgas phase TS2-PNC in Figure 5. AtTS,-PNC the endo-
cyclic C—N bond is completely broken whereas the H shift from
the carboxylic group to the forming amino group is at its initial
stage. Hence in the gas phaseNC would be a short-life
species and’'S;-PNC would be the rate-determining TS for
the stepwise mechanism. We note that this mechanism is quite
different from that for the nonconcerted route for the aminolysis
of the monocyclic 2-azetidinone and clearly more favorable than
it in the gas phase.

The product complex for this reactionsPNC in Figure 5
in which the water molecule presents a H-bond interaction with
one of the oxygen atoms of the carboxylate groBg?NC is
24.2 kcal/mol more stable than reactantsABgas phase The
binding energy between the ancillary water molecule and the
penicilloyl compound from &-carboxypenam and methylamine
amounts to 3.3 kcal/mol, th&Gx, term in the gas phase being
thus —20.9 kcal/mol. Interestingly, when comparing these
figures with the AG,, for the aminolysis of 2-azetidinone
(—14.9 kcal/mol), we see that the presence of the second fused
ring reinforces the exothermicity of the process in the gas phase
by about 5 kcal/mol.

From the results discussed above, the most favorable mecha-
nism for the water-assisted aminolysis reaction @fcarboxy-
penam is the stepwise one. Thus, in the gas phase and in low
polar media, the nucleophilic attack of GRH, would take
place with simultaneous H-transfer to the carboxylate group
assisted by the ancillary water molecule.

Solvent effects on the energy profiles for theQHassisted
aminolysis of 8i-carboxypenam are large and have a consider-
able mechanistic impact (see Table 3). When the solvation
energy is taken into account-PNC becomes 27.0 kcal/mol
less stable than reactanf®Sc-PNC, in which both the car-
boxylate group and the carbonylic O atom polarize the solvent
continuum (see dipole moment and atomic charges in Figure
5), is the most stabilized structure in solution with respect to
reactants, having AGsoution barrier of 54.4 kcal/mol. Since the
negative charge in each of the critical structures constituting

see that the presence of the thiazolidine ring seems to destabilizéhe stepwise reaction coordinate is substantially delocalized, the

the concerted route by at least 4 kcal/mol.
In the stepwise mechanism, we found that the negatively
charged carboxylate group ime3arboxypenam may shuttle the

AGsoution Values forTS;-PNC, I-PNC, and TS,-PNC (50.7,
46.9, and 58.3 kcal/mol, respectively) are much greater than
the gas-phase values by 19.8, 22.7, and 33.2 kcal/mol, respec-

H atom required to form and, subsequently, cleave a tetrahedraltively. The product complesR-PNC, is considerably disfavored

intermediaté?® This mechanism proceeds initially through a TS,
TS:-PNC, in which the nucleophilic attack of GNH, takes
place with simultaneous H-transfer to the carboxylate group
assisted by the ancillary water molecule (see Figure 5). At

(28) A similar mechanism has been described by Wolfe for the water-
assisted methanolysis ofx&arboxypenam at the AM1 level: Wolfe, S.
Can. J. Chem1994 72, 1014-1031.

by solvation and presents/&Gsoiution Of —3.0 kcal/mol.

According to the estimatedGsouiion Values, the cleavage of
the I-PNC in strong polar media would become the rate-
determining step in the stepwise mechanism withGsoiution
3.9 kcal/mol greater than that for the concerted route. Of course,
in view of the moderate preferential overstabilization of the
concerted mechanism at the B3LYP/6433* theory level
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ment with the reported positive Brgnstgt value for the
uncatalyzed reaction of benzylpenicillin with a series of amfnes.
In contrast, the structure d@fS,-PNC, which is the rate deter-
mining TS for the stepwise mechanism in aqueous solution, is
not able to rationalize the reported Bragnsjed/alue. Thus,
theoretical results suggest that the concerted route can be the
most favored mechanism for the thermal aminolysis of peni-
cillins assisted by an ancillary water molecule in aqueous Lystes
solution, in contrast with earlier proposél%.

At this point, it may be interesting to emphasize again the

Lysigg e o
2-fold role played by the carboxylate group in the theoretically
Gl'@% .

(see above), the actual energy difference could be smaller.

