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Abstract: Herein, we present results of a computational study on benzylpenicillin attachment to Lys199 of
human serum albumin via an aminolysis reaction. The internal geometry of the reactive part of the system was
taken from previous work at the B3LYP/6-8BG* level on the water-assisted aminolysis reaction of a penicillin
model compound (z, N.; Sueez, D.; Sordo, T. LJ. Am. Chem. SoQ00Q 122 6710-6719). The protein
environment around Lys199, the 6-acylamino side chain, and the 2-methyl groups of benzylpenicillin were
relaxed by carrying out geometry optimizations with a hybrid QM/MM method (PM3/AMBER). Two different
mechanistic routes were explored: a one-step water-assisted process and a carboxylate and water-assisted
route in which the3-lactam carboxylate and the ancillary water molecule mediate the proton transfer from the
e-amino group of Lys199 to thg-lactam leaving N atom. The corresponding energy profiles in the protein
combine the B3LYP/6-3tG* and PM3 energies of the reactive subsystem (benzylpeniéillys199 side

chain+ the ancillary water molecule) and semiempirical PM3 energies of the entire system evaluated with a
“divide and conquer” linear-scaling method. It is observed that penicillin haptenation to HSA can proceed
through the water-assisted concerted mechanism which is calculated to have a high energy ba3r of
kcal/mol, in agreement with the experimentally observed slow reaction kinetics.

Introduction allergy, although other processes related to antigen presentation
and antibody production are also involved.

The principal mode of conjugation of penicillins involves the
formation of amide bonds through an aminolysis reaction with
lysine groups of human serum albumin (HSA). The resulting
adduct has an opengdlactam ring (penicilloyl group), which

such as exanthemas, can be connected to cellular e‘\/ents.has no antibacterial activifyHSAs are the major soluble protein

Classical immunochemical studies have shown that haptensconstituents_ of.the. circulatory system and are involved in the
(substances such as penicillins and other drugs with low transport, dlstrlb_utlon,_and_ metal_)ollsm_of many endogenous
molecular weight) can induce the formation of specific antibod- ligands (fatty acids, b||_|rub|n, amino aC'dS.’ metals, etc.) and
ies as a direct consequence of their chemical reactivity againstnumer_ous pharmaceuticals as vx7€:1[he tertiary s_tructure O.f
plasma protein8.The current understanding of drug hypersen- HSA IS composed of three pgrﬂally Qverlapplng domains,
sitivity is based on this hapten hypothesis: (a) drugs bind doma!n : (reS|dyes&197), domam_ll (residues 18588.5)’ and
covalently to plasma proteins to form proteidrug conjugates; domain Il (residues 381585), which are characterized by a

e : - . - tif of 100-helices®® Each domain is divided into
(b) a specific site of this conjugate, the antigenic determinant, common mot . . .
is then recognized by the immune system. Thus, production of two subdomains (AB) so that the helices ah4 in subdomain

: - : : ... A are homologous to h7h10 in the corresponding subdomain
rotein—drug conjugates is central to the risk of penicillin ; ) . ;
P 9 g P B. The three-domain design of HSA provides a variety of
* To whom correspondence should be addressed. Phone: (814) 863 3623binding sites, which can interact with a broad spectrum of

Adverse reactions to penicillins and relajg@thctam antibiot-
ics is one of the main problems in drug allefgome of the
most dangerous clinical syndromes (for example, anaphilaxis
or hemolytic anemia) involve the formation of immunoglobulin
E or immunoglobulin G antibodies? while other symptoms,

Fax: (814) 863 8403. E-mail: merz@psu.edu. compounds.The formation of penicilloyl groups occurs at six
Universidad de Oviedo. i . . . .

* The Pennsylvania State University. spe@ﬂc lysine res_,ldues o_f HSA, wr_m_:h has a to_taI of 59 lysine

80n leave from Departamento de @ica Fsica y Analtica, Univer- residues? The primary site of penicilloyl coupling occurs at
sidad de Oviedo.
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the e-amino group of Lys199%2|ocated strategically in the so-  Scheme 1

called IIA binding site of HSA, which noncovalently binds o
small, negatively charged hydrophobic molecules such as oroerted o /ms
aspirin, p-nitrophenylacetate, triodobenzoic acid, étdnterest- H ﬁ
ingly, the Lys199 residue can also act as a nucleophile against ¢ Water -0
IIA ligands such as aspirin and trinitrobenzenesulfoRaté. S+ g, 25 | peraredra)

Clearly, the overall protonation state of Lys199 will determine  © o Macan _D’s
the reaction mechanisms of the aminolysis reaction with 2 : ON‘L N
penicillins. The critical feature of the most likely mechanisms = **ovPemn Gy 0

would require thes-amino group of the reactive lysine to be

deprotonated in order to facilitate the nucleophilic attack toward gccount the X-ray structure and experimental data regarding the
electrophilic substrates. Interestingly, HSA modifications by the binding ability of the IIA binding site in HSA; 0 we have
nonenzymatic reaction of glycosyl and arylating reagents have proposed that the most favorable mechanism for the aminolysis
revealed the presence of unusually nucleophilic lysine residues,of penicillins and Lys199 in this protein environment could be
and, indeed, Lys199 is one of thé§eThis chemical behavior  analogous to the carboxylate and water-assisted mechanism
is consistent with an unusually loviKgof ~8 for Lys199, which found for the aminolysis of @carboxypenam?

implies the existence of a significant amount of the neutral form | the present work, we report a computational study on the

at physiological pHs. However, we also note that tl& pf water-assisted aminolysis reaction between benzylpenicillin (BP)
Lys199 has not been measured directly by either theoretical orgnd the Lys199 residue of HSA which takes into account the
experimental means. effect of water and the protein environment. The transition states

Recently, we carried out restrained molecular dynamics (MD) and intermediate involved in the aminolysis reaction of 3
simulations on HSA® The influence that the charge state on carboxypenam were employed to build the internal geometry
Lys199 or the nearby Lys195 residue has on the structural andof the reactive part of the HSABP complexes. A combined
dynamical properties of the IIA binding site was addressed by quantum mechanical (QM) method and a molecular mechanical
studying the different possible protonation states. It was (MM) method was used to relax, via energy minimization, the
concluded that the average structure from the MD trajectory in environmental water molecules, the protein residues surrounding
which Lys195 and Lys199 were protonated and deprotonated, the reactive lysine, the 6-acylamino side chain, and the 2-methyl
respectively, satisfactorily explains the resieiesidue contacts  groups of BP. The resultant structures were then employed to
observed in the X-ray structufén agreement with the proposed  compute the energy profile in the protein for the water-assisted
low pKa value for Lys199. In the simulations, a stable first and carboxylate and water-assisted mechanisms. To this end,
solvation sphere around the Lys18@&mino group containing linear-scaling semiempirical calculations accounting for envi-
~2 water molecules was also observed. ronmental effects were combined with density functional theory

