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FOUR CRYS TAL FORMS OF A BAC TE RIAL DEHYDROGENASE WITH A DIS OR DER
OR TWINNING PROB LEM?

Karthik S. Paithankar and Norbert Sträter

Biotechnologisch-Biomedizinisches Zentrum, Fakultät für Chemie und Mineralogie, Universität Leip zig,

Deutscher Platz 5, D-04103, Ger many. karthik@bbz.uni-leip zig.de

The short-chain dehydrogenases (SDR) be long to the large
fam ily of NAD- or NADP-de pend ent oxidoreductases con -
sist ing of about 250 res i dues. They typ i cally ex hibit se -
quence iden ti ties at 15 – 30% level, in di cat ing ex ten sive
di ver gence. R-3-hydroxybutyrate dehydrogenase (HBDH) 
from Pseu do mo nas putida re vers ibly ox i dizes
3-hydroxybutyrate to acetoacetate us ing NAD as
coenzyme. Crys tal li za tion of HBDH by hang ing-drop
method us ing PEG1500 yields rect an gu lar crys tals of

dimensions 0.1 ´ 0.2 ´ 0.2 mm. Un der sim i lar con di tions
we have ob tained four dif fer ent crys tal forms, which dif -
fract up to 1.9 C res o lu tion. All four crys tal forms can be
in dexed in a C cen tered monoclinic lat tice, crys tal form IV
how ever be longs to Laue class -1. Molecular re place ment
with a ho mol o gous struc ture of 30% iden tity (AMoRe)
yields a so lu tion for all crys tal forms, with a con tent of be -
tween 2 and 8 mono mers of the 222 tetramer in the asym -

met ric unit. All four crys tal forms have un usu ally low
sol vent con tents be tween close to 0 and 23.5 %. The mo lec -
u lar re place ment so lu tions and den sity maps show no ob vi -
ous over lap of the mod els. De spite the high
non-crys tal lo graphic sym me try, the den sity maps hardly
im prove by phase re fine ment. Also the Rfree-fac tor re mains
about 40%, even af ter parts of the model have been re build
on the ba sis of the den sity which is rea son ably de fined in
the core of the pro tein but bad in some con tact re gions. Al -
though, the in ten sity sta tis tics do not in di cate twinning, the
above facts in di cate that there is a re lated dis or der or
twinning prob lem with all of these crys tals. 

1. Joernvall, H., et al., Short-chain dehydrogenases/re duc tases 
(SDR) (1995). Bio chem is try 34, 6003-6013.

2. Persson, N., et al., Char ac ter is tics of short-chain al co hol
dehydrogenases and re lated en zymes (1991). Eur J.
Biochem 200, 537-543.
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a-HE LIX ORI EN TA TION DI RECTLY FROM THE DIF FRAC TION PAT TERN

Grzegorz Chojnowski1,2,3 and Matthias Bochtler1,2

1In ter na tional In sti tute of Mo lec u lar and Cell Bi ol ogy, ul. Trojdena 4, 02-109 War saw, Po land

2Max-Planck-In sti tute for Mo lec u lar Cell Bi ol ogy and Ge net ics, Pfotenhauerstr. 108, 01309 Dresden,

Ger many

3Department of Bio phys ics, War saw University, Zwirki i Wigury 93, 02-089 War saw, Po land

a-he li ces are key build ing blocks of pep tides and pro teins.
In X-ray dif frac tion ex per i ments, they give rise to very
prom i nent re flec tions in the di rec tions par al lel and
antiparallel to the he lix axis at 1.5 C res o lu tion, be cause the 
con tri bu tions from all he lix res i dues add in phase. In the
early days of pro tein crys tal log ra phy, the lo ca tion of the
1.5 C re flec tion was cru cial to de duce and con firm

Pauling’s model for the a-he lix, but to day no spe cial at ten -
tion is paid to this prom i nent re flec tion. Here, we de rive es -
ti mates for the in ten si ties and shapes of the 1.5 C
re flec tions from in di vid ual a-he li ces in pro teins, and show
that these re flec tions are suf fi ciently strong to be some -

times rec og niz able in the 3D-dif frac tion pat terns of crys -
tals that dif fract to better than 1.5 C res o lu tion. We have
im ple mented and benchmarked the pro gram OPF
(OnePointFive) that searches for such re flec tions in the
3D-dif frac tion pat terns of pro tein crys tals. In fa vor able
cases, the pro gram can de duce he lix ori en ta tions, which
could not be de duced by mo lec u lar re place ment with ide al -
ized model he li ces.
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AUTO-RICK SHAW: AU TO MATED CRYS TAL STRUC TURE DE TER MI NA TION AS AN

EF FI CIENT TOOL TO VAL I DATE AN X-RAY DIF FRAC TION EX PER I MENT

S. Panjikar, V. Parthasarathy, V. S. Lamzin, M. S. Weiss and P. A. Tucker

Eu ro pean Mo lec u lar Bi ol ogy Lab o ra tory, Notkestrasse 85, D-22603 Ham burg, Ger many

Auto-Rick shaw [1] is a sys tem for au to mated crys tal struc -
ture de ter mi na tion. It pro vides com puter coded de ci -
sion-mak ers for suc ces sive and au to mated ex e cu tion of a
num ber of ex ist ing macromolecular crys tal lo graphic com -
puter pro grams thus form ing a soft ware pipe line for au to -
mated and ef fi cient crys tal struc ture de ter mi na tion.
Auto-Rick shaw can be started as soon as X-ray data from
derivatised pro tein crys tals have been col lected and pro -
cessed.

Auto-Rick shaw is in voked through a web-based graph i -
cal user in ter face (GUI) for data and pa ram e ter in put, and
for mon i tor ing the prog ress of struc ture de ter mi na tion.  A
large num ber of pos si ble struc ture so lu tion paths are en -
coded in the sys tem and the op ti mal path is se lected by the
de ci sion-mak ers as the struc ture so lu tion evolves. The pro -
cesses have been op ti mised for speed, so that the pipe line
can be used ef fec tively for val i dat ing the X-ray ex per i ment
at a syn chro tron beamline. Cur rently, the plat form is re -
stricted to SAD, SIRAS, 2W-MAD, 3W-MAD or
4W-MAD phase de ter mi na tion.

Im por tant pa ram e ters are en tered (e.g. name of pro ject,
space group, num ber of res i dues per mono mer, num ber of

heavy at oms per mono mer, num ber of mono mer(s) in the
asym met ric unit) and the de sired phas ing pro to col is cho -
sen. Each pro ce dure com bines data prep a ra tion, sub struc -
ture so lu tion, heavy atom re fine ment, phase cal cu la tion,
den sity mod i fi ca tion, non-crys tal lo graphic sym me try
(NCS) av er ag ing and par tial model build ing. Once im por -
tant pa ram e ters are en tered, X-ray de riv a tive data are
loaded and the pro cess is in voked by press ing the “sub mit”
but ton. No fur ther user in ter ven tion is needed.

The plat form is in stalled on a 16-pro ces sor Linux clus -
ter and the server [2] is ac ces si ble from most Internet
brows ers and al lows Ham burg beamline us ers and EMBL
staffs to val i date their X-ray dif frac tion ex per i ments in the
short est pos si ble time.

1. Panjikar, S., Parthasarathy, V., Lamzin, V. S., Weiss, M.
S.  & Tucker, P. A. (2005). Auto-Rick shaw - An au to mated
crys tal struc ture de ter mi na tion plat form as an ef fi cient tool
for the val i da tion of an X-ray dif frac tion ex per i ment. Acta
Cryst. D61, 449-457.

