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Ab stract
The im por tance of com puter mod el ing of mem brane pro -
teins in mo lec u lar bi ol ogy is worked out. We give three ex -
am ples that mod els gained by a com bined ap proach of
homology and en er getic mod el ing with vi bra tional spec -
tros copy are a use ful help in site-di rected mu ta gen e sis,
trun ca tion, bind ing-stud ies and even in crys tal log ra phy.
The study of the vanilloid re cep tor is a suc cess ful ap pli ca -
tion of a com puter model in the con struc tion of trun ca tions
that served for the iden ti fi ca tion of func tion ally im por tant
pro tein parts. In the case of CD69 com puter dock ing
helped to iden tify the Ca2+–bind ing site that was not ob -
served in the crys tal struc ture of this pro tein due to the
non-phys i o log i cal con di tions of crystallisation.

Pro tein func tion is strongly con nected to the struc ture. For
that we need to ex plore the three-di men sional struc ture if
we want to un der stand the en zy matic or struc tural func tion
of a pro tein. Al though to day there are ex ist ing sev eral ex -
per i men tal tech niques to de ter mine the three-di men sional
struc ture of pro teins, as are NMR-spec tros copy or X-ray
dif frac tion, these meth ods have their short com ings, es pe -
cially in the case of mem brane pro teins, which shows the
low num ber of known struc tures in the Pro tein Data Bank
(http://www.rcsb.org/pdb/). And even if one struc ture is
known it is of ten dif fi cult to un der stand the com plete func -
tion, due to a lack of in for ma tion with re spect to dif fer ent
conformational states of the mem brane pro tein. For that
rea son a com bi na tion of homology and en er getic mod el ing
with vi bra tional spec tros copy can be a use ful tool in un der -
stand ing the pro tein func tion. Al ready in the pro cess of
homology mod el ing (re straint-based method) the model is
con fronted with data gained by Raman and in fra red spec -
tros copy, to have a con tin u ous feed back. Al though these
spec tro scopic meth ods do not give such com plex in for ma -
tion, in com bi na tion with the mo lec u lar mod el ing they give 
of ten enough in for ma tion to un der stand im por tant func -
tional fea tures of the pro tein or help to iden tify bind ing
sites. Mo lec u lar dy nam ics then can ex plain cer tain dy nam i -
cal fea tures re lated to the func tion in con trast to a static
model. Thus gained mod els are an im por tant help in site-di -

rected mu ta gen e sis, trun ca tion, bind ing-stud ies and even
in crys tal log ra phy.