In previous work!> 19 we performed a series of quantum calculations on the reactive part of the system, which is not
chemical studies on the aminolysis @actam compounds in  accurately described by semiempirical methods. Finally, the
order to obtain a sequence of models based on more detailedutility of the results for understanding the process of penicillin
descriptions of this process. A B3LYP/6-8G* study predicted haptenation to HSA is discussed.
that the most favored mechanism in aqueous solution for the
water-assisted aminolysis of a penicillin model compound, 3 ~ Computational Methods
carboxypenam (CP), is a concerted route, while a stepwise pifferent procedures based on a mixed QM/MM appréagthave
mechanism passing through a tetrahedral intermediate wouldpeen developed to provide a fully flexible description of protein
be the most favored in the gas phase or in a low-polarity substrate transition structures and complékédthough some ab initio
environment (see Scheme #)Interestingly, the carboxylate  QM/MM calculations of free energies and reaction paths have recently
group of penicillins can exert a large kinetic influence, either been reported, most of the QM/MM applications have used semiemi-
enhancing the solutesolvent interactions a|0ng the concerted pirical Hamiltonians for the key residues and substrate while the rest
(water-assisted) reaction profile or acting as a proton shuttle in ©f the system was represented by a classical force field. However, for
the stepwise (water and carboxylate-assisted) mechanism. Thi$Ome reactive processes, semiempirical methods predict transition
function of the carboxylate group as a proton shuttle resemblesStrUCtureS and intermediates which are quite inaccurate in terms of

that ob din the hvdrolvsi i f - h th geometries and/or relative energf€s® Unfortunately, we found that
at observed In the hyarolysis reaction of aspirin, where the geometry and relative energies of the critical points located on the

carboxylate group acts as a general base catélyfstking into PM3 or AM1 potential energy surfaces (PES) for the aminolysis reaction
between CP and methylamine differ substantially from those obtained

(11) Gerig, J. T.; Katz, R. E.; Reinheimer, J. D.; Sullivan, G. R.; Roberts,

*
J. D. Org. Magn. Reson1981, 15, 158—161. at the B3LYP/6-3¥G* level. . .
(12) Kurono, Y.; Ichioka, K.; Ikeda, KJ. Pharm. Sci1983 72, 432— Figure 1 gives the most important critical points located along the
435. reaction coordinate for the water-assisted aminolysisoet@boxype-
(13) (a) Gerig, J. T.; Reinheimer, J. D. Am. Chem. Sod975 97, nam at the B3LYP/6-31G* level 18 The two main TSs present a tight
168-173. (b) Gerig, J. T.; Katz, K. E.; Reinheimer, J.Blochim. Biophys.
Acta 1978 534, 196-209. (20) (a) Fersht, A. R.; Kirby, A. 3. Am. Chem. S0d.967, 89, 4853~
(14) Diaz, N.; Sueez, D.; Sordo, T. L.; Merz, K. M., Jd. Med. Chem. 4856; (b) 48574863.
2001, 44, 250-260. (21) Monard, G.; Merz, K. M., JrAcc. Chem. Red.999 32, 904-911.
(15) Diaz, N.; Sueez, D.; Sordo, T. I.Chem. Eur. J1999 5, 1045~ (22) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227—249.
1054. (23) Turner, A.; Moliner, V.; Williams, I. HPhys. Chem. Chem. Phys.
(16) Diaz, N.; Steez, D.; Sordo, T. LJ. Org. Chem1999 64, 3281— 1999 1, 1323-1331.
3289. (24) (a) Bentzien, J.; Muller, R. P.; Florial.; Warshel, AJ. Phys. Chem.
(17) Diaz, N.; Sueez, D.; Sordo, T. LJ. Org. Chem1999 64,9144 B 1998 102 2293-2301. (b) Liu, H.; Zhang, Y.; Yang, WI. Am. Chem.
9152. Soc 200Q 122 6560-6570.
(18) Diaz, N.; Sueez, D.; Sordo, T. LJ. Am. Chem. SoQ00Q 122, (25) Mullholand, A. J.; Richards, W. Gnt. J. Quantum Chenil994
6710-6719. 51, 161-172.
(19) Diaz, N.; Steez, D.; Sordo, T. LEur. J. Org. Chem2001, 793— (26) Kuhn, B.; Kollman, P. AJ. Am. Chem. So00Q 122 3909-

801. 3916.
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Figure 1. B3LYP/6-31+G* optimized geometries for the structures involved in the aminolysis reactiom-cb8oxypenam (see ref 18). Distances
in angstroms. Relative solvation energies (kcal/mol), dipole moments (debye), and EPS atomic charges for selected functional groups are given in
bold (B3LYP/6-3HG*) and italic (PM3) characters.

structure with the exocyclic €N bond nearly formed~+1.6 A) and
with the endocyclic &N bond barely cleaved~1.5—-1.7 A). These

the ancillary water molecule, and the side chain of Lys199, which was
treated by the PM3 Hamiltonian (for a total of 59 ator#fsJhe rest of

results are in consonance with other computational evidences suggestinghe protein atoms and water molecules were represented by the parm96
that TSs are robust molecular entities whose essential structural featuresersion of the AMBER force field® The van der Waals parameters

are invariant with respect to the nature of their environméfherefore,
we docked the critical points of the CPmethylamine systeHiwithin
the IIA binding site of HSA by performing QM/MM geometry

for the BP atoms were assigned the values of similar atom types in the
AMBER force field. One hydrogen link atom was attached to the
Cp@Lys199 atom to cap the exposed valence due to fhe@: bond

optimizations in which the internal geometry of the reactive core (i.e., crossing the QM/MM boundard?. To preserve integral charge for the
the -lactam-thiazolidine part of BP, the amino group of Lys199, and AMBER region, the partial charges of the«@nd Hx atoms of Lys199
the catalytic water molecule) was constrained and the rest of the systemwere changed te-0.028 and 0.143. In addition, a 15 A active zone

was relaxed.
Construction of the Initial HSA —BP Template. The starting point

centered on the lN@Lys199 atom was defined, and only residues with
at least half of their heavy atoms within this sphere as well as the cap

for this work was a snapshot produced from the MD simulation of the water molecules were allowed to move during the PM3/AMBER