2. http://www.embl-ham burg.de/Auto-Rick shaw/.
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UTI LI ZA TION OF FREE-RAD I CAL SCAV EN GERS FOR THE RE DUC TION OF

RA DI A TION DAM AGE DUR ING DATA COL LEC TION

B. Kauffmann, M.S. Weiss, V. S. Lamzin and A. Schmidt

Eu ro pean Mo lec u lar Bi ol ogy Lab o ra tory, Notkestrasse 85, D-22603 Ham burg, Ger many

Ra di a tion dam age is thought to be the un der ly ing cause of
most un suc cess ful MAD ex per i ments [1]. In ad di tion to
gen eral dam age ef fects such as in creased mosaicity, Rmerge,
Wil son B fac tors, and loss of res o lu tion, spe cific struc tural
ra di a tion dam age has also been shown to oc cur in pro teins.
This in cludes the break ing of disulfide bonds and the loss
of carboxylate groups from aspartate and glu ta mate res i -
dues [2]. Ra di a tion dam age can be de scribed as pri mary
(pho ton in ter acts inelastically with an atomic elec tron
within the crys tal, en ergy is ab sorbed) or sec ond ary (cre -
ation of rad i cals spe cies and sec ond ary elec trons which
then re act to pro duce fur ther dam age). Al though it may be
dif fi cult to limit the pri mary ra di a tion dam age, pa ram e ters
that may af fect the rate of sec ond ary dam age are more ame -
na ble to mod i fi ca tion by ex per i ment ers. Macromolecular
crys tals are rou tinely cooled to 100K to re duce the mo bil ity 
of ra di a tion-in duced free rad i cals. Some rad i cal spe cies, in
par tic u lar elec trons, are still mo bile at 100 K [3]. Rad i cal
scav en gers may be able to in ter act with these spe cies, re -

duc ing both their mo bil ity and their re ac tiv ity, and may
also be able to fa cil i tate the neu tral iza tion of im mo bile ion -
ized groups formed in pri mary and sec ond ary events. Many 
po ten tial scav en gers for pro tein crys tals have been men -
tioned in the lit er a ture, al though very few have been tested
ex per i men tally [1].

We will pres ent our in ves ti ga tions on the use by quick
soak ing of three dif fer ent mol e cules (nic o tinic acid, ox i -
dized glutathion and DTNB) on three dif fer ent crys tal
mod els (lysozyme, elastase and thaumatin) to re duce the
ra di a tion dam age (Fig ure 1). We will pres ent also our re -
sults on the im pact of ra di a tion dam age on glyc erol, com -
monly used as cryoprotectant.

1. J. Murray and E. Garman, (2002). J Synchr. Rad. 9,
347-354.

2. M. Weik, R. B. Ravelli, G. Kryger, S. McSweeney, M. L.
Raves, M. Harel, P. Gros, I. Silman, J. Kroon and J. L.
Sussman (2000). Proc. Natl. Acad. Sci. USA 97, 623-628.
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3. G. D. D. Jones, J. S. Lea, M. C. R. Symons and F. A.
Taiwo (1987). Na ture 330, 772-773.
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HIPHOP. A NOVEL REFINEMENT METHOD FOR PROTEIN STRUCTURES

J. Ondráèek

Department of Recombinant Expression and Structural Biology, Institute of Molecular Genetics, Academy of
Sciences of the Czech Republic, Flemingovo n. 2, CZ-16637 Praha 6, Czech Republic

Dur ing the re fine ment pro cess last struc ture de tails are
mod eled and struc ture pa ram e ters min i mized. The re fine -
ment pro cess is usu ally stopped in the min i mum on the re -
fine ment curve. Ev ery pos si ble model has its own
re fine ment curve and ev ery re fine ment curve is in fact a
func tion of the Fou rier trans form of the X-ray dif frac tion
data. Only one elec tron den sity cor re sponds to our re quest
on the qual ity of the fi nal model.  

For pro teins, usu ally only lim ited res o lu tion data are
avail able and the Fou rier trans form of such data is poor due 
to low num ber of Fou rier co ef fi cients in com par i son to
those of full res o lu tion small mol e cule struc tures. Min ima
on the op ti mal pro tein re fine ment curve are not so fre quent
and deep. This is why re li abil ity fac tors for pro teins must
be higher then those for small mol e cules. Fur ther more, it is
im pos si ble to dis tin guish the global min i mum be tween
many lo cal ones.  

Dur ing the re fine ment pro cess the re fine ment curves
can lie above or bel low the op ti mal re fine ment curve. The
re fine ment curve will lie above in the first steps of the
model build ings and re fine ments or when the res o lu tions
are in creased dur ing the re fine ments. In these cases the
mod els are un der-parameterized. Dur ing re fine ments, val -
ues of re li abil ity fac tors must de crease. Re verse sit u a tion is 
when higher res o lu tion model is used as the ini tial model or 
when the res o lu tion dur ing the re fine ment is de creased. In
these cases mod els are over-parameterized (over-de ter -
mined or over-re fined) and dur ing the re build ing and re -
fine ment the num ber of re fined pa ram e ters must be
re duced and thus, re li abil ity fac tors must in crease. 

The power of the re fine ment method used de pends on
its pos si bil ity to reach the op ti mal re fine ment curve and to
de ter mine the deep est min i mum on it. Usu ally, the re fine -

ment pro cess is not able to over come higher bar ri ers on the
re fine ment curve if no sig nif i cant at tempts of the model im -
prove ment are made (the model is only lit tle over-
 parameterized) and the new re fined model is very sim i lar to 
the old one. Then, the lo cal min i mum reached is very close
to pre vi ous one. When huge struc tural change on the model 
is made the re fine ment pro cess is able to over come huge
bar ri ers on the re fine ment curve and the ra dius, in which
the re fine ment method used is able to reach the best min i -
mum, in creases. 

The HipHop re fine ment is based on the re peat ing of the
huge struc tural changes and re fine ments fol lowed by sev -
eral struc ture re duc ing and re fine ment cy cles. This is re -
peated un til the val ues of re li abil ity fac tors and wa ter
con tent are sta ble within sta tis ti cal vari ances. The re sult of
the HipHop re fine ment is not one sin gle model of elec tron
den sity (as usual) but a set of pos si ble so lu tions in lo cal
min ima cor re spond ing to a set of pos si ble elec tron den si -
ties.

One HipHop step usu ally con sists of one Hip and sev -
eral Hop steps. Ev ery Hip/Hop step is fol lowed by the re -
fine ment.

The Hip (ex ci ta tion) step is car ried out by add ing of
proper num ber of wa ters cor re spond ing to the max ima in
the dif fer ence Fou rier map. Suit able num ber of wa ters is
usu ally ~ 15 % of non-hy dro gen pro tein at oms with the oc -
cu pancy 0.5 and ther mal pa ram e ter U = 1.2 for Shelxh or
B = 30 for Refmac5 ver sion. So the higher the num ber of
wa ters added do the model is and the lower their ther mal
pa ram e ters are the higher the ra dius for the lo ca tion of a
min i mum is. On the other hand this is lim ited by the re fine -
ment sta bil ity. By the use of the pa ram e ter de scribed the
phase change is usu ally ~ 1 %. The model is in this way
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Fig ure 1. Disulfide bridge bro ken in the na tive lysozyme crys tal af ter 5 times 360 ° (left). On the right, the same disulfide bridge af ter 5

times 360 °  for the crys tal soaked in a 200 mM nic o tinic acid. The maps shown are the 2fofc-map (blue) and the fofc-map (red con toured

at 1.5 s and 3 s re spec tively.
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over-parameterized due to new pos si ble wa ter positions
and dur ing the re fine ment cy cles the new model with new
main/side chain ori en ta tion and new set of wa ter mol e cules
is formed. Shifts of wa ter po si tions in first re fine ment steps
are about 2-3 C.

In the Hop (re duc tion) step wrong wa ters are re moved
from the model. The Hop step is re peated usu ally five times 
and in ev ery step the min i mal elec tron den sity limit is in -
creased five times. Wa ter is con sid ered to be wrong when
1) the cal cu lated elec tron den sity in the wa ter po si tion is
lower then the limit given for the step, 2) the wa ter does not
have the ball shape and 3) the wa ter is too close to the pro -
tein mol e cule. 

One run of HipHop usu ally con sists of ten HipHop
steps. Af ter this, the sta bil ity of re li abil ity pa ram e ters,
num ber of wa ter mol e cules in the model, and the agree -
ment of the elec tron den sity with the model are eval u ated.
If nec es sary, the model im prove ment is done man u ally and
the HipHop run is re peated un til the re li abil ity pa ram e ters

and num ber of wa ters is sta ble and no pos si ble struc ture
im prove ment ap pears.

The fi nal sta bil ity of the HipHop re fine ment is the proof 
of the cor rect ness of the method used for the re fine ment.
The HipHop re fine ment yields clas si cal R and Rfree fac tors.
Ex cept those, it is use ful to de fine and cal cu late the Re fine -
ment Re li abil ity Fac tor Rrrf. This is de fined in the same way 
as Rfree with the ex cep tion that the re flec tions used for Rrrf

cal cu la tion can be used in pre vi ous re fine ment steps. Fi nal
av er age value of Rrrf is usu ally sim i lar to Rfree . The ex clu -
siv ity of re flec tions used for the Rfree cal cu la tion is sub sti -
tuted by the sta tis ti cal eval u a tion of Rrrfs by the cal cu la tion
of its fi nal value by the use of phase av er age af ter HipHop
re fine ment.

