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Abstract

A program,DipoCoup is presented that allows to search the protein data bank for proteins which have a three
dimensional fold that is at least partially homologous to a protein under investigation. The three dimensional
homology search uses secondary structure alignment based on chemical shifts and dipolar couplings or pseudo-
contact shifts for the three dimensional orientation of secondary structure elements. Moreover, the program offers
additional tools for handling and analyzing dipolar couplings.

Introduction a structure homologous to a known fold will be ac-
celerated. There is so far only one example of using
One goal of post genomic research is to determine all experimental NMR parametersin an early stage for 3D
protein folds. The number of folds is expected to be homology searches (Annila et al., 1999). Recently the
limited (Sali, 1998; Fischer and Eisenberg, 1999). Se- possibility for using protein fragments generated from
guence profile methods nowadays have a big impact in PDB and chosen by aligning similar dipolar couplings
fold recognition.Ab initio structure prediction works  and chemical shifts for structure determination was
up to 40—-60 amino acids and may emerge as a pow-shown (Delaglio et al., 2000). The availability of ori-
erful tool for structure prediction in the future (Moult, entation information from NMR experiments in terms
1999). To obtain a complete coverage of folds most of residual dipolar couplings (Tolman et al., 1995;
effectively, it is important to focus on the elucidation Tjandra and Bax, 1997; Bax and Tjandra, 1997; Clore
of structures with novel folds rather than rediscov- et al., 1998a; Fischer et al., 1999; Peti and Griesinger,
ering known folds on new proteins. Blast threading 2000; Meiler et al., 2000) offers new possibilities in
andab initio approaches rely on the analysis of pri- this field. In this paper, we present a versatile program,
mary and secondary structure in the context of a three DipoCoup that uses chemical shifts for the alignment
dimensional structure database. We will present ex- of secondary structure elements and tertiary structure
perimental tools that allow to compare the 3D fold alignment from dipolar couplings and pseudocontact
of a new protein to all known folds in an early stage shifts for the homology search in the PDB. We will
of NMR based structure determination. This approach show, using examples, that the program is fast enough
has the potential to predict folds of a new protein with to search through a large number of pdb files.
little homology to proteins with known folds. By the
same token, structure elucidation of a new protein with
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Figure 1. (a) Coordinate system of the moleciie'y, z)W|th a bond vector between the two nudl@indj or a nucleus and an electroe. The
projection angles of the vector onto they, zaxes ar& andzIl respectively. (b) Representation of the vector in the frame of the tensor

ﬁ(ag, |ag §|ag. The Euler rotation transforms the tensor into the coordinate system of the molecule. The orientation of the boig vector
is deflned by the angle®) and!.

Theory In case of paramagnetic alignment the susceptibility
tensory, is related to the alignment tensarby § =
Experimental dipolar couplings between nudleind A(15u0kT /4Bo). Equation 1 uses the alignment ten-
j(DY) and pseudocontact shifts between nucleus sor as the frame of reference (Figure 1). The formal
and electrore(3s ) are related to the alignment ten-  dependence of dipolar couplings and pseudo contact
sor (principal componentsAxx, Ayy, Azz) or to the shifts is the same while the prefactors differ. The pre-
magnetic susceptibility tensor (principal components: factor is constant for dipolar couplings (Equation 1a)
Xxx Xyy» Xz2 and to the orientation of a specific vec-  if the distancejj is constant. For pseudocontact shifts
tor with respect to the alignment tensor expressed by and also for dipolar couplings between nuclei whose
the projection angle8’ and ¢) according to Equa-  distance is not fixed a priori in the bonding network
tion 1. The vector is either the vectéy between the they vary because the distanggor rjj cannot be re-
two coupled atoms andj in case of dipolar coupling  garded as constant in this case (Ghose and Prestegard,
(Equation 1a) or the vectdie between the electron  1997; Clore and Garrett, 1999).
spin e (paramagnetic center) and the active nucleus However, the measured orientation value cannot be
(Equation 1b). translated directly in a combination 63 and (px An
infinite number of combinations af! and ¢! exist,

i —wohSyiy; that fulfill an experimental value. Still if one pair of
Oz 0 = —5 35— [6(2’422_ Axx anglesd? and ¢) can be found to be correct due to
I . the alignment of a whole molecule, four orientations

— Ay (@3 cog 6l — 1) (1a) of the molecule fulfill all expenmental values, since

the signs of angleéJ and ¢} can be reversed inde-
pendently in Equation 1 without the change of either

+ 5 (Axx = Ayy) cos 2! s.nZeg] :
dipolar couplings or pseudo contact shifts.