native form of the IIA binding site of HSA in which the Lys199 residue
was neutral. Details of the simulation are described elsewHéreis

minimizations ¢-50% of the system). The QM/MM partition and the
active zone defined here were used in all of the subsequent PM3/

configuration was then subjected to geometry optimization, and, AMBER calculations. The initial HSABP structure was then subjected
subsequently, a subsystem formed by all residues within a distance ofto a short MD simulation of 2.0 ps followed by energy minimization
20 A to the N@Lys199 atom and the cap water molecules was chosen. in order to properly relax the proteirsubstrate contacts. Finally, the
TerminalN-methylamine or acetyl groups were placed at the C and N coordinates corresponding to thlactam-thiazolidine-carboxylate
backbone atoms of those residues cleaved from the protein main chainmoiety of BR the ancillary water molecule, and thed8,—N¢H,

by the truncation process. Ctounterions were placed using LEAP
to neutralize the+6 charge of this HSA subsystem. All of the
counterions were placed 20 A beyond thé@ILys199 atom. This
molecular model of the native HSA (a pseudosphere contains200

moiety of Lys199 were deleted, and the resulting structure was used
as an HSA-BP template.

Construction of the HSA—BP Reactive Configurations.Figure 2
sketches the computational approach followed in this work in order to

atoms) includes nearly all of the residues of subdomain IIA of HSA as obtain geometries and relative energies for different reactive configura-
well as several residues from the rest of the remaining subdomains.tions of the aminolysis reaction between BP and the Lys199 residue in
Subsequently, the structure of a tetrahedral intermediate formed viaHSA. As mentioned above, the internal geometry of the reactive part
the nucleophilic attack of the Lys199amino group toward BP was (i.e., the bicyclic nucleus of BP, thedeNE¢H, group from Lys199,
built by molecular modeling and docked manually into the 1I1A binding and the ancillary water molecule; see Figure 2) was taken from our
pocket so that the 6-acylamino side chain of BP was buried in the previous B3LYP/6-33+G* gas-phase study. We then docked the
hydrophobic pocket of the IIA binding site. The resulting HSBP water-assisted TSISc) and the first TS of the carboxylate and water-
structure was divided into a QM region comprising the BP substrate, assisted mechanisii$,) within the HSA-BP template. The position

(27) Moliner, V.; Andres, J.; Oliva, M.; Safont, V. S.; Tapia, Jheor.
Chim. Acc.1999 101, 228-233.

(28) Schafmeister, C.; Ross, W. S.; RomanovskiL#aP, University
of California, San Francisco, 1995.

(29) Stewart, J. PJ. Comput. Chenill989 10, 221-263.

(30) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A.J. Am. Chem. S0d.995 117, 5179-5197.
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Two different starting points were considered for the geometry
optimization of a prereactive complex in the HSA prote@).(The
first one was obtained from the reactant end of the IRC configurations
of the water-assisted mechanism previously docked into the protein.
This point was fully minimized using the PM3/AMBER method; that
is, no constraints were imposed in the semiempirical part. Similarly, a
reactant-like distorted configuration of the previously optimiZegi
model was also fully minimized. Since the two minimized prereactive
complexes between HSA and BP were very similar in their PM3/
AMBER energies and in their geometries, only the structure derived
from the IRC configuration is presented in this work. In a second stage,
the PM3 internal geometry of the bicyclic skeleton of BP was replaced
by that of 3x-carboxypenam at the B3LYP/6-35G* level. This was
followed by geometry optimization in which the internal geometry of
the carboxypenam moiety was preserved in order to make the
prereactive complex and the reactive configurations (T8g, TSy,
etc.) structurally consistent. We note that the B3LYP/6-Gt prere-
active complex for the CR- methylamine system in Figure 1 shows
intermolecular contacts similar to those observed in the protein (see
below), but it is different from that previously reported in ref 18. An
analogous strategy was adopted to obtain the penicilloyl product
structure in HSA, where the initial geometry for geometry optimization
was derived from a product-like distorted configurationT, (the
docking of the gas-phase B3LYP/6-8G* geometry required the rigid
rotation of the C5-C6 and C6-C7 bonds).

PM3/AMBER geometry optimizations were carried out using the
ROAR 2.0 prograrf? without a nonbond cutoff and driven by a limited
memory BFGS minimizef# In the final optimized structures, the root-
mean-square residual gradient was always less than 0.001 kcal/(mol
A).

Composite Energy CalculationsWe used a composite procedifre
which combines both B3LYP/6-31G* electronic energies and PM3
energies in order to estimate the energy profile of the water-assisted
and carboxylate and water-assisted mechanisms in HSA. The coordi-
nates of the PM3 region, including those of the hydrogen link atom,
were extracted from the different PM3/AMBER minimized structures
in the HSA model. Single-point B3LYP/6-31G* and standard PM3
calculations were carried out on the reactive subsystems which represent
the water-assisted aminolysis reaction between BPredtylamine
(BP + butylamine system). Linear scaling PM3 calculations were also
performed on all of the HSABP structures using the “divide and
conquer” (D&C) approack The various energies were then combined

Figure 2. Schematic representation for the computational approach to estimate the relative energies of the critical structures in the HSA

used in this work. (a) The internal geometry of the B3LYP/6-&* protein, AE(protein), with respect to the prereactive complex using the

TSs and intermediate for the water-assisted aminolysisiaf&8boxy- following equation:

penam (ref 18) was used to build the HSBP reactive configurations.

(b) ;’Ihedcritli(cag points r?btained for thm%arbox;apenam system were  AE(protein)~ AEgs yps_31+c+(BP + butylamine)+

rigidly docked into the HSA-BP template whose construction is sy :

described in the text. The BP side chains as well as the surrounding [ABpwmapac(Protein)— ABqy(BP + butylamine)] (1)

water molecules and protein residues were relaxed by means of PM3/

AMBER minimizations in the protein. The PM3 region and the most Where the second term in brackets is a semiempirical correction due to

important HSA residues for BP binding are also indicated. Note that the effect of the protein environment and water on the energy barrier

bonds in bold lines indicate the atoms subject to geometry constraints Of the reactive subsystem computed at the higher level of theory.