An ex am ple for a suc cess ful ap pli ca tion of the method
was achieved in the study of the vanilloid re cep tor, a mem -
ber of the tran sient re cep tor chan nel fam ily. Our con -
structed model for the first time de scribed a fold ing mo tif
for the C-ter mi nal tail of the chan nel, and ac cord ing to this
pre dic tion, trun ca tions were con structed for electro physio -
logical stud ies. Thus the func tion not only of the C-tail but
also of sev eral sec ond ary struc ture el e ments in it could be
de scribed in de tail. Vanilloid re cep tor 1 (TRPV1, for merly
VR1) has been sug gested to func tion as a multimodal sig -
nal trans ducer of nox ious stim uli in the mam ma lian
somatosensory sys tem [1]. Nox ious ther mal stim uli
(> 43°C), acidic pH (< 6.8) or the al ka loid ir ri tant capsaicin 
are re quired to open the TRPV1 chan nel. At room tem per a -
ture and pH 7.3, TRPV1 be haves as a volt age-gated out -
wardly rec ti fy ing non-se lec tive cat ion chan nel since it can
be ac ti vated strongly by de po lar iz ing volt age steps in the
ab sence of any ag o nist [2]. Al though some knowl edge of
the struc ture and func tion of the TRPV chan nel subfamily
has ac cu mu lated re cently, the crit i cal struc tural do mains
and the mech a nisms by which var i ous ex ter nal stim uli
trans late into chan nel gating re main poorly un der stood.
How the C-ter mi nal do main con trib utes to the con -
formational sta bil ity of TRPV1 chan nel and the ex tent to
which it in flu ences its func tion, how ever, still re mained to
be de ter mined. In our re cently pub lished study [3], we
dem on strate that the cytosolic C-ter mi nal re gion of TRPV1 
chan nel con tains do main(s) re spon si ble for a steep tem per -
a ture de pend ence of the TRPV1 heat-evoked re sponses.
We hy poth e size that this re gion is also im por tant for reg u -
la tion of the capsaicin-, low pH- and volt age-in duced chan -
nel ac tiv ity.  To ex plain and pre dict the in volve ment of the
C-ter mi nal do main in TRPV1 chan nel func tion, the se -
quence of the TRPV1 C ter mi nus from Ala 690 to Lys 838
was used for homology mod el ing. This sec tion of the
TRPV1 re cep tor shows a good se quence homology (44%)
to the frag ile histidine triad pro tein FHIT, whose ter tiary
struc ture has been solved at 1.85 A res o lu tion. The over all
pre dicted struc ture of the TRPV1 C-tail can be de scribed as 
a gen eral al pha+beta type and can be fur ther sub classed as
an al pha+beta me an der fold. The C-tail con tains two he li -
ces, H1 and H2, and seven beta strands (Fig. 1). The strands 
three to seven form a five-stranded antiparallel sheet. The
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antiparallel strands one and two form a beta-hair pin across
from and at an an gle to the other sheet. He lix H1 packs on
one side of the five-stranded antiparallel beta-sheet, and
he lix H2 packs on the same side and pri mar ily in ter acts
with strand three and the loop con nect ing strands two and
three. The tem plate struc ture shows a dis or dered gap from
res i due 107 to res i due 127. There fore, the struc ture of the
large loop be tween beta-strand 7 and the sec ond he lix was
gen er ated only from a loop da ta base and is not based on
homology. Prob a bly this loop is highly flex i ble in re al ity
and the shown struc ture must be thus taken as only one
spec u la tive pos si bil ity for its con for ma tion. 

In the mo lec u lar model based on homology with the
frag ile histidine triad pro tein pre sented here, the most dis tal 
31 amino acid res i dues of the TRPV1 car boxyl ter mi nus
(Gln 808- Lys 838) cor re spond to the al pha he li cal struc -
ture H2 and the large flex i ble loop con nect ing it with
beta-sheet 7 (Fig. 1). Re moval of this re gion is suf fi cient to
shift the ther mal thresh old for ac ti va tion from 42 °C to
39 °C. This struc tural part seems also to mod u late the sen si -
tiv ity to capsaicin as the mu tant CD31 ex hib its in creased
ag o nist ef fi cacy. De le tion of the re main ing short part of the
con nect ing loop (Arg 797-Lys 838) mark edly de creased
the ther mal thresh old (to 33 °C) for re cep tor ac ti va tion.
The large loop seems to be an chored be tween he lix H2 and
beta-strand 7 to form it self a highly flex i ble struc ture that
reg u lates steric ac ces si bil ity to the core beta-sheet. The ef -
fects of the de le tion of the re main ing 11 loop amino ac ids

in the mu tant CD42 sug gest the im por tance of beta-sheets 6 

and 7 in chan nel ac ti va tion. This view is sup ported also by

con struct CD72 which lacks beta-strands 6 and 7 (Glu
767-Lys 838) and dis plays pro found changes in chan nel
func tion. The ther mal thresh old dropped from 41.5 to
28.6 °C, Q10 de creased from 25.6 to 4.7 and the cur rents
in duced by capsaicin, pH 5, heat and volt age de creased sig -
nif i cantly sug gest ing a dis tinct role of these two beta-
 strands in the C-ter mi nus of TRPV1. The ex per i men tal re -
sults for the mu tant CD104 pre sented above in di cate a dis -
turbed multimerization of pro tein sub units. The he lix H1 is
lost in the model of this mu tant. There fore there is a high
prob a bil ity that this he lix plays a role in ei ther the
tetrameric or ga ni za tion of the chan nel or in an in ter ac tion
with an other re cep tor re gion, e.g. of the N-ter mi nal. The
beta-hair pin formed by he first two antiparallel strands
does not seem to ex hibit any func tional role; how ever, it
could sta bi lize the proper po si tion of the C-tail to wards the
mem brane. In con clu sion, our re sults pro vide ev i dence that 
the struc tural ba sis of the ther mal sen si tiv ity of the TRPV1
chan nel re sides in the dis tal half of the C-ter mi nus and that
this ter mi nal re gion con trib utes to the reg u la tion of chem i -
cally, ther mally and volt age in duced ac tiv ity of the TRPV1
chan nel.