Dur ing the tests of HipHop re fine ment method on sev -
eral pro tein X-ray data no one unique so lu tion which would 
have sta tis ti cally better re li abil ity fac tors than the rest of
pos si ble so lu tions was found. Struc tural vari ances yielded
by HipHop re fine ment cor re spond to the res o lu tion and the
qual ity of the X-ray data.

L7

CUR RENT STA TUS AND DE VEL OP MENT PLANS OF THE BESSY PX BEAMLINES

Uwe Mueller, Mar tin Fieber-Erdmann, Mar tin Fuchs & Ron ald Förster

BESSY GmbH, Al bert-Ein stein-Str. 15, 12489-Berlin, Ger many

Since 2002, the Berlin third gen er a tion elec tron stor age
ring BESSY and the Free Uni ver sity Berlin op er ate two
tune able en ergy macromolecular X-ray dif frac tion
beamlines [1]. So far, the suc cess ful op er a tion of this in -
stal la tion led to 53 PDB en tries from ex per i men tal beam
time of over 50 in ter na tional user groups. The Berlin area
based struc tural bi ol ogy user com mu nity is in ten sively us -
ing the BESSY beamlines, i.e. the an nual amount of
granted beam time cor re sponds to a to tal of 150 8h-shifts.

Within this year, the new BESSY dig i tal user of fice
BOAT (www.bessy.de/boat/www) will en hance its func -
tion al ity and is a mod ern tool for the plan ning, ap pli ca tion
and op er a tion of ex per i men tal beam time at BESSY. 

For the next 24 months we plan to per form a ma jor up -
grade of the ex per i men tal en vi ron ment of BL14.1 and
14.2, which will im ply the in stal la tion of new X-ray de tec -
tors, new cryo gen ics, new beam di ag nos tics and a com -
plete new ex per i men tal ta ble with sam ples changer
ro bot ics for BL14.1.

With these continous up grades, we will ex tend over the
course of the com ing years our high qual ity and mod ern ex -
per i men tal setup, to be used by both the na tional and in ter -
na tional user community.

1. Heinemann, U.; Büssow, C.; Mueller, U. & Umbach, P. ,
Acc. Chem. Res., 36 (2003) 157-163.

Top: Ren dered top-view of the PX-BESSY beamlines. Bot tom: Cen tral con trol room.
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AU TO MATED IN TER PRE TA TION OF ELEC TRON DEN SITY MAPS; ADD ING

CRYS TAL LO GRAPHIC RE STRAINTS TO PRO TEIN DE SIGN AL GO RITHMS

Mar tin Stiebritz & Yves A. Mul ler

Lehrstuhl für Biotechnik, Institut für Biologie, Universität Erlangen-Nürnberg

Pro tein de sign al go rithms based on side chain pack ing con -
sid er ations in com bi na tion with dead end elim i na tion have
proved ex tremely pow er ful for the de sign of pro teins with
novel prop er ties [1, 2]. Here we pres ent a pro gram which
we named MUMBO and which con tains most of the fea -
tures pres ent in the pro tein de sign pro grams re ported in the
lit er a ture [3, 4]. Start ing from a given back bone con for ma -
tion, the pro gram gen er ates all pos si ble side chain rotamers 
for a list of amino ac ids at var i ous po si tions. The com bi na -
tion of rotamers, which rep re sents the global en ergy min i -
mum of the sys tem, is then se lected us ing the dead end
elim i na tion al go rithm.

In or der to ex tend the use of the pro gram to the in ter pre -
ta tion of elec tron den sity maps, we added a sub rou tine
which con sid ers a pseudo en ergy de rived from the elec tron
den sity pres ent for a cer tain side chain ori en ta tion in a
given elec tron den sity map. In clud ing this X-ray en ergy

into the dead end elim i na tion al go rithm al lows for the au to -
mated place ment of side-chains into the elec tron den sity
maps while at the same time con sid er ing the best pos si ble
lo cal side-chain pack ing en vi ron ment. At pres ent we ex -
plore the use of this ap proach for the au to mated model
build ing based on low and high res o lu tion data and us ing
phases from dif fer ent sources.  

1. Looger L L, Dwyer M. A., Smith J. J., Hellinga H. W., Na -
ture 423 (2003) 185.

2. Dwyer M. A., Looger L. L., Hellinga H. W., Sci ence 304
(2004) 1916.

3. Desmet J., De Maeyer M., Hazes B. and Lasters I., Na ture
356, (1992) 539.

4. Goldstein R. F., Biophys J 66 (1994) 1335.
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CRYS TAL STRUC TURE OF RNASE PH FROM BA CIL LUS STEAROTHERMOPHILUS 

Agnieszka Wojtkowiak1, Mariusz Jaskólski1,2

1De part ment of Crys tal log ra phy, Fac ulty of Chem is try, A.Mickiewicz Uni ver sity, Poznañ, Poland
2Cen ter for Biocrystallographic Re search , IBCh, Pol ish Acad emy of Sci ences, Poznañ, Po land

Mat u ra tion of tRNA from lon ger pre cur sors in volves sev -
eral steps, in clud ing the re moval of 5’ and 3’ ex ten sion se -
quences. In bac te ria, the 3’ pro cess ing re ac tions are car ried
out by a num ber of RNases in multistep re ac tions.

RNase PH is one of the most ef fi cient exoribonucleases
that cat a lyze the fi nal step of the 3’ end pro cess ing of tRNA 
in bac te ria. This phos phate-de pend ent en zyme re moves
nu cleo tides fol low ing the CCA se quence of tRNA pre cur -
sors, thus gen er at ing ma ture tRNA with amino acid ac cep -
tor ac tiv ity. 

RNase PH from the thermophile Ba cil lus stearo -
thermophilus has been crys tal lized by the hang ing drop va -
por dif fu sion method at room tem per a ture from 5.0 mg/ml
pro tein so lu tion con tain ing 0.2 M cal cium ac e tate, 12% v/v 
PEG3350, and 0.1M HEPES, pH 7.5. Crys tals ap peared af -

ter 2 days and  reached max i mum di men sions of 0.05 ´

0.10 ´ 0.10 mm within 3 days.
Dif frac tion data were col lected at 100 K at Lund,

MAX-lab beamline I711, to 3.0 C res o lu tion. The crys tals
are trigonal, space group P312 with a = 93.0 C, c = 104.7
C, and con tain two pro tein mol e cules in the asym met ric
unit, cor re spond ing to a Matthews vol ume of 2.3 C3/Da
and 47% sol vent con tent. 

The struc ture has been determinated by mo lec u lar re -
place ment us ing a Ba cil lus subtilis homolog as the search
model. The pro tein forms a hexameric qua ter nary struc ture
as a trimer of dimers with crys tal lo graphic 32 sym me try,
and the crys tal struc ture is built up from two such as sem -
blies. The polypeptide chain of the mono mer forms a sin gle 

do main with a/b fold.¨



L14

CRYS TAL STRUC TURE OF A BAC TE RIAL CLASS 2 HISTONE DEACETYLASE
HOMOLOGUE

T. K. Niel sen1, C. Hildmann2, A. Schwienhorst2, A. Dickmanns1, R. Ficner1

1De part ment of Struc tural Mo lec u lar Bi ol ogy, In sti tute for Mi cro bi ol ogy and Ge net ics, Justus-Von-Liebigweg
11, 37077 Goettingen, Germany

2De part ment of Mo lec u lar Ge net ics and Pre para tive Mo lec u lar Bi ol ogy, In sti tute for Mi cro bi ol ogy and
Ge net ics, Grisebachstr. 8, 37077 Goettingen, Germany

Histone deacetylases (HDACs) are among the most prom -
is ing new tar gets for a fu ture can cer ther apy. How ever,
struc tural in for ma tion that greatly en hances the de sign of
HDAC in hib i tors as novel chemotherapeutics is only avail -
able on class 1 HDACs so far. Here we pres ent the struc ture 
of FB188 HDAH (histone deacetylase-like
amidohydrolase from Bordetella/Alcaligenes strain
FB188) that shows high func tional and se quen tial
homology to hu man class 2 HDACs. FB188 HDAH is ca -

pa ble to re move the acetyl moi ety from ac ety lat ed e-amino
groups of lysine res i dues of his tones. Sev eral HDAC in hib -
i tors, which have been shown to in hibit tu mor ac tiv ity in
both pre-clin i cal mod els and in clin i cal tri als, also ac tively
in hibit FB188 HDAH.