during the PM3/AMBER minimization. (c) Energy barriers were We note that the main source of error in (1) will come from the

estimated by means of a composite procedure (see text for furtherelectrostatic mismatches that arise along the reaction coordinate from

details). the use of a semiempirical Hamiltonian to reproduce B3LYP/¢-G1
charge density. To further analyze this, we determined the dipole

of the BP side chains and the surrounding protein residues and water™0Ment, the electrostatic potential-derived atomic chat¢ESP), and

molecules were allowed to relax via energy minimization (constraints ~ (32) Cheng, A.; Stanton, R. S.; Vincent, J. J.; van der Vaart, A.;
were imposed on the reactive core to preserve its initial B3LYP/6- Damodaran, K. V.; Dixon, S. L.; Hartsough, D.S.; Mori, M.; Best, S. A.;
31+G* geometry). Several configurations located along the B3LYP/ Monard, G.; Garcia, M.; Van Zant, L. C.; Merz, K. M., JROAR 2.0The
6-31+G* intrinsic reaction coordinaté (IRC) started affSc for the Pennsylvania State University, University Park, PA, 1999.

p : (33) Liu, D. C.; Nocedal, IMath. Program 1989 45, 503—-528.
CP + methylamine system were also docked into the HER (34) Raghavachari, K.; Curtiss, L. A. Evaluation of Bond Energies to

template by constraining the internal geometry of the same atoms aschemical Accuracy by Quantum Chemical TechniquesMibdern Elec-
in TSc. In the case of the tetrahedral intermedidieand the TS for tronic Structure Theory Part jlYarkony, D. R., Ed.; World Scientific:
proton transfer ands-lactam cleavageT(S;), the ancillary water Singapore, 1995.

molecule plays a passive role, and, therefore, its geometry was fully _ (35) (a) Dixon, S. L.; Merz, K. M., JJ. Chem. Phys1996 104, 6643~

optimized during the PM3/AMBER minimizations of the corresponding ggggl(c(?)vgrzx?jre]'r %/'alar;t MA‘”_Z'S{K&ME)\?VJMgZ]eE- Islhy\%gjgéﬁgg 8;%}/5
HSA—BP structures. : s A , Do , Ki M., Jrd. . /

2000 113 10512-10523.
(36) Besler, B. H.; Merz, K. M., Jr.; Kollman, P. A. Comput. Chem
199Q 11, 431—-439.

(31) Fukui, K.Acc. Chem. Red981, 14, 363—-368.
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the electrostatic free energy of solvation within a solvent contirfium Table 1. Relative Energies (kcal/mol) of the Main Critical

at both the B3LYP/6-3:+G* and PM3 levels for all the structures in ~ Structures Involved in the Water-Assisted Aminolysis Reaction of
Figure 1. We found that the trends in the polarity of the structures are Benzylpenicillin

nearly identical at both levels. In general, the ESP charges of selected
functional groups were found to be comparable. Nevertheless, the

A EBBLYP/6731+G*

relative solute-solvent interaction energieA0Geoy in Figure 1) give  giricture méAth():/::;—r;ine bliﬁ;)n:ne [AEPfEi;(;()g))]tSm) (prgtgin)j
a more definitive measure of the environmental effects estimated

semiempirically when compared with the B3LYP/6-43&* values. TSe 422 4(1% _3Of(_(£2'2)2) 37090
These solvation energies were obtained via a PoisBaftzmann TS, 28.7 26.2 +31'0(+37'7) 57'2

method coupled with QM SCRF calculations where the solute is | 21.2 323 4232 (+57:7) 555

represented by a set of atomic charges and the solvent as a layer of Tg, 23.0 325 +20.1 @35.2) 522

charges at the solvent-exposed molecular sufataNe see that the [=] —27.2 —-11.9 +5.7 (+20.0) —6.2

PM3 and B3LYP/6-3+G* AAGsqy terms for TSc are essentially
identical (18 kcal/mol), while the PM3 solvent effects along the
carboxylate and water-assisted energy profile are underestinfeged (

I) or overestimatedT(S;) by about 2-4 kcal/mol. Other approximations
implicit in eq 1, such as the inclusion of link atoms in the computation
of the AEpmz and AEgsiveie-31+6+ terms, may also have a minor
influence. We observed that the quantum link atom charges are constan
in the different structures, suggesting that these virtual H atoms would
have a minimal effect on the results. Similarly, we found that the
influence on energies by switching between the PM3 and B3LYP/6-
31+G* internal geometries for the ancillary water and/or the Lys199
e-amino group was minimal (less than 1 kcal/mol).

Single-point B3LYP/6-33G* calculationd®4*were carried out with
the Gaussian98 suite of prografisThe DivCon99 prografi was
employed to perform the linear-scaling D&C PM3 calculations using
the dual buffer layer scheme (inner buffer layer of 4.0 A and an outer
buffer layer of 2.0 A) with one protein residue per core. A cutoff of
9.0 A was used for the off-diagonal elements of the Fock, one-electron,
and density matrixes. To test the stability and accuracy of the D&C
PM3 relative energies, we also performed some D&C calculations using

a[AEpusaveer(protein) — AEpus(B)] values in parentheses.

b AE(protein)% AEggLyp/erglJrG*(B) + [AEngo&C(protein)— AEPM?,(B)]

a second buffer strategy (inner buffer layer of 5.0 A and outer buffer
layer of 2.0 A). Both D&C subsetting schemes with total buffer regions

of 6.0 and 7.0 A, respectively, gave relative energies that differed by

less than 0.10 kcal/mé?.
The calculation of the electrostatiGsoy energies described above

was done using the self-consistent reaction field method implemented

in DivCon99 (PM3) and Jaguét (B3LYP/6-314-G*). All the reported

atomic charges for the structures embedded in the HSA protein are Figure 3. Ribbon model of the PM3/AMBER minimized structure of

charge-model 2 (CM2) chargéslerived from gas-phase PM3 calcula-
tions on the QM region defined during minimization or obtained from
D&C calculations on the entire HSABP protein system.

(37) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.

(38) Gogonea, V.; Merz, K. M., Jd. Phys. Chem. A999 103 5171~
5188.

(39) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff, D.;
Nicholls, A.; Ringnalda, M.; Goddard, W. A., lll; Honig, B. Am. Chem.
Soc.1994 116, 11875-11882.

(40) Becke, A. D. Exchange-Correlation Approximation in Density-
Functional Theory. IiModern Electronic Structure Theory Part Narkony,

D. R., Ed.; World Scientific: Singapore, 1995.

(41) Hehre, W. J.; Radom, L.; Pople, J. A.; Schleyer, P. vARInitio
Molecular Orbital Theory John Wiley & Sons Inc.: New York, 1986.

(42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(43) Dixon, S. L.; van der Vaart, A.; Gogonea, V.; Vincent, J. J.; Brothers,
E. N.; Suaez, D.; Westerhoff, L. M.; Merz, K. M., JIDIVCON99 The
Pennsylvania State University: University Park, PA, 1999.