As a sec ond ex am ple, us ing the same tech nique, may
serve the re search done on the melatonin re cep tor type 1B.
Melatonin re cep tors are a subfamily of G pro tein-cou pled
re cep tors for the pi neal hor mone melatonin, dubbed "the
hor mone of dark ness". A mo lec u lar model of the melatonin 
re cep tor was con structed by homology mod el ing from the
struc ture of rho dop sin. The re fined model at this stage con -
tains 194 amino ac ids and shows five transmembrane seg -
ment. About 100 amino ac ids, which means two
trans membrane seg ments are still miss ing. At this stage it
nicely shows two intracellular loops be tween the first and
the sec ond and the third and fourth transmembrane seg -
ment. While the first intracellular loop can be de scribed as
just a sim ple turn be tween the transmembrane seg ments,
the sec ond from Cys 109-Ser 122 con tains 14 amino ac ids.
This loop is an im por tant can di date for play ing a cru cial
role in the chan nel func tion. It in cludes three tyrosines and
two lysines. The three ar o matic res i dues are po ten tial can -
di dates for vi bra tional spec tros copy while the lysine res i -
dues can be used for flu o res cence la bel ing. Thus our model 
can al ready serve as a tool for pre dict ing proper can di dates
for site-di rected mu ta gen e sis with re spect to the role of the
sec ond intracellular loop. The next step in our mod el ing re -
search will be to model the com plete se quence con tain ing
also the third intracellular loop by the re straint-based
method. To ex am ine var i ous pos si ble con for ma tions of the
two loops it will be nec es sary to per form mo lec u lar dy nam -
ics and to ver ify and im prove the model by means of var i -
ous spec tro scopic meth ods. The thus con firmed model will
then serve as the work horse for com pu ta tional ligand dock -
ing as well as for ex per i men tal stud ies by means of site-di -
rected mu ta gen e sis, trun ca tion, bind ing-es says and fur ther. 
This com bi na tion of mod el ing and re com bi nant melatonin
re cep tor pro vides new tools for in ves ti gat ing fun da men tal
mech a nisms of melatonin ac tion. 

The last ex am ple shall show that crystallisation and
X-ray dif frac tion are not al ways able to an swer im por tant
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Fig. 1. Pre dicted struc ture of the com plete C ter mi nus of TRPV1
and the trun cated mu tants. WT, Rib bon di a gram of the wild type
C ter mi nus (res i dues A690-K838). Homology mod el ing pre dicts
two al pha-he li ces H1, H2 and seven beta-strands 1-7. Antiparallel 
strands 1 and 2 form a beta-hair pin, strands 3-7 form a five-
 stranded antiparallel sheet. CD31, This mu tant (res i dues A690-

 T807) lacks the al pha-he lix H2. CD72, In this con struct (A690-
 C766) sec ond ary struc tural el e ments H2 and beta-strands 6 and 7

are miss ing. CD104, The pre dicted struc ture of the trun cated con -
struct (A690-G734) con sists only of beta-strands 1-5.



phys i o log i cal ques tions and that com puter mod el ing can be 
a use ful and even nec es sary ad di tion. 