We have detrmined the crys tal struc ture of the first
class 2 HDAC homologue, FB188 HDAH, at a res o lu tion
of 1.6 C with bound ac e tate as well as in com plex with the
two in hib i tors, SAHA and CypX at a res o lu tion of 1.57 C
and 1.75 C, re spec tively. FB188 HDAH ex hib its the ca -
non i cal fold of class 1 en zymes with a zinc-ion and two po -
tas sium ions bound. The high est diversity com pared to
known struc tures of the class 1 en zymes is found in loop re -
gions es pe cially in the area around the en trance of the ac -

tive site, in di cat ing sig nif i cant dif fer ences of the
in ter act ing part ners to the class 1 and 2 en zymes. The struc -
tures of HDACs and HDAC homo logues are pre req ui sites
in the struc ture based drug de sign in or der to pro duce more
class-spe cific drugs.

L17

A PATHOGENESIS-RE LATED PR-10 PRO TEIN WITH MUL TI PLE LIG ANDS IN
BIND ING POCKET

Fernandes H., Czyrek W.1, Pasternak O., Handschuh L., Bujacz G., Sikorski M., Jaskólski M.

Cen ter for Biocrystallographic Re search, Poznan, and  1Tech ni cal Uni ver sity of £ódŸ, - Po land

PR (pathogenesis-re lated) pro teins of class 10 are small (17 
KDa), slightly acidic (pI 5), and cytosolic. The main fea -
ture of their three-dimentional struc ture is a seven-stranded 

antiparallel b-sheet, sur round ing a long C-ter mi nal he lix

a3. Be tween these two struc tural el e ments, a large cav ity is 
cre ated [1]. Al though the PR-10 pro teins are very abun dant 
in the plant king dom, their phys i o log i cal role re mains un -
known. How ever, re cent data in di cate that ligand bind ing
could be im por tant for their bi o log i cal func tion. It was
showed that PR-10 pro tein from white birch (Betv1) can
bind var i ous com pounds (in clud ing fatty ac ids, flavonoids
and cytokinins) and NMR data in di cated that bind ing oc -
curs in the in ter nal cav ity. Crys tal lo graphic stud ies have
also showed that Betv1 pro teins bind two deoxycholate
mol e cules in the cav ity. 

The pres ent study of the yel low lu pine LlPR-10.2B pro -
tein in com plex with a plant hor mone – zeatin is an other ex -
am ple for the ca pa bil ity of PR-10 pro tein to bind lig ands.
This kind of ligand bind ing has been al ready re ported for a
plant cytokinin-spe cific bind ing pro tein (CSBP) [2], and
re cently the struc ture of an other PR-10 pro tein
(LlPR-10.2F) has been solved in com plex with a syn thetic
cytokinin. The pres ent crys tal struc ture has been solved by
mo lec u lar-re place ment us ing X-ray dif frac tion data ex -
tended to 1.4 C res o lu tion  (Fig ure 1). The struc ture re -
veals that a sin gle LlPR-10.2B mol e cule is ca pa ble of
bind ing four zeatin lig ands.

Three of the zeatin mol e cules are lo cated in the bind ing
cav ity and one zeatin mol e cule is shared by two sym me -
try-re lated pro tein chains. The ligand mol e cules could be
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un am big u ously mod eled since the cor re spond ing elec tron
den sity was of ex cel lent qual ity.  

1. J. Biesiadka, G. Bujacz, M. M. Sikorski, M. Jaskolski, J.

Mol. Biol. 319(5), 1223-34 (2002).

2. G. D. Bujacz, O. Pasternak, Y. Fujimoto, Y. Hashimoto,
M. M. Sikorski, M. Jaskolski, Acta Cryst. D59, 522-525
(2003).
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STRUC TURAL IN SIGHT INTO THE IN DUC TION OF THE BAC TE RIAL REPRESSOR

TETR BY THE AGONISTE PEP TIDE TIP

Syl via R. Luckner1, Mi chael Klieber1, Marcus Klotzsche2, Wolfgang Hillen2 & Yves A. Mul ler1

1Lehrstuhl für Biotechnik and 2Lehrstuhl für Mikrobiologie, Institut für Biologie,
Friedrich-Al ex an der-Universität Erlangen-Nürnberg 

Tai lored pep tides show large prom ise for clin i cal and bio -
tech no log i cal ap pli ca tions, and are able to gen er ate un prec -
e dented in sight into the mech a nisms of pro tein reg u la tion
and ac ti va tion. A ca veat of stan dard in vi tro se lec tion pro -
ce dures is that most pep tide se quences ob tained by phage
dis play or mRNA dis play func tion as in hib i tors of pro tein
ac tion [1]. 

The re cently dis cov ered pep tide Tip [2] not only rep re -
sents a rare ex am ple of an agoniste pep tide but in ad di tion
its func tion ap pears sig nif i cantly more so phis ti cated than
that of other ag o nist pep tides. Whereas the lat ter limit
them selves to di rectly or in di rectly pro mot ing pro tein in -
ter ac tions [3], Tip is able to trig ger an allosteric switch in
the bac te rial repressor TetR and thereby to sub sti tute for
the na t u ral effector tetracyline (Tc). Tip switches the con -
for ma tion of TetR be tween a DNA-bind ing com pe tent
form that re presses gene tran scrip tion and a non-DNA-
bind ing con for ma tion that dis so ci ates TetR [4] from its op -

er a tor DNA so that gene tran scrip tion can take place. Be -
cause of the fun da men tal im por tance of the reg u la tion of
gene ex pres sion and be cause TetR is a widely used tool to
study gene tran scrip tion in prokaryotes and eukaryotes [5],
we used crys tal log ra phy to un ravel the atomic mech a nism
by which Tip trips the allosteric switch. 

1. Dower WJ and Mattheakis LC, Curr Opin Chem Biol 6
(2002) 390.

2. Klotzsche M, Berens C and Hillen W, J Biol Chem (2005).

3. Wrighton NC et al., Sci ence 273 (1996) 458-64.

4. Saenger W, Orth P, Kisker C, Hillen W and Hinrichs W,
Angew Chem Int Ed Engl 39 (2000) 2042.

5. Berens C and Hillen W, Eur J Biochem 270 (2003) 3109.

Fig ure 1. The over all fold of LlPR-10.2B pro tein showed in two dis tinct per spec tives.
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STRUC TURE-BASED RE-ENGINEERING OF INTERNALIN – THE IN TES TI NAL

INVASIN OF LIS TE RIA MONOCYTOGENES

Thomas Wol lert, Dirk W. Heinz, Wolf-Di eter Schu bert

Ger man Re search Cen tre for Bio tech nol ogy, Braunschweig, Ger many

The food-borne patho gen Lis te ria monocytogenes causes
se vere in fec tions in immunocompromised pa tients. At
30%, the mor tal ity rate of this patho gen far ex ceeds that of
other com mon food-borne patho gens such as Samonella
enteritidis or Vibrio spe cies. The first step of listerial in fec -
tion in volves the up take of bac te ria into nor mally
nonphagocytotic ep i the lial cells of the in tes tine. This up -
take is me di ated by the in ter ac tion of the ma jor invasin of
this bac te rium, Internalin (InlA), with its hu man re cep tor
E-Cadherin.

We have pre vi ously in ves ti gated the rec og ni tion com -
plex of InlA and hu man E-cadherin struc tur ally by crys tal -
liz ing the com plex be tween func tional frag ments of both
pro teins. The leucine-rich-re peat (LRR) pro tein InlA was
found to bind the N-ter mi nal do main of E-cadherin through 
its 15 unit LRR-do main. Nev er the less, de spite a large in -
ter ac tion sur face, the com plex is sur pris ingly weak - es pe -
cially when com pared to com plexes with in ter ac tion
sur faces of com pa ra ble size.

The weak in ter ac tion makes this com plex an ideal tool
to study and quan tify the con tri bu tion of in di vid ual amino
acid res i dues to the over all bind ing af fin ity. We have there -
fore re-en gi neered the com plex, by re plac ing in di vid ual
res i dues by point mu ta tion - in InlA only. As a re sult, we

have been able to in crease the af fin ity by up to 6600 fold -
by merely re plac ing two amino acid res i dues. Us ing iso -
ther mal ti tra tion cal o rim e try, we have fur ther more been
able to quan tify the ther mo dy nam ics of the in ter ac tion and
eval u ate the ef fects of sin gle hy dro gen bonds and other in -
ter ac tions in de tail.