(44) JAGUAR 3.5 Schrdinger, Inc.: Protland, OR, 1998.
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the prereactive complex for the aminolysis reaction of BP and Lys199
in the 1A binding site of HSA. Benzylpenicillin, the catalytic water
molecule, and the side chains of Lys199, Lys195, and Glu292 are shown
as ball-and-stick structures. This figure was produced with the programs
Molscript and Raster3D (refs 57 and 58).

Results

Table 1 gives relative energies for the reactive configurations
along the HSA-BP energy profiles. Figure 3 displays a view
of the prereactive complex showing the most important pretein
substrate contacts, which occur along the reaction profile. The
QM region of the different structures as optimized with the PM3/
AMBER method are shown in Figure 4, including the CM2
charges of selected functional groups. We note that the structure
and properties of the TSs for the aminolysis reaction of model
systems have been thoroughly discussed in previous #ofk.

Prereactive Complex.The PM3/AMBER minimized com-
plex (C) shown in Figure 3 confirms that BP can bind
noncovalently to the IIA binding site in an orientation where
Lys199 can initiate the aminolysis reaction. Tdaamino group
of Lys199 establishes an-NH—C hydrogen bond with the C6
position of BP which is also observed in the prereactive complex
located in the gas phase (see Figure 1). The ancillary water
molecule inC forms an H-bond with thg-lactam carboxylate
group and an &-H—C contact with the C5 atom of BP. The
position of this water close to Lys199 is in agreement with the
solvent structure observed in our previous MD study on the
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Figure 4. Optimized geometries of the QM region involved in the aminolysis reaction of BP in the HSA protein. Distances in ansgstroms. Selected
PM3 CM2 charges, with hydrogens summed into heavy atoms, are also indicated as calculated in the protein (bold figures) and in the isolated QM
region.
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Table 2. Relative Energies (kcal/mol) with Respect to the Prereactive Complex for Selected Structures along the IRC PBSg fiom
Stands for the Reaction Coordinate (dfh@ohr))

AEgaLypre-31+6*

A B [AEpmapec(protein)—
structure C#NZ (A) C7—-N4 (A) CP+ methylamine  BP + butylamine AEpw3(B)] AE(protein}
s=-1.64 1.78 1.54 32.1 33.9 —-4.3 29.6
s=—0.68 1.70 1.62 38.2 38.7 —-5.6 33.1
s=—-0.48 1.69 1.63 40.4 41.4 —5.5 35.9
s=0.0 (TSc) 1.66 1.65 42.2 41.3 —-3.4 37.9
s=0.72 1.58 1.74 39.5 40.2 —-0.1 40.1
s=0.84 1.56 1.76 38.0 39.9 —-0.5 394
s=1.10 1.53 1.80 33.2 35.2 2.1 37.3
s=1.46 1.50 1.86 27.0 28.5 3.2 31.7

aAE(prOtein)% AEsgLyp/5_31+G*(B) + [ AEpng&c(prOtein)— AEPM3(B)]

native form of the IIA binding sité4 Interestingly, the native  of the protein atoms were always lower than 0.10 A with respect
residue-residue contacts in this region of the HSA binding to C. Therefore, we conclude th&tis a good representative of
pocket can be maintained in the protesubstrate comple%4 a near attack confornf&from which the relative energy barriers
For example, the B@Lys195--O0 @Glu292 salt bridge, which  in the protein can be computed. Thus, the resulting energy
plays an important structural role in the hydrophilic entrance differences reflect the inherent stability of the reactive region
to the 1IA binding site, is preserved as well as th&lMdHis242 (i.e., BP, the Lys199 side chain and the ancillary water molecule)
---00@GINn196 H-bond which connects the two polar residues and its interaction with the protein environment.
adjacent to the nucleophilic Lys199. Concerted Water-Assisted Mechanismlin the concerted
Hydrophobic interactions are clearly an important determinant aminolysis process, the water molecule catalyzes the H-transfer
in penicillin binding to HSA because the aromatic side chain from the nucleophilic amino group of Lys199 to the N4 atom
of BP is completely buried in the 1A hydrophobic pocket. For in the g-lactam ring with simultaneous bond fission of the
example, the side chains of 11e290, Leu219, Leu260, Val241, endocyclic C#N4 bond. In the structure of the corresponding
Leu238, Trp214, and Phe211 have contacts with the acylamino TS (TSc), the catalytic water molecule shows a hydroxide
side chain of BP. Electrostatic interactions are also favorable character while the carbonyl group accumulates a negative
in this mode of binding: the-lactam carbonyl group, which  charge of~0.10e with respect to the prereactive complex. The
is oriented toward the side chains of Arg218 and Arg222, is amine moiety, which has not yet transferred the protorKN
capped by a cluster of water molecules at the entrance of thedistance~1.1 A), has a positive charge ©f0.25 e (see the
IIA binding site, while the penicillin carboxylate group is near CM2 charges in Figure 4). The model of the concerted TS for
the Lys195-Glu292 salt bridge. Although this carboxylate group the reaction between HSA and BP giveAB(protein) energy
is normally considered to enhance enzyrsabstrate binding  barrier of 37.9 kcal/mol, while th&Egs| vpe-31+6+ barrier of
through the formation of salt bridge contacts with protonated the CP+ methylamine system and that of the related BP
lysine or arginine residues in the active site @plactam- butylamine model systems have values of 42.2 and 41.3 kcal/
recognizing enzyme¥, this group is partially desolvated and  mol, respectively. Thus, we see that the influence of substituents
does not establish any specific salt bridge interaction in our and the protein is moderate in this case. The weak effect of
model of the IIA binding site. substituents can be understood in terms of the electron-
Globally, the nature of the HSABP interactions present in ~ Withdrawing ability of the acylamino side chain which can
C is in good agreement with experimental data, showing that stabilize the partial negative charge of the carbonyl group.
HSA and penicillins form relatively weak complexes stabilized ~ To discuss the possible structural effects of the protein
by both electrostatic interactions and hydrophobic effects with €nvironment on the concerted mechanism, we present in Table
AGpinging ~ +5, +6 kcal/mol?47 The experimental thermody- 2 some geometric and energetic data corresponding to selected
namic parameters for various penicittalbumin complexes  structures along the IRC path frofiSc (originally calculated
suggest that penicillins do not form hydrogen bonds with for the CP + methylamine system in the gas phase). By
albumin due to the slightly endothermic nature of the binding comparing the relative energies of the Bfbutylamine model
process AHpinging~ 1 kcal/mol)#” This agrees with the structure in the gas phase and in the protein with those of the unsubstituted
of the prereactive complex in Figure 3, which does not establish system, the structural invariance of the main TSs for the
clear H-bond contacts with the surrounding residues except theaminolysis of f-lactams can be quantitatively assessed. As
C—H---N contact with Lys199. We also note that the absence e€xpected, substitution has only a minor effect on the relative
of a salt bridge between HSA and the penicillin carboxylate €nergies so that the location of the structure with the maximum
group could explain the weak binding character of this complex. energy remains essentially unaltered (see Table 2). On the other
We expected that the HSA protein would not undergo hanql, the protein _effects moderately stabilize the re_a_ctant-llke
significant changes in structure on conversion from the prere- configurations adjacent tdSc and seem to destabilize the
active complex to the transition structufé$n agreement with ~ Product-like ones. As a consequence, the maximum energy point
this, we observed that the proteiaubstrate contacts, for the ~@long the reaction profile embedded in the HSA protein is
remainder of the structures docked into HSA, were nearly slightly shifted toward products (reaction coordingte +0.72).