CD69 is the ear li est leu ko cyte ac ti va tion an ti gen play -
ing a piv otal role in cel lu lar sig nal ing.  In hu mans, the
CD69 gene is lo cated in chro mo some 12 at bands p13-p12
in a re gion known as nat u ral killer com plex in as so ci a tion
with other C-type lectin genes that con trol NK cell ac tiv ity.
CD69 is a disulfide-linked homodimer with two con sti tu -
tively phosphorylated and var i ously glycosylated chains. It 
be longs to the type II in te gral mem brane pro tein pos sess -
ing an extracellular C-ter mi nal pro tein mo tif re lated to
C-type an i mal lectins. Since the ligand do main of CD69
has been de fined in the re cent do main swap ex per i ments
[4], we pre pared con structs lim ited to the C-ter mi nal por -
tion in clud ing res i dues 100-199. This con struct is a min i -
mal size monomeric pro tein known to con tain all amino
acid res i dues re spon si ble for po ten tial bind ing of cal cium
and car bo hy drates [5].

In or der to de ter mine if CD69 binds cal cium, we sat u -
rated the pu ri fied pro tein with Ca2+ ions, and per formed di -
rect de ter mi na tions of cal cium in the sam ples of pro tein
sub jected to var i ous di al y sis pro ce dures. More pre cise pa -
ram e ters for bind ing of cal cium ion to CD69 were ob tained
from equi lib rium di al y sis stud ies us ing 45Ca2+. In or der to
iden tify the amino ac ids in CD69 in volved in cal cium bind -
ing more pre cisely, a Conolly-type sur face with the elec tro -
static po ten tial as sur face prop erty was gen er ated for the
pub lished struc ture of this an ti gen. On this sur face it was
pos si ble to iden tify a highly neg a tive charged re gion,
which cor re sponded to a po ten tial cal cium-bind ing site.
Cal cium was then docked into this sin gle site formed by as -
par tic acid Asp 171, and the two ad ja cent glutamic ac ids
Glu 185 and Glu 187. Re mark ably, the in ser tion of cal cium 
into this site re sulted in no sig nif i cant changes in the over -
all three-di men sional struc ture of CD69. Bind ing of cal -
cium to the wild-type pro tein pro ceeded with a dis so ci a tion 
con stant of ap prox i mately 54 mM. In or der to prove the
role of the spe cific amino ac ids in the bind ing of cal cium,
mu tant pro teins have been pro duced in which the above
amino ac ids, i.e. Asp 171, Glu 185 and Glu 187, have been
in di vid u ally re placed by alanine. Mu ta tion of any of the an -
tic i pated car boxyl group of Asp 171, Glu 185, or Glu 187 
re sulted in con sid er able re duc tion of the af fin ity of cal cium 
bind ing (Kd of 0.5 mM, 0.1 mM, 0.5 mM has been es ti -
mated for the re spec tive mu tant pro teins), al though the ef -
fect ob served for Glu 185 has been some what less
pro found. The dou ble mu tant with Glu 185 and Glu 187 re -
placed by alanin ex hib ited to tally no bind ing of cal cium.
The ques tion why Ca2+ ion was not ob served in the pub -
lished crys tal struc tures is ex plained by the fact that the
pro teins used for crys tal li za tion were per haps pre pared in
the cal cium-free form. We be lieve that the atomic struc ture
of CD69 was then ob tained un der ar ti fi cial, non-phys i o log -
i cal con di tions. 

Since our re cently pub lished data [5] pro vide clear ev i -
dence that cal cium is an in te gral com po nent of CD69 pro -
tein un der phys i o log i cal con di tions, and since there have
been no changes in the over all struc ture of the pro tein ex -
cept in the spa tial po si tion of spe cific amino acid res i dues,
we were in ter ested to in ves ti gate the ef fects of cal cium
bind ing by CD69 on the in ter ac tion with the car bo hy drate