In the context of a 3D homology search, the coor-

So(0°, ¢'®) = P} [ (2% zz— Xxx dinate system of a protein in the 3D structure data file
e (e.g. PDB) is the natural frame of reference. Therefore

— Yy (3cog 6 — 1) (1b) we express Equation 1 in this coordinate system which

1 e gir? pie is rotated by three Euler anglesp, y with respect to
+ 5 (o= Xyy) €OS 2 SN 6; the alignment tensor (Figure 1). Equation 2 expresses
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the dipolar couplings in the molecular frame (aniden- /i1 JF; pil g

: O : - exp/ Fij theor/ £
tical equation is obtained for pseudocontact slifts . | '

by replacingj with e, all following equations are only : = : =
given for dipolar couplings): DY/ Fi DIt JF

pil &l &) =

., cog 221 —co2elt o Ei}j,l —co2elt 2coselt coszi}j,l -
COSEIJJC 7Syy*SZZ Sxy Sxz COSEIJJC .
_ i i ) ) ) i ) )
Y COSE?_ Sy Syy Syz COSE?_ cofg)' —cof g} cofg) —cofsyl" 2cossy costy -
COSEZJ Sxz Syz Szz COSEZJ
(cof &) — cof E})Syy + (CoS &} — COFL EY) Sz
=Fj| +@ cosﬁ?g cosz'}'_,)Sxy + (2 cosﬁ'}c coszg ) Sxz . . . . Syy
+(2cossy cOSED) Syz 2cost) ! cosg) 2c0st) cost) Y | s,
) 2
: : Sxy | = Ccs 3
with 2cos)” cosg)' 2coss)” cosg)' ) | Sxz
Fj = —WohSyiv) Syz

8n3r€’

In this molecular frame the alignment tensor is no This system of equations can be solved by multipli-
longer diagonal and can be expressed by a symmetriccation of the pseudo inverse of the rectangular matrix
three by three traceless matrix holding five indepen- C, i.e., by calculating the Moore-Penrose-Inverse of
dent elementSyy, Szz Sxy, Sxz andSy,, the elements  the matrix yielding the vecta. Rebuilding the Saupe

of the Saupe matrix (Saupe, 1968). The eigenvalues of matrix from these values and analyzing its eigensys-

this matrixSeed, Swed, S9are identical to the princi- ~ tem yields the eigenvalues of the tens§f®, Sy,
pal components of the alignment tensgg, Ayy, Azz 5329 55 well as its orientation given by the eigenvec-

The angles!, }’ 2 define the projection angles of tors. It can be expressed in terms of three Euler angles
the bond vectoF; or the vector between the nucleus in «, B, andy.
and the electroRe using pseudocontact shifts onto the

molecular frame. For a given structure and experimen-
. —Syy—SZZ SXy S)(Z

tal dipolar couplingngxp, the five independent tensor 20 ¥z N
contributions can be determined directly by solving Sy Sy Sz | = (R @R ER (y))
the linear system of equations given from Equation 3 Sxz Syz Szz
for a set of experimental dipolar couplings fopairs sdeg 9o
of nucleii andj requiring Déxp = Dy, (LOSONCZ 0 sdag o )
etal., 1999). 0 0 sdag

RZ(@RY B)R?(y)

The solution of the Moore Penrose inversion problem

is equivalent to finding a solutioDPheorWith the least

square deviation for a given experimental seuﬁf(p.
Experimental errors cannot be directly taken into con-
sideration during this approach. Therefore a careful
analysis afterwards is necessary according to Losonczi
et al. (1999).
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Figure 2. Schematic features of the progrdipoCoup Arrows (a) describe the analysis of experimental dipolar couplings and/or pseudocon-
tact shifts from proteirA without the knowledge of its three dimensional structure and without the use of the database. Arrows (c) describe
the analysis of the three dimensional structure of proBefior calculating theoretical dipolar couplings or pseudocontact shifts. Arrows (b)
indicate the fitting procedure of protefto the known three dimensional structure of protBinThis is used to obtain the orientation of the
alignment tensor derived from the experimental datafar the molecular frame of proteiB. The quality of the fit is measured by tievalue.
Alternatively to a single moleculB a whole database can be searched finding homologous structures or structure fragments.