L21

THE 1.9 C X-RAY STRUC TURE OF THE RV2827C PRO TEIN FROM

MY CO BAC TE RIUM TU BER CU LO SIS

Rob ert Janowski, Santosh Panjikar, Jochen Müller-Dieckmann and Manfred S. Weiss

Eu ro pean Mo lec u lar Bi ol ogy Lab o ra tory, Notkestrasse 85, D-22603 Ham burg, Ger many

Tu ber cu lo sis (TB) is the sin gle lead ing cause of hu man
adult death by an in fec tious or gan ism. It ac counts for over
2 mil lion deaths per year, pri mar ily in the de vel op ing
world. Multi-drug re sis tant My co bac te rium tu ber cu lo sis
strains are in creas ingly be ing found in the clinic. Early
treat ment with at least two ef fec tive drugs (isoniazid,
rifampicin) can of ten re duce mor tal ity with multi-drug re -
sis tant tu ber cu lo sis, but out breaks of tu ber cu lo sis with
strains re sis tant to seven or more drugs have been re ported.
It ap pears likely that strains which are com pletely re sis tant
to ex ist ing an ti bi ot ics will be come in creas ingly com mon. It 
points to the crit i cal need for new drugs that are ac tive
against al ter na tive tar gets.

The ob jec tive of our re search pro ject is to ob tain struc -
tural in for ma tion on pro teins from M. tu ber cu lo sis iden ti -
fied by ex pres sion pro fil ing and mRNA anal y sis, by which
the dif fer ent stages of life of this patho genic bac te rium can

be dis tin guished. These pro teins may also play an im por -
tant role in its pathogenesis. The struc tural in for ma tion on
such pro teins from M. tu ber cu lo sis is lim ited to date.
There fore, the elu ci da tion of 3D struc tures would pro vide
im por tant in for ma tion on the bio chem i cal func tions of the
mol e cules. This will con sti tute a valu able ba sis for un der -
stand ing pathogenesis and for struc ture-based de sign of the 
new drugs.

Rv2827c from M. tu ber cu lo sis does not show any sig -
nif i cant amino acid se quence sim i lar ity to other known
pro teins (ex cept to its homo logues in M. bovis and M.
mikroti). The structure of this hy po thet i cal pro tein has been 
solved us ing the MAD tech nique (quick bro mide soak ing,
25 bro mide sites in the asym met ric unit) to a res o lu tion of
2.6 C and af ter wards it has been re fined us ing na tive data
col lected to 1.93 C res o lu tion. The structure is com posed
of 2 or 3 do mains. The C-ter mi nal frag ment (83-295 aa) is

Internalin

hEC1
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not rem i nis cent of any other 3D struc ture based on a com -
par i son done us ing the DALI and SSM serv ers.

The N-ter mi nal part of Rv2827c (1-82 aa) is def i nitely a 
sep a rate do main and con sists of a winged-he lix (or he -
lix-turn-he lix) mo tif. Ac cord ing to the re sults from the
DALI and SSM serv ers its fold (15-74 aa frag ment) is com -
mon for sev eral dif fer ent types of the pro teins re spon si ble
for DNA/RNA bind ing (tran scrip tion reg u la tors). Very in -
ter est ing is the fact that the struc ture of this frag ment is

sim i lar to two pro teins re spon si ble for an an ti bi otic re sis -
tance reg u la tion (methicillin re sis tance reg u lat ing
transcriptional repressor from S. aureus, and mul ti ple an ti -
bi otic re sis tance repressor from E. coli). Based on the
struc tural com par i son of the N-ter mi nal do main we as sume 
that the Rv2827c pro tein plays a role in the reg u la tion of
the tran scrip tion. DNA bind ing ex per i ments are in prog -
ress.

L23

CRYS TAL STRUC TURES OF TWO ALCALASE COM PLEXES: WITH NA TIVE CI-2A

IN HIB I TOR AND M59P MU TANT AT UL TRA HIGH RES O LU TION (0.74 C)

Joanna Raczyñska1, Rob ert Jêdrzejczak2, Pe ter Oestergard3, Wojciech Rypniewski1

1In sti tute of Bioorganic Chem is try, Pol ish Acad emy of Sci ences, Poznan, Po land
2Argonne Na tional Lab o ra tory, USA

3Novozymes, Den mark

Alcalase® is a serine pro te ase of the subtilisin fam ily. It is a
nat u rally occuring vari ant1 of subtilisin Carlsberg2, pre -
pared com mer cially from a se lected strain of Ba cil lus
licheniformis. The in hib i tor pre sented here is the
chymotrypsin in hib i tor 2A (CI-2A) from the seeds of the
Hiproly strain of bar ley. It is a mem ber of the po tato in hib i -
tor I fam ily of serine pro teas es in hib i tors3. It is worth not -
ing, that it is a com pet i tive in hib i tor of chymotrypsin and
subtilisin but not of trypsin by which it is cleaved4. 

The in hib i tor is bound to the en zyme via short
antiparallel beta-sheet in ter ac tions, Van der Waals con tacts 
of the P1 res i due with the bind ing pocket of the pro te ase
and also in ter ac tions (mainly H-bonds) on the  side of a po -
ten tial leav ing part of the in hib i tor.

The main dif fer ences be tween the two com plexes are at
the bind ing site. Mu ta tion from methionine to proline at the 
P1 po si tion causes the weak en ing of the Van der Waals in -
ter ac tions within the bind ing pocket of the pro te ase.

Both struc tures cointain a high pro por tion of res i -
dues hav ing dou ble con for ma tions, in clud ing a few seg -
ments of the main chain. Large num ber of dis or dered
res i dues is of ten seen in struc tures solved from low tem per -
a ture data and such de tails can be eas ily ana lysed when
high res o lu tion data are avail able.

1. Jacobs, M., Eliasson, M., Uhlen, M. and Flick, J. I. (1985)

Nu cleic Ac ids Res. 13, 8913-26.

2. Liderstrom-Lang, K. And Ottesen, M. (1947) Na ture 159,

807-808.

3. Jonassen, I. (1980) Carlsberg Res. Commun. 45, 47-58.

4. Longstaff, C., Camp bell, A. F. and Fersht, A. R. (1990)
Bio chem is try 29, 7339-47.

A rg 6 2

Gl u 6 0

Ty r2 0 9

A s n 6 2

A s n 2 1 8

Ty r6 1

Fig ure 1.  H-bond ing in ter ac tions be tween the en zyme (red) and
the in hib i tor (green).
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CRYS TAL STRUC TURE OF PA0740, A NOVEL ZINC-DE PEND ENT SULFATASE

FROM THE HU MAN PATHO GEN PSEU DO MO NAS AERUGINOSA

Gregor Hagelüken1, Thorsten Ad ams2, Lutz Wiehlmann3, Harald Kolmar2, Burkhardt
Tümmler3, Dirk W. Heinz1, Wolf-Di eter Schu bert1

1Ger man Re search Cen ter for Bio tech nol ogy, Braunschweig, Ger many
2Uni ver sity of Göttingen, De part ment of Mi cro bi ol ogy and Ge net ics

3Hannover Med i cal School, Ger many, *E-mail: wds@gbf.de

Sul fur is the fifth most com mon el e ment in or ganic com -
pounds af ter car bon, ox y gen, ni tro gen and hy dro gen.
Though sul fur is gen er ally avail able in the bio sphere in the
form of or ganic com pounds, free sul fate ions are fre quently 
growth lim it ing. In par tic u lar sul fur es ter com pounds,
ubiq ui tously pro duced by liv ing or gan isms and hence
found in through out the bio sphere, ac count for a large frac -
tion of sul fur con tent in aer o bic soils. 

Mi cro or gan isms can uti lize these sul fur es ters as their
sole source of sul fur for growth us ing sulfatases, of widely
vary ing sub strate specificities. Three mech a nis ti cally dis -
tinct groups of sulfatases have been iden ti fied - each un re -
lated to the other two:

Arylsulfatases, the best-stud ied group (group I), are
pre dom i nantly eukaryotic but oc cur in some prokaryotes,
as well. They are char ac ter ized by a serine or cysteine
post–translationally mod i fied to a formylglycine that
nucleophilically at tacks the sul fate es ter, pro duc ing in or -
ganic sul fate and the cor re spond ing al co hol.

The sec ond group be longs to the Fe(II) a-ketoglu -
tarate-de pend ent di-oxygenase superfamily of en zymes.
These en zymes ox i da tively cleave sul fate es ters into in or -
ganic sul fate and the cor re spond ing al de hyde and re quire
a-ketoglutarate as a co-sub strate. The only crys tal struc ture
of this group is that of AtsK of Pseu do mo nas putida.