lig ands. Since the most pre cise and cor rect method to
ad dress these is sues would be a di rect bind ing as say, we
de cided to per form equi lib rium di al y sis ex per i ments with
the la beled car bo hy drates. In or der to re veal the struc tural
de tails of GlcNAc bind ing to CD69, we have used the
struc ture of the cal cium-li gat ing form of the pro tein, and
per formed  mo lec u lar dock ing of the car bo hy drate into the
re cep tor struc ture (Fig. 2). Ac cord ing to this model,
GlcNAc bound into three sites, des ig nated 1, 2 and 3, The
iden ti fi ca tion of bind ing sites for N-ac ety lat ed
hexosamines (3 for GlcNAc and 2 for GalNAc) con firmed
by site-di rected mu ta gen e sis (to gether with the elu ci da tion
of the role of cal cium in the bind ing pro cess) sheds a light
onto the cur rent con tro versy about the car bo hy drate-bind -
ing spec i fic ity of this pro tein [5]. The high-af fin ity bind ing
site for GlcNAc has more over cer tain unique fea tures not
ob served in other C-type an i mal lectins. The un known
elec tron den sity in the Natarajan's crys tal [6] of hex ag o nal,
pyranose-like shape is local ised di rectly in the po si tion of
the car bo hy drate-bind ing site 1 de scribed in our work.
More over, the ar range ment all three car bo hy drate-bind ing
sites de tected here is in a good agree ment with the sug ges -
tion of Llera's ligand-bind ing sur face. (site 1 and 3 are di -
rectly in this area, the site 2 is in a close prox im ity) [7].
Al to gether, iden ti fi ca tion of bind ing sites for cal cium and
for monosaccharides now open the way for search ing of
com plex oli go sac cha rides as the po ten tial phys i o log i cal
lig ands for CD69.
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Fig. 2. Mo lec u lar de tails of the three GlcNAc mol e cules docked
into the cal cium form of CD69. The po ten tial high-af fin ity bind -
ing site (site 2) is lo cal ized close to the cal cium-bind ing site. One 
low af fin ity bind ing site (site 1) is also close to the cal cium ion,
while the sec ond low af fin ity bind ing site (site 3) is in the more
dis tal part of the mol e cule. 
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Ab stract
Non-mem brane pro teins such as the poke weed an ti vi ral
pro tein from Phytolacca acinosa (PAP-Saci) and the
tryptophan (W)-repressor bind ing pro tein A (WrbA) and
also mem brane pro tein, the five-chlo ro phyll re ac tion cen -
ter of photosystem II from Pisum sativum, have been crys -
tal lized in our lab o ra tory.

A. Non-mem brane pro teins

The an ti vi ral pro tein, PAP-Saci
The an ti vi ral pro tein, PAP-Saci, iso lated from seeds of

the Chi nese poke weed plant, Phytolacca acinosa, was
crys tal lized. In ter est ingly, of two bands seen close to one
an other in the SDS-PAGE (mo lec u lar masses of ap prox i -
mately 29 kDa and 30 kDa), only one, the 30 kDa form,
was re trieved from re-dis solved PAP-Saci crys tals. The
dif frac tion data col or less PAP-Saci crys tals with di men -

sions of about 0.5 ´  0.2 ´  0.2 mm were col lected us ing
syn chro tron ra di a tion at the IMB Jena - Uni ver sity of Ham -
burg - EMBL Beamline X13, DESY (Ham burg) to a res o -
lu tion of 1.7 A. The crys tal struc ture of PAP-Saci was
solved by mo lec u lar re place ment, us ing the atomic co or di -
nates of Phytolacca americana PAP-I (PDB ID: 1PAF [1])
as a search model [2]. The ex cel lent map qual ity al lowed
for an 'X-ray se quenc ing' ap proach (with the ex cep tion of
the Asn/Asp and Gln/Glu am bi gu ities) as sev eral amino
acid ex changes with re spect to the se quence of PAP-I from
Ph. americana were clearly ev i dent. The full se quence of
PAP-Saci was determinated us ing MALDI-MS and tan -
dem mass spec trom e try tech niques. Ac cord ing to the
known se quence of PAP-Saci the pro tein struc ture was re -
build. The re fined struc ture in cludes 261 res i dues, one
N-acetyl-D-glucosamine monosaccharide (GlcNAc) moi -
ety and 383 wa ter mol e cules, yield ing an R fac tor of 18.1%
and free R fac tor of 22.3%. PAP-Saci con tains a ca non i cal

RIP fold con sist ing of eight a-he li ces and a six-stranded

b-sheet. One GlcNAc res i due was found to play a crit i cal
role in crys tal lat tice for ma tion, form ing a pack ing in ter -
face across a crys tal lo graphic two-fold with the iden ti cal
sequon of an ad ja cent mono mer [3, 4].
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