identical to those observed @. Indeed, the RMS deviations e note, however, that the energetic and structural features of
this “shifted” point and those of th&€S¢ structure are similar.

(46) Waley S. G.p-lactamase: mechanism of action.The Chemistry Their relative energies in the protein differ by only 2.2 kcal/
ggfé‘z'?%tgq‘g;ggg- M.1., Bd.; Blackie Academic & Professional, London, - mg| and their reactive bond distances £9.10 A. Hence, we

(47) Landau, MRuss. J. Org. Cheni998 34, 615-628. conclude that the geometric and energetic consequences of the

(48) Bruice, T. C.; Benkovic, S. Biochemistry200Q 39, 6267-6274. protein effects are small in this class of TSs.




Immunochemistry of Penicillins J. Am. Chem. Soc., Vol. 123, No. 31, 20841

Carboxylate and Water-Assisted Mechanismin our previ- necessary in order to explore in detail the energetics and
ous work on the gas-phase model systéfisyas shown that structure of the ground-state conformer of the HS#%nicilloyl
the penicillin carboxylate group may shuttle the proton required conjugate.
to form and, subsequently, cleave the tetrahedral intermediate. Protein Effects. As mentioned in the Introduction, the 1A
This mechanism proceeds initially through a TSy, in which binding site of HSA can accommodate a broad class of
the nucleophilic attack of the Lys1@9amino group takes place  hydrophobic organic anions of medium size which interact with
with simultaneous H-transfer to the carboxylate group assisted HSA through a combination of electrostatic and hydrophobic
by an ancillary water molecule. ATS; the forming C#~N¢ forces’ For the critical structures in the aminolysis of BP
bond is quite “late”, and the catalytic water molecule moiety embedded in the HSA model, the position of the lipophilic chain
has hydroxide character as in th&c structure (see Figure 4).  of BP hardly varies, and, therefore, the influence of hydrophobic
However, the partitioning of the computed energy barrier in HSA-BP interactions along the energy profile should be
the protein forTS; (57.2 kcal/mol) into contributions for the  minimal. In contrast, the charge distribution changes quite
reactive subsystem (26.2 kcal/mol) and the protein effect term dramatically in the reactive configurations owing to the highly
(31.0 keal/mol) indicate that this carboxylate and water-assisted polar character of the main TSs and the possible kinetic role
process is strongly destabilized by the protein environment (see(proton transfer group) of the penicillin carboxylate group. Thus,
below). the relative protein effect energies of the TSs and intermediate
TS; is connected to the amino-alcoholate tetrahedral inter- with respect to the prereactive complex should be mainly
mediatel in which the C7-N4 bond is clearly weakened while ~ determined by electrostati¢3.
the hydroxyl group of the carboxylic acid establishes an H-bond  To estimate the polarization effects on the critical point
with the N4 atom, which is suitably oriented for proton transfer. structures due to HSA, we computed the PM3 CM2 atomic
The ancillary water molecule, which is fully relaxed during the charges of the reactive atoms both in the protein (via PM3 D&C)
PM3/AMBER minimization within the protein, is positioned and in the gas phase (see Figure 4). In general, we found that
below theS-lactam ring, solvating the exocyclic amino group changes at the mechanistically important atoms were quite
via a typical H-bond as in the corresponding B3LYP/6+&1* moderate £0.02 e) and that the charge separations of the most
gas-phase structure of the GPmethylamine model system. polar bonds (e.g., the carbonyl group at C7) were slightly
The rupture of the tetrahedral intermediate can be generatedincreased in the protein. However, the nature and magnitude of
via TS, in which the endocyclic C#N4 bond is almost broken  these variations are not directly correlated with the actual
(~2.0 A), whereas the proton shift from the carboxylic group energetic impact of the protein environment. Thus, according
to the forming amino group is in its initial stages. to theAEpmspec — AEpwz values collected in Table 1, the water-
We see in Figure 4 that theg\N4, and the O8 atoms in assisted.mechanism in the protein is slightly.favoredey(ca!/ .
andTS, accumulate the major part of the global negative charge. Mol, while the carboxylate and water-assisted mechanism is
The AEgaLypis_siic+ terms for the BP+ butylamine system strongly dest_apl_hzed up to 31 kcal/mol in the caS(_aTSfl. At
reveal that thel'S, structure is~6 kcal/mol aboveTS;, while TS, the penicillin carboxylate group plays a passive role, and
TS, is ~6 kcal/mol more stable thaS; for the CP + its interaction With_the protein eqvironment is very similar to
methylamine energy profile (see Table 1). This is most probably that of the prereactive complex. Since the carbonyl oxygen atom
related to the electron-withdrawing effect of the acylamino side N TSc is partially oriented toward Arg218 and Arg222-(©
chain so that the partiaWitterionicC7—N4 bond becomes more ~ N€@Arg218=7.7 A O+Ne@Arg222= 6.5 A), the increase
destabilized i andTS, than the amidic C¥N4 bond at the ~ ©f the partial negative charge-0.10 e) on the carbonyl group
initial stages of the reaction. However, inclusion of protein could be stabilized (via analogy with the oxyanion hole concept
effects compensates the influence of substituents, aniShe 1N Serine proteases) by these positively charged residues.
I, andTS; structures docked in the HSA protein haxE&(pro- In the carboxylate and water-assisted mechanism, the car-
tein) values of 57.2, 55.5, and 52.2 kcal/mol, respectively. These boxylate group plays an active role by accepting a proton from
figures indicate that the existence of intermediate species alongthe Lys199 amino group and donating it to the endocyclic N4
the carboxylate and water-assisted mechanism would be onlyatom of BP. From the geometry and charge distribution$f,
transient. Most importantly, the magnitude of the rate-determin- |, and TS,, we see that the carboxylate group is effectively
ing energy barrier in the IIA binding site predicts that this neutralized in these critical structures. In previous wérke
mechanism becomes C|ear|y disfavoredabgo kcal/mol with have SpeCUlated that the Carboxylate and water-assisted mech-
respect to the Concerted Water_ass|sted mecharusm anism, Wh|Ch |S more faVOI’ab|e than the Waler-aSSISted route
Product Complex. The structure of a penicilloyl product in the gas phase, could be favored owing to the presence of the
complex obtaingd from the PM3/AMBEE minim%z;tions is hydropho_blc pocket near the Lys199 residue which def'”‘?s a
shown in Figure 4. In the protein, the estimated reaction is low-polarity local region. Neyertheless, our present ca!culatlons
exoergic by—6.2 kcal/mol. The reaction energy for the BP demonstrate that the delocalization of the global negative charge