PA0740 be longs to a third, as yet poorly char ac ter ized
group of sulfatases. Their N-ter mi nal do main con tains a
Zn2+ bind ing mo tif (S/THxHxDHxGG) sim i lar to one in

class B b-lactamases. We have solved the crys tal struc ture
of PA0740, a mem ber of this group, at 1.8 C res o lu tion. 

PA0740 is a sym met ric dimer, with an un usual a-he li cal 
dimer in ter face that in tri cately in ter locks the mono mers.
Each mono mer fur ther more con tains an N-ter mi nal
abba-sand wich do main rem i nis cent of class B
b-lactamases. The cen tral do main of PA0740 is in volved in 
dimerization, while the C-ter mi nal do main is struc tur ally
sim i lar to sterol car rier pro tein-2. 

L25

CRYS TAL LO GRAPHIC STUD IES ON THE 2-OXOGLUTARATE DE PEND ENT
OXYGENASE RDPA

J. Krauße1, A. Westendorf2, E.B. Küttner1, R.H. Müller2, N. Sträter1

1Cen tre for Bio tech nol ogy and Biomedicine, Uni ver sity Leip zig, Deutscher Platz 5, D-04103 Leip zig, Ger many
2UFZ Cen tre for Environmen tal Re search, 15, D-04318 Leip zig, Ger many

The most wide spread group of mononuclear non-heme
iron en zymes is the fam ily of 2-oxoglutarate (2-OG) de -
pend ent oxygenases. Its mem bers are found in bac te ria as
well as eukaryotes and cat a lyze a large va ri ety of re ac tions.
The ca tal y sis is al ways cou pled with the decarboxylation
of 2-OG and the con sump tion of mo lec u lar ox y gen. A
2-OG de pend ent oxygenase was iso lated from Delftia
acidovorans MC1. It car ries enantiospecific ac tiv ity for the 
etherolytic cleav age of R-(2,4-dichlorophenoxy)pro pi o -
nate (Rdp) and is thus re ferred to as RdpA. Its sub strate be -

longs to the group of chlo ri nated phenoxyalkanoates which 
were widely used her bi cides in ag ri cul ture and re main as
se vere soil pol lut ants. The crys tal struc ture of RdpA is of
spe cial in ter est to an a lyze its stereospecific sub strate rec -
og ni tion in com par i son to a ho mol o gous en zyme (SdpA)
which cat a lyzes the de com po si tion of S-(2,4- dichlo -
rophenoxy)pro pi o nate (Sdp) ex clu sively. Such knowl edge
would pos si bly al low for the de sign of new spe cific cat a -
lysts.
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Ini tial crys tal li za tion con di tions for RdpA were found
by sparse ma trix method. Re fine ment was car ried out to
ob tain crys tals suit able for X-ray dif frac tion ex per i ments.
Data col lec tion was per formed at BESSY, Berlin. The
crys tals of na tive RdpA show strongly anisotropic dif frac -
tion up to 2.5 C res o lu tion. They are well or dered along the
b and c axes. Along the poorly or dered a-axis they dif fract
to 3.2 C. The struc ture was de ter mined at 2.9 C by mo lec u -
lar re place ment in space group C2221 us ing the ho mol o -

gous pro tein TauD from E. coli as phas ing model. The
assymetric unit prob a bly con tains two dimers of the en -
zyme. To en hance pro tein pro pen sity for crys tal li za tion
and con se quently crys tal qual ity, sur face mu ta gen e sis was
car ried out. Lysyl and glutamyl res i dues were sub sti tuted
by alanine to lower conformational en tropy and me di ate
crys tal con tacts. 

1. Westendorf, A. et al. (2002) Microbiol. Res. 157, 317-322.

2. Westendorf, A. et al. (2003) Acta Biotechnol. 23, 3-17.
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A SERINE PEPTIDASE WITH A SER-HIS-GLU TRIAD AND A NUCLEOPHILIC EL BOW

Henryk J. Korza1,2 and Matthias Bochtler1,2

1In ter na tional In sti tute of Mo lec u lar and Cell Bi ol ogy,ul. Trojdena 4, 02-109 War saw, Poland
2Max-Planck-In sti tute for Mo lec u lar Cell Bi ol ogy and Ge net ics,Pfotenhauerstr. 108, 01309 Dresden,

Ger many

LD-car boxy pep ti das es (EC 3.4.17.13) are named for their
abil ity to cleave am ide bonds be tween L- and D-amino ac -
ids, which oc cur nat u rally in bac te rial peptidoglycan. They
are spe cific for the link be tween meso-diaminopimelic acid 
and D-alanine, and there fore de grade NAG-NAM
tetrapeptides to the cor re spond ing tripeptides. As only the
tripeptides can be re used as peptidoglycan build ing blocks, 
LD-car boxy pep ti das es are thought to play a role in
peptidoglycan re cy cling. De spite the phar ma ceu ti cal in ter -
est in peptidoglycan biosynthesis, the fold and cat a lytic
type of LD-car boxy pep ti das es are un known. Here, we
show that a pre vi ously uncharacterized open read ing frame 
in Pseu do mo nas aeruginosa has LD-carboxypeptidase ac -
tiv ity and pres ent the crys tal struc ture of this en zyme. The

struc ture shows that the en zyme con sists of an N-ter mi nal

b-sheet and a C-ter mi nal b-bar rel do main. At the in ter face
of the two do mains, serine 115 adopts a highly strained
con for ma tion in the con text of a strand-turn-he lix mo tif

that is sim i lar to the “nucleophilic el bow” in ab-hy dro las -
es. This serine res i due is hy dro gen-bonded to a histidine
res i due, which is ori ented by a glu ta mate res i due. All three
res i dues, which oc cur in the or der serine, glu ta mate,
histidine in the amino acid se quence, are strictly con served
in nat u rally oc cur ring LD-car boxy pep ti das es and can not
be mu tated to alanines with out loss of ac tiv ity.  We con -
clude that LD-car boxy pep ti das es are serine peptidases
with serine, histidine, glu ta mate cat a lytic tri ads.

L27

MO LEC U LAR BA SIS FOR MUL TI PLE SULFATASE DE FI CIENCY AND CAT A LYTIC
MECH A NISM FOR FORMYLGLYCINE GEN ER A TION OF THE HU MAN

FORMYLGLYCINE GEN ER AT ING ENZYME

Dirk Röser1, Achim Dickmanns1, Kurt von Figura2, Ralf Ficner1, and Markus G. Rudolph1

1Abt. Molekulare Strukturbiologie, Institut für Mikrobiologie und Genetik, Georg-Au gust-Universität,
Justus-von-Liebig Weg 11, D-37077 Göttingen 

2Abt. Biochemie II, Georg-Au gust-Universität, Hein rich-Düker-Weg 12, D-37073 Göttingen

Sulfatases use formylglycine (FGly) as the key cat a lytic
res i due in their ac tive site to hy dro lyze sul fate es ters. FGly
is unique to sulfatases and is post-translationally gen er ated
from cysteine by FGE, the formylglycine gen er at ing en -
zyme. The pre cise mech a nism for FGly gen er a tion is un -
known but in volves disulfide bond for ma tion and re quires
cal cium, mo lec u lar ox y gen, and a re duc ing agent. In ac tiv -
ity of FGE due to in her ited mu ta tions re sults in mul ti ple
sulfatase de fi ciency (MSD), a se vere syn drome that leads
to early death in in fants. 

The crys tal struc ture of the FGE paralogue, pFGE, was
de ter mined pre vi ously (Dickmanns et al.) and was used to
de ter mine sev eral crys tal struc tures of  FGE by mo lec u lar
re place ment. The FGE struc ture could also be de ter mined
de novo by a com bi na tion of Cal cium/Sul fur SAD phas ing
and den sity mod i fi ca tion (Roeser et al.). These struc tures
pro vide in sight into the cat a lytic mech a nism of FGly gen -
er a tion and es tab lish the mo lec u lar ba sis for MSD. The
struc ture of FGE ex plains the ef fect of the var i ous point
mu ta tions found in MSD pa tients. Some mu ta tions
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destabilize FGE, while oth ers ren der metal bind ing im pos -
si ble or sub sti tute cat a lyt i cally im por tant res i dues.