Nevertheless, further support to the kinetic preference for the Hydrophilic ‘
concerted mechanism stems from the fact that the nucleophile cap

at TSc-PNC resembles a methylammonium structure in agree- Glugos ArGzz

49 '
7.1

/32 :
: v Trpzis s Leuztg

70

proposed mechanisms for the water-assisted aminolysis of

the penicillin model &-carboxypenam. On one hand, the

carboxylate group functions as a proton acceptor/donor in the

stepwise mechanism and clearly favors the aminolysis processFigure 6. The environment of the Lys binding site in HSA as

in the gas phase. On the other one, its negative charge reinforcegbtained directly from X-ray refinement. Distances in A.

preferentially the solutesolvent electrostatic interactions at the

TS for the concerted mechanism. Similar results have beenweak complexes stabilized by electrostatic interactions and

found in the case of the amine-assisted aminolysis reaction of hydrophobic effects. For these weak complexes, NMR experi-

3a-carboxypenarm? ments and indirect observations for a series of penicillins
Aminolysis Reaction betweerg-Lactams and HSA: The indicate that pgnicillins majnly iqtgract \{vith HSA through both

Lys1e0 Active Center Computational model systems are very the benzene ring of the lipophilic chain and the carboxyllate

valuable approaches to understanding biological catalysis in r0up®® On the other hand, HSA and penicillins can also bind

terms of the energies and geometries of TSs and intermediateovalently via the aminolysis reaction between fHactam ring

of reactions of small systems relative to enzymatic substrates@nde-amino groups rendering penicilloyl-containing peptides

and catalyst&? To find out if our results on the aminolysis N c!lfferent banmg regions of HSA that |n_volve several lysine

reaction of model systems may render some insight into the "esidues (particularly with Lysg).> Most importantly, these

reaction ofg-lactams with HSA, the crystallographic structure Penicilloyl—albumin complexes, which have no antibacterial

of HSA® and experimental observations on HSA-penicillin &ctivity, constitute the major antigenic determinant of penicillin

binding processé%are discussed at this point. On the basis of allergy.

Hydrophobic
Pocket

these data, the protonation state of the key residugeb ps Figure 6 shows a three-dimensional representation of the side

well as some mechanistic details concerning the aminolysis chains of the residues constituting the closer environment of

reaction of benzylpenicillin with the-amino group of Lyssg, Lysige as obtained directly from X-ray refinemefit. This

will be addressed. binding site of HSA, which is located in its [IA subdomain,
(a) Structure of HSA and HSA-Penicillin Binding Pro- shows a hydrophobic pocket (Rag Leteis, Trpzis) capped by

hydrophilic or polar residues (Glss, Hisza2, Argzzz, LySios,
Gluzgp). The key residue, Lyisy, is situated in the vicinity of

the hydrophobic pocket, its side chain pointing toward the
entrance channel of the binding crevice. Although the resolution
of the reported crystal structures of HSA (258 A) has not
allowed the determination of the water content of this binding
site, it is reasonable to expect that some water molecules could
be bound by means of H-bond contacts with the most polar

a higha-helical content (67%) and a large number of disulfide €Sidués making up the hydrophilic cap of the binding site.
bonds (17). Previous studies have shown that the principal (P) Protonation State of Lysies. Clearly the overall pro-

binding regions in HSA are located in subdomains IIA and tonation state of the Lyss binding site will determine the
IIIA. 1230 These binding pockets in HSA have a greater affinity fundamental mechanisms for the aminolysis reaction of benzyl-

for small, negatively charged hydrophobic molecules such as penicillin or other substrates with HSA. Thus, the critical feature
aspirin, p-nitrophenylacetate, triodobenzoic acid, etc. More of the.r_nost likely mechan]s.ms requires Lyso be.deprotlonated
specifically, residues Tegs Tyras, and Lyses which have been 1O facilitate the nucleophilic attack of the reactive amino group

implicated in various binding processes, are located strategically!oward the carbonylic C atom gi-lactam rings. Interestingly,
in the 1A or IIIA hydrophobic pockets. a neutral protonation state for Lys has been supported by

. . experimental result$32 observing HSA modifications due to
To further understand either the molecular mechanisms of . . . .
. . s ..~ the nonenzymatic reaction of glycosil and arylating reagents
interactions of small molecules with biomolecules or the origin

of penicillin allergy, the formation of complexes between HSA with exceptionally nucleophilic lysine residues as 1ysThis

) A . . chemical behavior is consistent with an unusually lo¥ pf
and various penicillins has been investigated thoroughly by 7.9 for Lysiee Which therefore exists in its neutral form. The
experimen€3°0n one hand, HSA and penicillins form relatively " % ]

cessesTwo independent X-ray structure determinations of the
native HSA to a resolution of 2.5 and 2.8 A, respectively, have
been publisheé® Both structures have two protein molecules
per asymmetric unit, and hence there are now four observations
of the structure of HSA showing a satisfactory overall agree-
ment. The 585 amino acid HSA molecule is heart-shaped and
consists of three repeating domains (labeledll), each of
which is divided into two subdomains (AB). The protein has