Materials and methods Sg}ag of the tensor can then be determined from the
histogram (Clore et al., 1998b). With this information
The 3D homology search progra@ipoCoup was the program can generate input files for XPLOR- or
written in Ct* and can be run on every standard PC CNS-annealing protocols which use residual dipolar
working with either Windows95/98 or WindowsNT. couplings as restraints. It also calculates the angle pro-
The program offers three general means of analyzing jection ranges that allow to use dipolar couplings in
dipolar couplings and pseudocontact shifts (Figure 2) XPLOR- or CNS-calculations without the necessity to
of the proteinA under investigation by comparing it  define the orientation of the alignment tensor (Meiler
to one or several selected proteilBsfrom the data- et al., 2000).
base. In procedure (a) one can analyze the experi- 3D homology searching is prepared in (c) by cal-
mental dipolar couplings and/or pseudocontact shifts culating NMR properties of a potentially homologous
of proteinA as well as obtain secondary structure in- proteinB which is extracted from a structure data base.
formation from13C chemical shift index data, CSI  From the given three dimensional structure of pro-
(Spera and Bax, 1991; Wishart et al., 1992, 1995; tein B a set of dipolar couplings and pseudocontact
Wishart and Sykes, 1994). The program is able to shifts can be generated. To do this, the program first
handle different sets of dipolar couplings in combi- adds hydrogen atoms that may be missing in the struc-
nation with pseudocontact shifts for one alignment ture and corrects the bond lengths between all heavy
tensor. Dipolar couplings for atom pairs with defined atoms and their bound hydrogen atoms according to
distances (e.g., N-‘M Ca-Ha, Ca-CO) in proteinA Bax and Ottiger (1998). For a given alignment tensor
scaled witl‘Fij‘l can be visualized in a histogramyield- and paramagnetic center theoretical dipolar couplings
ing a powder pattern. The eigenvalusgag, S)C/!;/ag, and pseudocontact shifts can be calculated, visualized



287

and exported to disk, respectively. Also the three di- disconnected and aligned individually with matching
mensional structure can be exported to disk oriented secondary structure elements®fBy default, discon-
in the frame of reference of the alignment tensor and nection of secondary structure elementsAiroccurs
shifted to the appropriate position with respect to the at boundaries of secondary structure elements, e.g.
paramagnetic center. from B-sheet to random coil. However, the user may

Finally in procedure (b), both the experimental also suggest other positions for disconnecting the se-
data from the proteifA under investigation and the quence, if additional information has to be used or
three dimensional structure from the prot8ircan be other ideas have to be tesed. If no secondary structure
checked for matching 3D folds. One or several pro- alignment is possible the alignment with mininfl
teinsB from the protein data bank (PDB) can be used, without the use of secondary structural information
allowing one to compose the experimental data to a is presented. The program allows for a search over
database of proteins. Hydrogen atoms are added orthe whole or part of the PDB database, as will be
corrected for protein8 as already described in (c). described subsequently.
The secondary structure elements of protdinare If pseudocontact shifts are given, the position of
calculated from the coordinates by analyzing hydro- the paramagnetic center either can be explicitly de-
gen bonds and- andyr-angles. Then the alignment fined in the three dimensional structure or can be
of residuesa of A and b of B is done such that optimized by an interactive grid search protocol. For
Dexp(@) is assigned to the respective atoms of residue optimization to proceed, a starting position, a starting
b of proteinB. This set of ‘experimental’ dipolar cou-  step, and the size of the cube to be searched has to be
plings is used to calculate the alignment tensor and supplied. The program searches this given cube using
its orientation according to Equation 3. In this case the starting step size and restarts this search with the
no analysis of the histogram needs to be performed. best point of the previous search and a decreased step
As a quality measure th@-value of the dipolar cou-  size and size of the cube, until the step size is smaller
plings (analogous for pseudocontact shifts) is used: than a predefined target value (e.g., 0.1 A).
0= \/Zij(DgXp_ Dijheor)z/ Zij(DgXp)z (Cornilescu The program can be downloaded together with
et al., 1998)Q is a normalized square deviation and an example and two databases of 1_25 (Rost and
is equivalent to+/2 times theR-factor (Clore and Sander, 1994) an.d 500_ representative fo_Ids (.)Ut
Garrett, 1999). Moreover, the program calculates the g;ntﬂirtZzsz;ggfwatgpﬁiﬁypton'Org'Chemle'um-
correlation coefficient R (not to be mixed up with the 1 ) dlDJ I'. d for th
R-factor) and offers therefore a second quality value. NH and "Dy couplings were measured for the