Six struc tures of wild-type FGE in the apo form re -
vealed a re dox-ac tive disulfide bond at the bot tom of a cleft 
that was proven to be the sub strate bind ing site by a
cocrystal struc ture of an FGE mu tant and sub strate pep tide. 
Most strik ingly, an ox i dized cysteine res i due, pos si bly
cysteine sulfenic acid, is pres ent in sev eral struc tures of
FGE, which could rep re sent a cat a lyt i cally rel e vant in ter -
me di ate. The FGE struc tures pro vide the ba sis for a com -
plete de scrip tion of the FGE cat a lytic cy cle on the way to
re ac ti va tion of sulfatase ac tiv i ties in MSD pa tients (Dierks
et al.). 
In con trast to FGE, pFGE lacks FGly-gen er at ing ac tiv ity
but nev er the less binds pep tides that are sub strates for FGE. 
In ter est ingly, pFGE crys tal lizes as a dimer with the sub -
strate bind ing sites bur ied. As the func tion of pFGE is
likely re lated to FGE ac tiv ity (Mariappan et al.),
FGE/pFGE heterodimer for ma tion is con ceiv able, even

with a sub strate bound to FGE. Such a com plex could serve 
a reg u la tory func tion that has still to be elucidated.

1. Dickmanns et al. (2005). Crys tal Struc ture of Hu man

pFGE, the Paralog of the Ca-formylglycine-gen er at ing En -
zyme. J Biol Chem 280(15): 15180-15187.

2. Dierks et al. (2005). Mo lec u lar ba sis for mul ti ple sulfatase
de fi ciency and mech a nism for formylglycine gen er a tion of
the hu man formylglycine-gen er at ing en zyme. Cell 121(4):
541-552.

3. Mariappan et al. (2005). Ex pres sion, Lo cal iza tion, Struc -
tural, and Func tional Char ac ter iza tion of pFGE, the

Paralog of the Ca-Formylglycine-gen er at ing En zyme. J
Biol Chem 280(15): 15173-15179.

4. Roeser et al. (2005). “De novo cal cium/sul fur SAD phas ing 
of the hu man formylglycine gen er at ing en zyme us ing
in-house data.” Acta Cryst. D61: in press.
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DHC2 – A NOVEL DIHEME CYTOCHROME C FROM GEOBACTER

SULFURREDUCENS

Heitmann, D.1, Einsle, O.1

1Mo lec u lar Struc tural Bi ol ogy, In sti tute for Mi cro bi ol ogy and Ge net ics; Uni ver sity of Göttingen

Multiheme cytochromes of the c type are a wide spread
class of pro teins with a va ri ety of func tions in elec tron
trans port and en zy matic ca tal y sis In multi-heme
cytochromes not only the at tach ment of the pros thetic
groups to the pro tein back bone is of im por tance, but also
the ar range ment of hemes in re spect to each other. Con ser -
va tion of two dif fer ent heme ar range ment mo tifs has been
ob served, show ing a par al lel and a per pen dic u lar in ter ac -
tion and im pli cat ing that a func tional rea son for fix ing spe -
cial heme ge om e tries over sev eral en zymes and spe cies
ex ists. These cytochrome cat a lyzed re ac tions are of ma jor
im por tance for bac te rial life, as for ex am ple the con ver -
sions per formed by the large re dox en zymes
hydroxylamine oxidoreductase (HAO) or cytochrome c ni -
trite reductase (ccNiR).

Al though many multiheme c-type cytochromes have
been an a lyzed by a va ri ety of tech niques, none of these
stud ies could con clu sively dem on strate how the struc tur -
ally con served ar range ments of func tional heme groups are 
able to es tab lish en zy matic func tion al ity in the way they
do. Be cause their re dox chains con sist of more than two
heme groups, the data shows over lap ping sig nals re sult ing
from in ter ac tion of more than two heme groups, avert ing
ex am i na tion of in ter ac tions of only one mo tif. Fo cus ing of
spec tro scopic and re dox po ten tial data on one of these
heme ar range ments is a prob lem that can not be over come
by most sys tems. 

Here we de scribe the bio chem i cal and X-ray crys tal lo -
graphic char ac ter iza tion of the 94 amino acid con tain ing
diheme cytochrome DHC2, show ing a novel pro tein fold in 
com bi na tion with a par al lel heme pack ing mo tif and un -
usual heme group pa ram e ters. By join ing re dox
potentiometry, EPR, vis i ble spec tros copy, site di rected
mu ta gen e sis and x-ray crys tal lo graphic struc tures the fea -
tures of par al lel heme mo tifs can be ap proached in a broad
sys tem at i cal way, re veal ing the mech a nisms in which this
func tional mo tif acts in multiheme pro teins.

1. Pettigrew, G. W. & Moore, G. R. (1987). Cytochromes c.
Bi o log i cal as pects, Springer Verlag KG, Berlin, Ger many.

2. Stevens, J., Daltrop, O., Allen, J. & Fer gu son, S. (2004).
C-type cytochrome for ma tion: Chem i cal and bi o log i cal
enig mas. Acc. Chem. Res. 37, 999-1007.

3. Igarashi, N., Moriyama, H., Fujiwara, T., Fukumori, Y. &
Tanaka, N. (1997). The 2.8 Å struc ture of hydroxylamine
oxidoreductase from a ni tri fy ing chemoautotrophic bac te -
rium, Nitrosomonas europaea. Nat. Struct. Biol. 4,
276-284.

4. Einsle, O. (2001). Cytochrome c ni trite reductase. In Hand -
book of Metalloproteins (Messerschmidt, A., Huber, R.,
Poulos, T. & Wieghardt, K., eds.). Wiley & Sons,
NewYork.
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CRYS TAL STRUC TURE OF THE TYPE III SE CRE TION CHAPERONE SYCT FROM
YERSINIA ENTEROCOLITICA

Ca rina R. Büttner, Dirk W. Heinz, Hartmut H. Niemann

Di vi sion of Struc tural Bi ol ogy, Ger man Re search Cen tre for Bio tech nol ogy, Mascheroder Weg 1, D-38100
Braunschweig, Germany

Patho genic Yersinia ssp. use the type III se cre tion (TTS)
sys tem to in ject cytotoxic effector pro teins di rectly into the
mam ma lian host cell. To be ef fec tively translocated, sev -
eral of these effectors re quire tran sient bind ing to spe cific
chaperones in the bac te rial cy to plasm. SycT is the
chaperone of YopT, a 36 kDa cysteine pro te ase that
cleaves the C-ter mi nal mem brane-an chor of Rho-GTPases
of the host or gan ism. The lack of GTPase sig nal ing for
actin poly mer iza tion leads to dis rup tion of actin stress fi -
bers and im pedes the for ma tion of phagocytotic cups con -
trib ut ing to the anti-phagocytotic ef fect of Yersinia. We
de ter mined the crys tal struc ture of 15 kDa SycT from three
crys tal forms. SycT forms a homodimer with an over all
fold sim i lar to other TTS effector chaperones. Two hy dro -
pho bic patches in volved in effector bind ing in other TTS

effector chaperones are also found in SycT . In the ab sence
of the effector, these patches in ter act with the hy dro pho bic
C-ter mi nal pep tide of the chaperone and are in volved in
crys tal con tacts. SycT ex hib its dis tinct dif fer ences com -
pared to other TTS chaperones (e.g. SycE): SycT lacks the

dimerization a-he lix and has an ad di tional b-strand re sult -

ing in a more com pact shape. This ad di tional b-strand is ca -
pa ble of un der go ing a conformational change that might be 
re quired for effector bind ing. 

Bio chem i cal anal y ses of the com plex be tween SycT
and YopT re veal a stoichiometric chaperone:effector ra tio
of 2:1. The chaperone-bind ing site com prises at least res i -
dues 52 to 103 of YopT.
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CRYSTAL STRUCTURE OF FUCOSYLTRANSFERASE FROM BRADYRHIZOBIUM

Krzysztof Brzezinski1, Tomasz Stepkowski2, Grzegorz Bujacz2,3, Santosh Panjikar4, Mariusz
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Sym bi o sis be tween le gume plants and Rhizobium bac te ria
de pends on ex change of spe cific mo lec u lar sig nals. This
pro cess re sults in the for ma tion of root nod ules in which
the bac te ria fix at mo spheric ni tro gen. In the ini tial phases
of nodulation, the host plant se crets flavonoids and ac ti va -
tion of bac te rial nod genes is in duced. The nod genes are
in volved in the syn the sis of lipochitin oli go sac cha rides,
called Nod fac tors, which are nec es sary for in fec tion of
root hair by the sym bi otic bac te ria. One of the steps dur ing
the syn the sis of the Nod fac tors is an at tach ment of
L-fucose, cat a lyzed by an en zyme, NodZ fuco -
syltransferse. 

