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The sul fur nu cle o tide PAPS (3’-phosphoadenosine 5’-
 phosphosulfate) is the uni ver sal sulfuryl do nor of the cell.
In mam mals 3’- phosphoadenosine 5’-phosphosulfate
Synthase (PAPSS), us ing ATP, con verts bio chem i cally in -
ert in or ganic sul fate to the met a bol i cally ac tive PAPS. It is
a bi-func tional en zyme and cat a lyzes the for ma tion of
PAPS in two se quen tial steps [1]. In the first step, in or ganic 
sul fate re acts with ATP to form APS and pyrophosphate.
The re sult ing phos pho ric-sul fu ric an hy dride bond has high
en ergy that is the chem i cal ba sis of sul fate ac ti va tion. The
sec ond step is cat a lyzed by the kinase do main of PAPSS
and in volves the re ac tion of APS with ATP to form PAPS
and ADP. The proper func tion of PAPSS is es sen tial for
nor mal phys i ol ogy in the hu man be ing. Al though its over -
all mech a nism and ki net ics have been well stud ied in the
past, more re cent dis cov er ies in clud ing the res o lu tion of its
crys tal struc ture and re search in its reg u la tory func tions re -

vealed pre vi ously un an tic i pated be hav iors [2]. As the ubiq -
ui tous sul fate do nor in most bi o log i cal sys tems, the prod uct 
of the en zyme, PAPS, plays an es sen tial role in ECM for -
ma tion, em bry onic de vel op ment and biomolecule se cre -

tion [3] More over, PAPSS has also been shown to be
in volved with the pathophysiology of a num ber of dis eases
in clud ing HIV, hepatocellular car ci noma and non-small
cell lung can cer [4, 5, 6]. PAPSS de fi ciency in hu man re -
sults in osteochondrodysplasias or de fec tive car ti lage and
bone me tab o lism as ev i denced in the clin i cal con di tion of
the re ces sively in her ited, spondyloepimetaphyseal dys -
plasia (SEMD). Us ing a com bi na tion of homology mod el -
ing, mo lec u lar dy nam ics sim u la tions and com pu ta tional
chem is try meth ods we try to un der stand how the three di -
men sional struc ture of PAPSS de ter mines the en zyme
func tion, fo cus ing on the roles of spe cific amino acid res i -
dues/over all struc tures on the dy nam ics of the en zyme in

aque ous so lu tion and the re lated qua ter nary ar range ments
of the en zyme. Fi nally, en zy matic re ac tions are pre -
dicted/de scribed in three-di men sional space and the re ac -
tion co or di nate is ex plored through the lens of mo lec u lar
dy nam ics sim u la tions, hy brid QM/MM and quan tum cal -
cu la tions. Re sults are dis cussed that give a re al is tic pic ture
of the en zyme ac tiv ity in clud ing mo lec u lar in ter ac tions,
tran si tion state struc tures and the reaction coordinate.
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In tro duc tion: Bis-1-chloro-2-[(2-chloroethyl)sulfanyl]eth -
ane, also known as yperite, is a blis ter ing agent and a car -
cin o gen caus ing nu cle o tide alkylation. Ex po sure to yperite
leads to ma jor skin, re spi ra tory tract, and eye ir ri ta tion [1,
2]. En zy matic deg ra da tion of yperite of fers many ad van -
tages over the tra di tional meth ods such as com bus tion or
non-en zy matic chem i cal deg ra da tion. En zymes can be
used to de con tam i nate ma te ri als which would be oth er wise
de stroyed by the chem i cal deg ra da tion, such as mil i tary or
ag ri cul tural equip ment [3]. Haloalkane dehalogenases,
tested for en zy matic deg ra da tion, ex hibit low cat a lytic ef fi -
ciency, and thus low rate of deg ra da tion [3]. Here we de -
scribe com pu ta tional re-de sign of three of these en zymes
to wards higher ac tiv ity with yperite.

Meth ods: The bind ing modes of yperite in the ac tive site of
se lected X-ray struc tures were ob tained us ing the mo lec u -
lar dock ing. Sub se quently, the min i mized sys tems were
ana lysed by quan tum me chanic/mo lec u lar me chanic adi a -
batic map ping along the re ac tion co or di nate of the SN2 re -
ac tion. Us ing this method, tran si tion state con for ma tions
were ob tained for each sys tem. Us ing the Rosetta De sign
[4], we have de signed novel en zyme vari ants, which sta bi -
lize the tran si tion state. The bind ing modes of yperite, ther -
mo dy namic pa ram e ters of the SN2 sub sti tu tions, and
thermostability of the novel vari ants were computationally
pre dicted and com pared to the wild-type struc tures. The

rel a tive oc cur rence of dehalogenation de fined by the near
attack conformation [5] was ob tained by the mo lec u lar dy -
nam ics.

Re sults: Us ing these meth ods, we ob tained 13 new de signs
which pos sess ther mo dy nam i cally fea si ble mu ta tions, a
switch to an exo ther mic SN2 dis place ment, much lower ac -
ti va tion en ergy and a higher oc cur rence of the near at tack
con for ma tion com pared to their cor re spond ing wild-type
struc tures. Se lected en zymes will be con structed and char -
ac ter ized ex per i men tally. Novel en zymes re-de signed to -
wards higher cat a lytic ac tiv ity with yperite could be used
for de con tam i na tion and bioremediation.
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