The alignment of the residuesof proteinA andb protemHg;(lllc (C4§._) S.) “S'”l‘{é, the_ d|rect_ measure-
of proteinB is not based on primary sequence homol- ?Hegglgf It-|hS ‘]E':H splltimg n g;e N dgwclerlslgn of 2?
ogy. Rather, the sequences will be aligned to have a ,_._ QC spectra andJjyy modulated spectra
minimumQ-value. The program aligns first all amino (T_jandra etlgl., 1996). To measure.the dipolar cou-
acids of proteinA over the amino acids of protel plings, two™N Iabgled samples dﬂQ'CI(.: (C46—
starting with the first for both proteins, respectively. S) were prepared: One for measuring 'SOUO]Q_]@H
After calculation of the Q factor for this alignment couplings and_ one S.a’?"'p'e where_ the weak alignment
the sequence of proteif is shifted by one residue ltp fcgeb_mal?netlcwfleld IS ln:jutizggsuég iHAPS?/DLPC
and the procedure is repeated until the last amino Ipid bice es (Wang e.t al, )- Both samples con-
acid of A is aligned with the last amino acid . tained 2.5 mM protein, 10 mM phosphate buffer at
This ensures that terminal secondary structure ele- pH 6.5, 0.03% Naly, 0.1 mM Pefabloc .SC’ 600 mM

. . . NaCl, and 50Qul of 95% H,O/5% D,O in an 5 mm

ments of proteinA are fully used in the alignment

process. This procedure avoids to find false positive NM_II?htube. loohilin A | imatel
hits due to a changing number of dipolar couplings and € cyclophtin sampie was approximately

CSl data used. A check for matches of the secondaryog éné\/l n d 10083r0r/1MNp0taSss||utr_n pho]?pz)gatel bgu;{;r at
structure elements is performed. Secondary structureP™ -2 and ©.0sv% a Solutions of 25Qu1 (95%

. H20/5% D,O) were measured in Shigemi microcell
elements are derived from CSI for protednand by ) .
analysis of H-bonds and and (procedure (c) in tubes. Alignment was achieved by CHAPSO/DLPC/

Figure 2) for proteinB. To achieve optimal align- CTABdb::():eII(ats (Sgtigiggp'd conc.: 1:5:0.1; Loson
ment, the secondary structure elementAofan be czland Frestegard, )-
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All measurement were carried out on Bruker DRX-
600 or Bruker DRX-800 (Bruker, Rheinstetten, Ger-

Measured dipolar couplings were fitted to the
NMR structure of rhodniin, by omitting and includ-

many) spectrometers equipped with standard 5 mm ing pseudocontact shifts. As expected, the dipolar
triple-resonance, z-gradient probes. The temperaturecouplings are reproduced in the first case (Figure 3,
for all measurements was 303 K. The measurementsTable 1) when pseudocontact shifts were omitted.

of the 1y splitting in the >N dimension of 2D
1H-15N HSQC spectra were collected with 5132)(t
x 2048 () complex data points’Jyy modulated
spectra were collected with 128 Ytx 2048 (b) com-