The cod ing seqence of the nodZ gene was am pli fied by
PCR from genomic DNA of Bradyrhizobium. A C-ter mi -
nal (His)6-tag se quence was in tro duced by a nu cle o tide
primer. The tagged gene was cloned into the pET3a vec tor
and ex pressed in Esch e richia coli BL21 CodonPlus RIPL
cells. Sol u ble pro tein was pu ri fied by nickel-NTA af fin ity
chro ma tog ra phy and gel fil tra tion. The His-tag was not re -
moved for crys tal li za tion. Selenomethionyl NodZ was ob -

tained by in hi bi tion of the methionine biosynthetic path -
way with the same ex pres sion vec tor and Esch e richia coli
strain as for the na tive pro tein. Pu ri fi ca tion of Se-Met
NodZ was car ried out us ing the same pro to col as for the
wild-type NodZ. Mass spec trom e try anal y sis of Se-Met
sub sti tu tion of the six methionine sites showed high sub sti -

tu tion lev els. Crys tals of NodZ with sev eral hab its were ob -
tained at 19 and 4°C by the hang ing drop va por dif fu sion
method with KH2PO4 as pre cip i tant. Se-Met NodZ was
crys tal lized at 19°C us ing a sim i lar pro to col. The na tive
crys tals are hex ag o nal, space group P6522, with a = 125.5,
c = 95.6 C (form I) or a = 130.1, c = 83.3 C (form II), and
con tain one pro tein mol e cule in the asym met ric unit. The
crys tals of Se-Met NodZ are isomorphous with form I.
Multiwavelength anom a lous dif frac tion (MAD) data for
Se-Met NodZ were col lected at three wave lengths around
the se le nium K ab sorp tion edge us ing syn chro tron ra di a -
tion. The MAD data were used to solve the struc ture of
forms I of NodZ. The dif frac tion data ex tend to 1.54  (form
I), 1.95  (form II), and 2.4 C (Se-Met de riv a tive).
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Stereochemically re strained struc ture-fac tor re fine ment
(maximum like li hood tar gets) of both struc tures has con -
verged with very good model pa ram e ters and R/Rfree fac -
tors of 18.8 / 19.9% (form I) and 15.8 / 18.9% (form II).

The fold of NodZ con sists of 12 b strands (S1-S12) and
12 he li ces (H1-H12), which can be ar ranged into two do -
mains of nearly equal size. Do main 1 con tains 7 he li ces (in -

clud ing 310 he li ces H3, H4, and H5) and 6 b strands.

Do main 2 con tains 6 b strands and 5 he li ces. The two do -

mains share a sim i lar fold, how ever their to pol ogy (con -
nec tiv ity) is dif fer ent. In do main 2, the sec ond ary struc ture
el e ments are ar ranged into a vari ant of Rossmann fold. Al -
though the se quence con tains ten cysteine res i dues, they
are not paired into disulfide bridges. Three proline res i dues 
(83, 86 and 284) are in cis con for ma tion. Al though there is
no se quence sim i lar ity to other glycosyltransferases, NodZ
is struc tur ally sim i lar to BGT, which de fines the fold of one 
of the two fam i lies of glycosyltransferases.
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THE STRUC TURE OF YEAST PHOSPHOFRUCTOKINASE 1
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2EMBL, Ham burg, Ger many
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6-Phosphofructo-1-kinase (Pfk), a key en zyme in

glycolysis, is a heterooctamer (a4b4) of about 800 kDa
(21S). The crys tal struc ture of the lim ited pro te ol y sis prod -
uct (600 kDa, 12S Pfk) was de ter mined to 2.9 C res o lu tion.
The to tal num ber of at oms of the Pfk model ex ceeds 44,000 
and sub se quently the num ber of pa ram e ters to be re fined is
four times as many. Ow ing to the low data to pa ram e ter ra -
tio at this res o lu tion (172,763 unique re flec tions have been
ob tained) the re fine ment has been car ried out un der tight

re straints and with care ful mon i tor ing of the R/Rfree ra tio. 
The bulk of the mol e cule has clear elec tron den sity.

Fruc tose-6-phos phate was pres ent in the crys tal li za tion
me dium. The elec tron den sity clearly shows the mode of
bind ing of the ligand in the ac tive site and in the bind ing
site of the allosteric effector: fruc tose-2,6-bisphosphate,
unique to eukariotic Pfk. The Pfk mol e cule ap pears to be in
the allosteric R-state.
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The crys tal struc ture of the thi a mine diphosphate de pend -
ent en zyme pyruvate de car box yl ase from Kluyveromyces
lactis (KlPDC) has been de ter mined to 2.26 C. The model
could be re fined to an R-fac tor of 0.163 and an Rfree value
of 0.230. The asym met ric unit (space group P1211) con -
tains four iden ti cal sub units ar ranged as a dimer of dimers.
This qua ter nary struc ture rep re sents the cat a lyt i cally ac tive 
form of the en zyme. The co fac tor thi a mine diphosphophate 
is bound in its so-called “V”-con for ma tion to the ac tive site 
of each sub unit. Each mono mer can be di vided into three
do mains, each with a/b to pol ogy and high struc tural
homology to pyruvate de car box yl ase from Saccharomyces
cerevisiae (ScPDC) [1] and other thi a mine diphosphate de -
pend ent en zymes. In con trast to the sol vent ac ces si ble sub -
strate bind ing sites in ScPDC, two of the four ac tive sites of
KlPDC are found in a closed con for ma tion caused by the
mu tual ro ta tion of the dimers in the tetramer. A sim i lar ar -

range ment has been de scribed for ScPDC crys tal lized in
the pres ence of the sub strate sur ro gate pyruvamide
(PAScPDC) [2]. There are two dis or dered loop re gions in
KlPDC com pris ing res i dues 104-115 and 288-302 in each
sub unit. De spite the dif fer ent dimer ar range ment of both
en zymes within the tetramer , the same re gions were omit -
ted from the crys tal struc ture model of ScPDC. Pyruvamide 
bind ing at ScPDC caused or der ing of one half of the loops
lim it ing the ac cess to two ac tive sites. Anal y sis of the crys -
tal struc ture mod els of ScPDC, PAScPDC and KlPDC,
com par i son of the amino acid com po si tion of the in ter face
area of dimers as well as small an gle X-ray so lu tion scat ter -
ing data of these PDC spe cies im ply that the sub strate ac ti -
va tion in volves or der ing of the loop re gions 104-115 and
288-302.

1. Arjunan, P., Umland, T., Dyda, F., Swaminathan, S.,
Furey, W., Sax, M., Farrenkopf, B., Gao, Y., Zhang, D. &
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diphosphate-de pend ent en zyme pyruvate de car box yl ase
from the yeast Saccharomyces cerevisiae at 2.3 Å res o lu -
tion. J. Mol. Biol. 256, 590-600.

2. Lu, G., Dobritzsch, D., Baumann, S., Schnei der, G. &
König, S. (2000) The struc tural ba sis of sub strate ac ti va tion 

in yeast pyruvate de car box yl ase - A crys tal lo graphic and
ki netic study.  Eur. J. Biochem. 267,  861-868.
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The thi a mine diphosphate and flavin de pend ent pyruvate
oxi das es are en zymes of the en ergy me tab o lism of some
prokaryotic or gan isms, e.g. E. coli and L. plantarum. The
Lactobacillus en zyme (LpPOX) con verts pyruvate un der
con sump tion of ox y gen and phos phate into the high-en -
ergy me tab o lite acetyl phos phate. Due to the high po ten tial
for a phos phate-trans fer this com pound can be sub se -
quently used for the gen er a tion of ATP by an ac e tate
kinase. 

With the help of stopped-flow ki net ics and a method for 
the de ter mi na tion of the dis tri bu tion of the in ter me di ates
based on pro ton NMR spec tros copy, we could iden tify a
wild type-like vari ant which en abled us to solve the struc -
tures of com plexes of LpPOX with two na tive-like in ter -
me di ates (lactyl-thi a mine diphosphate and hydroxy ethyl-

thi a mine diphosphate) and one non-phys i o log i cal in ter me -
di ate (acetyl-thi a mine diphosphate) by soak ing crys tals in
ex actly de fined sub strate so lu tions.

The ob tained snap shots pro vide in sights into the re ac -
tion mech a nism of this en zyme on an atomic scale and
throw some light on some fea tures of thi a mine diphosphate 
me di ated ca tal y sis dis cussed for a long time. One of these
fea tures is the per pen dic u lar ori en ta tion of the carboxylate
group in lactyl- thi a mine diphosphate, which is pos tu lated
to be nec es sary for the sub se quent decarboxylation of this
in ter me di ate.

Ad di tional elec tron den sity at tached to the C2-atom of thi a mine diphosphate in the ac tive site of
an LpPOX-vari ant re veals a trapped in ter me di ate.