(31) (a) Gerig, J. T.; Reinheimer, J. D. Am. Chem. Sod975 97,
(29) Tantillo, D. J.; Chen, J.; Houk, K. NCurr. Opin. Chem. Biol1998 168—-173. (b) Gerig, J. T.; Katz, K. E.; Reinheimer, J.Blochim. Biophys.
2, 743-750 and references therein. Acta 1978 534, 196-209.
(30) Landau, MRuss. J. Org. Chenl969 34, 615-628. (32) Iberg, N.; Fluckiger, RJ. Biol. Chem.1986 261, 13542-13545.
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Figure 7. Stereoscopic representation of the lgy$inding site in HSA including a benzylpenicillin substrate.
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X-ray structure may explain this since Lysappears in close
proximity to other plausibly charged residues such as,Arg
and Lysgsin Figure 6. Scheme 4 shows a hypothetical charge
distribution of the Lysgg binding site which bears globally a
unit positive charge, the Lys amino group being deprotonated.

Table 4. Contribution of Electronic Energies to the Proton Affinity
of the Lysige Side Chain in the Model System Shown in Figure 6
(see group notation in Scheme*4)

system HF/6-31G* PM3 AM1
full model 196 163 128
full model excep®A 233 200 165
full model excepB 208 168 135
full model excepC 194 155 123
full model excepD 191 153 120
isolated Lysge Side chain 233 200 165

2 Single-point HF/6-31G* and semiempirical calculations were
carried using the X-ray crystallographic coordinates augmented with
the inclusion of standard hydrogen atoms.

the PM3 parametrization renders absolute PA much closer to
the HF/6-31G* ones than the AM1 method. Comparing the HF/
6-31G* PA estimations with that of the isolated Lys(233
kcal/mol)33 we confirm that, in effect, the specific effect of
the charged residue Agg can reduce very importantly the
intrinsic basicity of the Lygg amino group embedded in the
[IA binding site in HSA. Therefore, the structural analySes
complemented by our calculations are in consonance with the
experimentally reportéd32substantial lowering of theky, for

Moreover, we assume in Scheme 4 that the unit positive chargelYS1ee in HSA.

is delocalized along the conjugated skeleton of A¢gvhile
the Glwgz and Lysgs form an ionic pair presumably stabilized

(c) Reaction Mechanism between Benzylpenicillin and
Lys199 in HSA.Figure 7 shows that benzylpenicillin may bind

by water molecules surrounding the hydrophilic cap. This seems honcovalently to the binding site in a favorable orientation to
to be the simplest proposal in agreement with experimental initiate the aminolysis reactioff. This particular orientation

evidence (see above).

could be stabilized byr—s interactions between the phenyl

To test the hypothetical model displayed in Scheme 4, we group of benzylpenicillin and the Tsp residue in the hydro-
carried out single-point ab initio and semiempirical calculations Phobic pocket of the binding site while the neutral amino group
on some molecular models of the Lysbinding site built from of Lysig is favorably oriented toward the least hindered face
X-ray crystallographic coordinaté&the H atoms being added ~ Of benzylpenicillin, having a N(Lyssg)-C(BP) contact 0f3.5
by molecular modeling. Table 4 collects the contribution of HF/ A. We also see in Figure 7 that the carboxylate group of
6-31G* electronic energies to the proton affinity (PA) of the benzylpenicillin points toward the entrance channel of the
Lys;g0 amino group as evaluated in different molecular environ- binding site, i.e., it may be reasonable to expect that some water
ments derived from that depicted in Scheme 4. At the HF/ molecules, originally solvating this carboxylate group in solu-

6-31G* level, the electronic PA of Lysewithin the full model
amounts to 196 kcal/mol. However, removal of the positively
charged Argy; residue increases this value dramatically (233

kcal/mol). Table 4 indicates that other residues have a moderat

influence: the exclusion of the Glg /Lysies™ ionic pair
increases by 12 kcal/mol the PA of Liggwhereas the omission
of the His4J/Glnygs pair and the hydrophobic pocket decreases
it by only 2 and 6 kcal/mol, respectively. Similar trends are
observed at the PM3 and AM1 semiempirical levels although

(33) It is worth noting that geometry relaxation could have a minor
influence at this point given that the electronic PA of the fully optimized
n-butylamine at the HF/6-31G* level (233.5 kcal/mol) is practically
coincident with that obtained using X-ray coordinates. Furthermore, the

eGZ(MPZ,SVP) electronic PA dfi-butylamine (227.9 kcal/mol) compares

well with the HF/6-31G* values.