With a normalized square deviation ¢f = 0.00 the
tensor size and orientation exactly reproduce the pre-
defined values. Th@®-value is found to be 0.08 in the
second case when the tensor and the position of the

plex data points. Data processing and analysis were paramagnetic center were recalculated. The paramag-
performed using either XWinNMR 2.6 (Bruker, Karl- netic center is found with a deviation of 0.786 A to
sruhe, Germany) or Felix98.0 (MSI, San Diego, CA, its original position. This deviation is caused by the
USA). grid search step size of 0.5 A yielding a maximum
deviation of+/3 A ~ 0.866 A. This deviation is also
the reason forQ > 0.00. Additionally, deletion of
one, two or three amino acids after residues 15 and
39, as well as the addition of amino acids at the same
We have applied the program to three different protein positions do not influence the result of the calcula-
structures: For rhodniin (Friedrich et al., 1993; van tion. Sequence alignment is always found correctly,
de Locht et al., 1995) we calculated a theoretical set irrespective of the usage of pseudocontact shifts.

of dipolar couplings and pseudocontact shifts usingan  The ‘experimental’ set of dipolar couplings was
NMR structure (Maurer and Griesinger, personal com- fitted to the X-ray structure of ovomucoid (a homol-
munication). A 3D homology search is performed ona ogous protein to the N-terminal domain of rhodniin).
restricted database of proteins according to procedureThe ‘experimental’ values as well as the values calcu-
(b) of Figure 2. For cyclophilin A we recorded experi- lated for the best fit are given in Figure 3, together with
mental dipolar couplings and procedure (a) of Figure 2 the visualization of both structures in the frame of the
is used to analyze the experimental data. The dipolar resulting alignment tensor. The program finds an eight

Results and discussion

couplings are fitted against the known NMR and X-
ray structures, and the orientation of the alignment
tensor is determined. The third example is the pro-
tein HgiCIC which is currently under investigation in
our laboratory. This protein contains a helix-turn-helix
motif. Using experimentally derived dipolar couplings
a 3D homology search on a restricted set of the PDB
was performed.

Rhodniin consists of 103 amino acid and contains
two similarly folded domains of 45 amino acids con-
nected by a flexible linker of 10 amino acids. A set
of 1Dy dipolar couplings and pseudocontact shifts
for amide hydrogens was calculated from the known
NMR structure of the protein for the N-terminal do-
main assuming a specific size and orientation of the
alignment tensor and a specific position of a para-
magnetic center. Only 36 couplings in rigid parts of
the domain were used for the following calculations.
The eigenvalues were set to 559 = 458 x 1074,
SAY = —2.96 x 1074 and Spc% = —1.62 x 1074,
amounting to a rhombicity of 0.2. This set of dipo-

amino acid shift in the sequence alignment (Table 1)
which agrees with the primary sequence alignment for
rhodniin and ovomucoid. In this case, the normalized
square deviation was found to ige= 0.30.

To speed up the process of three dimensional ho-
mology search, a subset of 125 folds was extracted
from the PDB with a diverse set of folds according to
Rost and Sander (1994). Loading the data and calcu-
lating secondary structure elements for all proteins in
the fold database takes about 5 min on a 450 MHz Pen-
tium Il processor. The search itself takes only below
1 s for the whole database, if no gaps are introduced.
This time increases to be 48 s if disconnecting of pro-
tein parts as explained above with a gap size ofupto 5
amino acids is allowed.

The search over this database using the earlier
mentioned theoretical set of dipolar couplings for the
N terminal domain of rhodniin (a typical Kazal in-
hibitor) yields ovomucoid (1ovo_a) as 2nd best hit
with a Q-value of 0.45 and porcine pancreatic secre-
tory trypsin inhibitor (1tgs_i) as 16th best hit with a

lar couplings and pseudocontact shifts is used as anQ-value of 0.53. Both proteins are known as Kazal

‘experimental’ test set.