butylamine subsystem is11.9 kcal/mol, while the correspond- of BP throughout the reactive atoms in the transition structures
ing value for the CPr- methy./lamine médel is-27 2 keal/mol and intermediate influences the HSBP electrostatic interac-

These values seem to indicate that both substitution effects ana“ons' The ]larhge |m|pact|_on .th—ESl fst;]ucture can behunder:;tood h
protein effects might disfavor the thermodynamics of the 'E terms of the de c;)czlzanon 0 t.e nﬁgatlvg ¢ aré:;e tbroug

process. We note, however, that the product complex in the 1€ NCH:+-OH:-+-HO bridge connecting the amino and carboxy-

protein has a short nonbonding €4 contact of 2.76 A as a late groups, which affects the proteigubstrate electrostatic

consequence of the sterically hindered conformation of the C5 interactions. In the second part of the carboxylate and water-

C6 and C6-C7 bonds (see Figures 2 and 4). This is due to the assisted mechanism, the global negative chardeaoliTS, is
fact that the protein environment in our HSA model, which is more concentrated on thetfdnd N4 atoms, and these structures

more adapted to the prereactive complex and TSs, limits the are predicted to be less destabilized th&. Thus, while it

Conformationall space of the product c.omple.x. Theremre: a  (49) Warshel, AComputer Modeling of Chemical Reactions in Enzymes
further relaxation by means of MD simulations might be and SolutionsJohn Wiley & Sons: New York, 1991.
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has been speculated that the charge delocalization in the stepwis
mechanism would accelerate the reaction in the HSA protein

due to the presence of the hydrophobic pocket, it is clear that
this is not the case. Alternative longer range interactions appear
to stabilize the localization of the negative charge in the water-

assisted mechanism, thereby favoring it in HSA.

At this point it is interesting to note that, in the context of
the structure and function of HSA, the protesubstrate reaction
between Lys199 and BP would be best considered as a
secondary aspect of the noncovalent drug binding processes tha
occur in the 1A binding site. Our calculations on the magnitude
of the energy barrier in the protein support this view by
suggesting that HSA shows little to no catalytic activity in the
aminolysis reaction of BP. This is not a surprising conclusion
given that HSA is a small molecule binding protein and not a
catalytic system per se.

Comparison between the PM3 D&C and PM3/AMBER
Energies. It is well known that the application of QM/MM
methodologies to the study of the energetics of reaction
mechanisms in enzymes has some unresolved problems: where: _ _
to assign the QM/MM boundary, how to treat the chemical Figure 5: _Rlbbc_)n model_of HSA derived from X-ray crystallography.
bonds crossing the two regions, the neglect of charge poIariza-The penncnllnn-bnpdmg lysine residues are represented by van dey Waals
tion of the MM region in most of the QM/MM methods, ey spheres. Thlsf figure \(/jvas produced with the programs Molscript and
These issues do not arise when the entire system is treatedq aster3D (refs 57 and 58).
guantum mechanically as in PM3 D&C calculations. Therefore,
it is interesting to compare the protein effects predicted by the
PM3/AMBER Hamiltonian with those obtained using the linear-
scaling D&C PM3 method. To this end, the corresponding
AEpmzaveer — AEpms terms for the different critical points

a liquid scintillation counting method in-12 mL of [3*H]-BP
solution with an activity of 44 000 disintegrations per mintite.
The sensitivity of these experiments allowed the formation of
the HSA—penicilloyl conjugates to be readily monitored at 37
are also included in Table 1. °C. O\_/er the first 24 h, an average rate_o_f 66 detected co_unts
per minute was measured. This low activity for the formation

In general, we see in Table 1 that mEng/AMBER — AEpwms . .. . 0
terms measuring the protein effects predict an energy profile in .Of HSA—penicilloyl conjugates corresponds #e8.5% of the

the protein that is less stable (by about3 kcal/mol) than initial BP fixed to HSA after 24 h of _reaction. Althpugh rad_ia_tion
that obtained from the PM3 D&C calculations. The QM/MM detectors can d(_atect c_)nly a f_ractlon of {eemissions, it is
methodological problems could be responsible for this discrep- clear that the aminolysis reacltlon-bet\./veen HSA and BP fol!ows
ancy between the PM3/AMBER and PM3 D&C energies. We extremely slow non.enzymanc kinetics. Slmlla_lr observatlons
believe that the division betweenterd set of point charges ~ Were also reported in the 1960s for the reactions of BP with
representing the MM region ancsaftQM charge density yields HSA®? and polylysine? although activation parameters for these
an unbalanced description of the changes in the pretein Processes have not been reported. Interestingly, it has been
substrate interactions when electronic differences arise along aShown that the direct reaction of BP witirbutylamine in

reaction profile like that of the aminolysis of BP. aqueous solutions at pH 7.4 is also very slow, with an expected
half-life of ~100-400 h5* Overall, the experimental evidences,
Discussion though not directly comparable with theory, correlate well with

the predicted high energy barrier for the aminolysis reaction

Comparison with Kinetic Data on the Penicillin Hapte- between BP and the Lys199 residue in HSA

nation to HSA. To find out if our results are consistent with . - . .
the basic chemical events which take place during the conjuga- Chemical Reactivity of Other Lysine ResiduesAlthough