(34) After having visualized some potentially reactive orientations
between benzylpenicillin and our model of the kysbinding site, we
selected the orientation displayed in Figure 7 which in turn was obtained
after 100 PM3 cycles of geometry optimization with coordinates of the
amino acid side chains constrained to their X-ray experimental values.
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tion, can be placed around the carboxylate group and thed.ys phase the stepwise mechanism is the most favorable one. The
residue in a prereactive HSApenicillin complex. nucleophilic attack on the penicillanate to form a short-lived
As mentioned above, the environment polarity exerts a notable neutral intermediate is the rate determining step with a Gibbs
influence on both the mechanistic preference and the magnitudeenergy barrier of 31.0 kcal/mol. In this mechanism one water
of the activation energy for the water-assisted reaction betweenmolecule would mediata H transfer between the nucleophile
3a-carboxypenam and methylamine. Assuming that the presenceand the carboxylate group of the penicillanate, which in turn
of the hydrophobic pocket would result in a low polarity local gives the H atom to the forming amino group in the second
region around Lygg the most favored mechanism for the step. In aqueous solution the most favorable mechanism is the
aminolysis reaction of benzylpenicillin in this protein environ- concerted one. The nucleophilic moiety TiSc-PNC presents
ment would be analogous to the stepwise mechanism found fora methylammonium character in consonance with the experi-
the water-assisted aminolysis ofi-@arboxypenam in the gas  mentally reported Bronstefl value of 1.0. The corresponding
phase. In this mechanism one water molecule would mediate Gibbs energy barrier is 54.4 kcal/mol, which compared with
the H transfer between the attacking nucleophilic amino group the gas-phase one indicates that the aminolysisxe¢&boxy-
of Lysigg and the carboxylate group in benzylpenicillin to form penam would be more effective in low polar environments.
an intermediate (see Scheme 5). The cleavage oflaetam Finally, by re-interpreting our theoretical calculations on the
ring would proceed then with synchronous H shift from the water-assisted aminolysis reactionffactams in the context
carboxylic group to the endocyclic N atom of benzylpenicillin. of the X-ray structure and experimental data regarding the
The presence of a partial negative charge on the carbonylic Obinding ability of the Lysgg binding site in HSA, we propose
atom all along the carboxylate-mediated product channel could that the most favorable mechanism for the aminolysis of benzyl-
be stabilized by the positively charged Asgresidue actingas  penicillin in this protein environment would be analogous to
a sort of oxyanion hole (see Scheme 5). The release of thethe stepwise mechanism found for the water-assisted aminolysis
reaction energy would lead to the practically irreversible of 3a-carboxypenam. Thus the rate determining step for the
formation of a benzylpenicilloyl group linked to the Lys aminolysis reaction between benzylpenicillin and the jbys
amino group. Furthermore, given that the energy barrier for a residue would be the nucleophilic attack of the {ggsamino
water-assisted aminolysis reaction is lower in a low polar group with simultaneous H-transfer to the carboxylate group
environment than in aqueous solution, the reaction between theassisted by one water molecule. The knowledge gained on the
Lysigg residue and penicillins would proceed in a particularly origin of the energy barrier for the aminolysis reaction between

favorable way. p-lactam antibiotics and HSA could be useful to design rational
. strategies to develop chemically modifi@dlactams without
Conclusions presenting allergenic reactions, but preserving their antibiotic

Three different mechanisms were found for the water-assisted@ctivity.
aminolysis of 2-azetidinone: a concerted one and two stepwise
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determining step is the formation of tlaati intermediate with , respectively).

a Gibbs energy barrier of 35.4 and 39.7 kcal/mol in the 9388 gypporting Information Available:  Figures showing
phase and in agueous solution, respectively. In contrast with e mqjecular geometries for the prereactive complexes, inter-
the amine-assisted aminolysis process where the catalyst présent§q giates, and products of the water-assisted aminolysis of 2-
a clear cationic character of methylamomum, the ancillary water azetidinone; table with the relative energies and figures showing
molecule in the water-assisted process presents a variablgne molecular geometries for the water-assisted ammonolysis

b .
character (between OH H.0, and HO™) depending on the o {ha 2 formamide-acetate anion:; coordinates of all the
TS considered. The catalytic action of water in this mechanism optimized structures for the water-assisted aminolysis of 2-

is more efficient than that of methylamine owing to its more . atidinone and @carboxypenam (PDF). This material is

amphoteric characte_r. . . available free of charge via the Internet at http://pubs.acs.org.
For the water-assisted aminolysis of the-8rboxypenam

anion, we found a concerted and a stepwise mechanism
(inversion on the endocyclic N atom is impeded). In the gas JA993547Q