inhibitors and are homologous to rhodniin. In 9 out
of these best 16 examples thenelix of the rhodniin
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Table 1. Results of fitting the experimental set of dipolar couplings of the N-terminal domain of rhodniin to ovomucoid. Identical
amino acids in both sequences are labele¢ldyd similar amino acids are labeled by

rhodnin  : 12LHRVCGSDGETYSNPCTLNCAKFNGKPELVLVHDGC._47

* * *
[ (I [ | [ | | I
ovomucoid : 20T R PLCGSDNKTYGNPCNFCNAVVESNPTLTLSHFGCS5S

12 —» 47
LHRYCGEDGETY SN CTLHNCAKFHNGK ELYEVHDGGC

Mz ‘: |
a) nxvﬁbqhwpﬁﬂqﬁgf v k

=10
LHRYN COGSDOETY SN CTLHNCAKFHNGHK ELYKEKVHDGG
12—

17T —»
YRPLCGSDNKTYGN CNFCMNAVVEBN TLTLSHFGG

=10

LHRY CGEDGETYSEN CTLHCAKFHGE ELVYEYHDGC \"'"/
—_— 47

Figure 3. Results for fitting a theoretical set of dipolar couplings for the N-terminal domain of rhodniin to the rhodniin structure (fjotein

itself (a) and to ovomucoid (proteiB, a Kazal inhibitor), which is homologous in sequence and structure (b). The black lines indicate the
theoretical calculated coupling values, the dotted lines indicate dipolar couplings calculated for the final fit. On the upper x-axis the amino acid
number of proteirB, on the lower x-axis the amino acid number of protaiis found. Secondary structure elements are shown by light gray
areas f§-sheet) and dark gray areaslfelix). The three dimensional structures are given in the coordinate system of the tersutZaxis

are in the paper plane, tixeaxis is perpendicular to the paper plane).

Table 2. Results of fitting the experimental set of dipolar couplings of the N-terminal domain of
rhodniin to rhodniin itself and to an ensemble of eight Kazal inhibitors, some of which are in com-
plex with serine proteases. For 1tbg the data of the N-terminal domain are fitted to the homologous
C-terminal domain of rhodniin

Protein name pdb code FitrangeQ
Rhodniin - 12-47 0.00
Rhodniin in complex with thrombin (Res.: 2.6 A) 1tbr 12-47 0.27
Rhodniin in complex with thrombin (Res.: 3.1 A) 1tbg 65-101 0.27
Ovomucoid lovo 20-55 0.30
Human pancreatic secretory inhibitor in complex with trypsin ~ 1cgi 20-55 0.30
Procine pancreatic secretory inhibitor in complex with trypsin  1tgs 19-54 0.32
Human pancreatic secretory trypsin inhibitor 1hpt 20-55 0.36
Pig proteinase inhibitor (Kazal type) 1pce 24-59 0.38

Leech-derived inhibitor with procine in complex with trypsin 1ldt 10-45 0.49
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Figure 4. Results for a search in a database of 125 folds extracted from PDB for the theoretical set of dipolar couplings for the N-terminal

domain of rhodniin. The black lines indicate the experimental coupling values (pedtaimodniin), dotted lines indicate dipolar couplings
calculated for proteiB from the database. The upper and lowaxes show the amino acid number of protBimnd proteinA, respectively.
Secondary structure elements are represented similar to Figure 3. The results are ordered by increasing normalized squar@deliz®ons (
(a) ovomucoid (lovo_a) with @-value of 0.30, (b) fragment of an oxidoreductase (6fdr residues 64—99) \@thiadue of 0.31, (c) is again
a proteinase inhibitor (1tgs_i) with @-value of 0.32 and (d) is a part of an intramolecular oxidoreductase (4xia_a residues 181-216) with a
Q-value of 0.35. Subsequent hits have considerably worse matcheQwitues above 0.40.

domain is fitted over @-strand of the protein from the

in well defined secondary structure regions are used

PDB. This observation can be explained by the parallel for the calculation ofQ-values. Using these rules, the

orientation of N-HN bond vectors in both secondary

two Kazal inhibitors of our database are ranked 1st

structure elements. Dipolar couplings are therefore of (ovomucoid, 1ovo_ap = 0.30) and 3rd (porcine pan-
the same size in both secondary structure elementscreatic secretory trypsin inhibitor, 1tgs @ = 0.32).

which makes a distinction difficult.