tion of penicillins to serum albumin, the magnitudes of the the primary site of penicilloyl coupling is theamino group of
computed energy barriers for the different models were com- LyS199, penicilloyl groups have been also detected experimen-
pared with experimental data on the haptenation kinetics. tlly on otherlysine residues of HSA (Lys190, Lys195, Lys432,
According to the energy profiles in Table 1, the water-assisted LyS541, and Lys545) Interestingly, Lys195 is near Lys199
concerted mechanism for the formation of the amide linkage '" the IIA binding site, suggesting that the combination of two
between BP and Lys199 is the most favorable one, with an closely located:-amino groups could have possible structural
energy barrier 0f-38 kcal/mol with respect to the prereactive and/or mechanistic consequences. Furthermore, the X-ray
complex. In terms of free energies, it is reasonable to expectStructure of HSA has also revealed that the pairing of lysine
that the actual barrier in the protein would be lower due to residues is also a major feature of the structure of the other
entropic contributions arising from the structural elasticity of penicillin binding sites (see Lys190/Lys432 and Lys541/Lys545
the protein environment, but these effects were not consideredin Figure 5). This structural pairing of the reactive lysine groups
here. Nevertheless, it is also clear that the theoretical value ofis consistent with the experimental observation that there are
the energy barrier~38 kcal/mol) is not compatible with fast

kinetics (51) DiPiro, J. T.; Adkinson, N. F.; Hamilton, R. Gntimicrob. Agents
) L - . . Chemother1993 37, 1463-1467.
Recently, the kinetics ofH]benzylpenicillin conjugation to (52) Batchelor, F. R.; Dewdney, J. M.; Gazzard, Nature 1965 206,

excess of HSA at pH 7:37.4 has been followed by means of 362-364.
(53) Schneider, C. H.; de Weck, A. Nature1965 208 57—59.

(50) Titmuss, S. J.; Cummins, P. L.; Bliznyuk, A. A.; Rendell. A. P; (54) Yamana, T.; Tsuji, A.; Miyamoto, E.; Kiya, B. Pharm. Pharmacol
Gready, J. EChem. Phys. Let00Q 320, 169-176. 1975 27, 56-58.
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never more than two or three penicillin molecules bound to a observed between penicillins and the structurally related cepha-
single HSA moleculé&® losporins?2 In contrast, the side-chain specificity of penicillin-

In the case of the IIA binding site, MD simulations have induced antibodies is normally associated with low potential
shown that the most likely configuration for the Lys195/Lys199 cross-reaction ability, which affects only thogdactam anti-
pair corresponds to the neutratamino group of Lys199 biotics with the same or very similar side chains regardless of
connected to the acid form of Lys195 through a network of their class-defining core.
H-bonding water moleculé4.We have proposed that this aeid Herein, we speculate on the fact that the surface accessibility
base pair could undergo proton interchange easily and, conse0f the HSA-BP conjugates might determine the immune
quently, both lysine residues could have an enhanced nucleo-esponse in the form afuclearantibodies (requires an acces-
philic ability, as experimentally observed in the case of penicillin sibility to the thiazolidine moiety) andide-chainantibodies
binding to HSA® We note that similar considerations could (requires accessibility to the side chain of the penicilloyl group).
apply to the other two penicillin binding sites; that is, it may In our hypothesis, the location of the reactive lysine residues
be that each pair of lysine residues constitutes an-duige as well as the characterization of the mode of binding of
pair subject to water-assisted proton interchange so that the longPenicillins could provide some insight into the origin of the

pair of the neutral amino group could be a more effective Specificity and cross-reactivity of penicillin antibodies. The
nucleophile against penicillins. Lys195 and Lys199 residues are situated at the entrance of the

A Global View on Penicillin Haptenation to HSA. Knowl- IIA binding site and have solvent-accessible surface &feas
edge regarding the structure and properties of HSA can be(SASA) of 49.5 and 4.0 A.respectlvely, in the X-ray structure.
combined with our theoretical results to obtain a more general According to our modeling of the HSABP reaction, the
view of the chemical reactions between HSA and penicillins. &cylamino side chain of the penicilloyl group linked to Lys199
First, we note that the absence of sophisticated catalytic Would be deeply buried in the hydrophobic pocket, whereas the
machinery in the HSA molecule is consistent with the existence d€graded/-lactam-thiazolidine nucleus would be Egrtlally
of multiple reactive amino groups to penicillin. Indeed, the Solventaccessible with calculated SASA values-@0 A%. A
proposed mechanism of action is similar to that found in aqueous Similar pattern could well occur for penicilloyl groups bound
solution for the reaction of amines and CP, where a “bulk” water © Lys195, and, therefore, we propose that penicilloyl groups
molecule plays an important catalytic role in the nonassisted formed in the I1A binding site would stimulate the formation
procesd8 Lys199 reacts with penicillins because of its neutral ©f nuclearspecific antibodies. In contrast, there are no hydro-
character and its location in the I1A binding site, which has a Phobic pockets close to the other pe2n|C|II|n binding sites, and
high “noncovalent” affinity for hydrophobic organic anions such the SASA values for Lys190 (18.6 B Lysds2 (54.1 A),
as BP (i.e., this is a proximity or entropic effect). The water LYS541(140.8 A), and Lys545 (110.1 A indicate significant
molecule necessary to assist the reaction can be provided byEXPosure to solvent (especially for the Lys541/Lys545 pair). It
the bridge of water molecules connecting the Lys195 and is conceivable that these lysine residues would yield penicilloy!
Lys199 residues in the 1A binding site. We also propose that 9roups with well-exposed side chains that would be responsible
one of the reactive amino groups in the other reactive pairs (e.g., /o0 €liciting the formation ofside-chainspecific antibodies
Lys541/Lys545) should be deprotonated in order to become an@gainst penicillins.
efficient nucleophile. Summary

Specificity of Penicillin Antibodies. As mentioned in the The calculated energy profile for the aminolysis reaction in
Introduction, extensive immunochemical studies have demon- the ||A subdomain of the HSA protein between th@mino
strated that most of the penicillin antibody response is directed group of Lys199 and benzylpenicillin predicts that penicillin
against the penicilloyl groups conjugated to H5A Initially, haptenation to HSA proceeds through a water-assisted one-step
it was thought that the core of the penicillins (the degraded mechanism, which has a high energy barrieB8 kcal/mol),
p-lactam-thiazolidine region) was the most important part of jn agreement with available experimental evidence. Taking into
the antigenic determinant structure and that the acylamino sideaccount both the tertiary structure of HSA and the mechanistic
chain played only a minor role in the specificity of the antibody  details, these results could increase our understanding of the
produced. However, a more complex pattern of antibody origin of the specificity of antibodies and the cross-reaction
specificity has emerged in which at least two populations of processes between different classesfdactam antibiotics,

penicillin-reacting antibodies appear to be present in the humanyhjch are characteristic of the immunochemistry of penicillins.
sera. One recognizes the common structural motif (i.e., the
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