Much more significant results with less false pos-
itive answers and lowe@-values are obtained when
secondary structure information from CSl is utilized
by two simple rules: first, the alignment pfstrands

Figure 4 presents the first four hits of this search
for which structures are displayed in the coordinate
system of the tensor. The 2nd result is part of dihy-
drofolate reductase (6dfr) with@-value of 0.31 and

the fourth result is part of D-xylose isomerase (4xia_a)

over a-helices is excluded and second, only residues with a Q-value of 0.35. Results (b) and (d) have a



Figure 5. Results of fitting an experimental set of dipolar couplings for cylophilin A (profeino the NMR structure (a) and to the X-ray
structure (b) (proteiB). Definition of lines and shaded areas is like in Figur&3alues are 0.28 and 0.21 for (a) and (b) respectively. The
three dimensional structure is given in the coordinate frame of the tensor extracted from the fitting procedure (c).

similarly orientedx-helix and at least one of the three of referenceQ-values are 0.28 and 0.21 for NMR- and
B-strands present in rhodniin with a similar orientation X-ray-structure, respectively. The good agreement of
with respect to each other. Since the thifestrands are ~ both structures with the experimental data proves that
very short (three residues per strand) and nearly paral-it is not necessary to determine all couplings for fitting.
lel, all dipolar couplings within them are of the same Moreover, the possibility of calculating dipolar cou-
size. Therefore this matches very well with one larger plings for other residues allows to accelerate further
B-strand or an extended region when all N-Honds interpretation of spectra. While we detect 3D homol-
are parallel (d). Matches (b) and (d) have a primary ogy to other known cyclophilins, searching in a data
sequence homology of only 11% and 5%. Thus the bank of 125 folds only finds small parts of the whole
program finds 3D homology irrespective of sequence sequence, in particular helix-strand-strand motives. It
homology. appears that cyclophilin has a rather unique 3D fold.
The result of this first homology search suggests In the soilbacteridderpetosiphon giganteusany
rhodniin to be homologous to other Kazal inhibitors. restriction modification systems could be character-
Therefore a more thorough search for Kazal type in- ized. One of these systems is thigiCl system of
hibitors was performed in the PDB and a subset of which the C-protein (Controll proteinfigiCIC (ex-
such inhibitors was extracted. Th@-values of all pressed with a Histag and a C46~ S mutation) of
eight structures range from 0.27 to 0.49 (Table 2). 10 kDa molecular mass is currently under investiga-
The second example is cyclophilin for which only tion in our laboratory and was used as a test system
69 fast and easily determinable dipolar couplings were for DipoCoup A total of 621Dy dipolar couplings
extracted and fitted to the NMR structure (Ottiger could be extracted for the 88 residue proteligiCIC.
et al., 1997) and X-ray (Weber et al., 1982) structures. The dipolar couplings range from7.5to 7.1 Hz. To
Results are given in Figure 5 together with the three establish weak alignment we used CHAPSO/DLPC
dimensional structures in the alignment tensor frame (1:5) bicelles with a total lipid concentration of 5%.
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Figure 6. Result of the alignment of residues 15 to 53 of the protégnCIC (C46S) to a database especially designed for helix-turn-helix
proteins. The results with lowe&-value are trp Repressor (@ = 0.42) and BAF (b,Q0 = 0.43). Definition of lines and shaded areas is as

in Figure 3. The upper and lower x-axes show the amino acid number of pit@i proteinA, respectively. A comparison of the dipolar
couplings and corresponding structures in the alignment tensor coordinate system is shown for the two best fits. Light gray parts represent the
fitted parts and dark gray parts are not fitted.

Secondary structure alignment indicated the pro- according to Figure 2b was performed wi2ipoCoup
tein might be a typical representative of the including CSI data. The wholelgiCIC (C46 — S)
helix-turn-helix (HTH) fold family (Brennan and protein proved to be too large for an alignment with
Matthews, 1989; Patto and Sauer, 1992; Harri- the structures of the database. We therefore partitioned
son, 1999). Therefore we searched for known rep- the protein into two overlapping parts. The first part
resentatives of the HTH family in the DPInter- contained the residues 15 to 53 and the second one
act (http://arep.med.harvard.edu/dpinteract) databaseresidues 32 to 71. Both regions can be aligned with
There are two groups of known HTH proteins. parts of proteins in the HTH database. Alignment of
One comprises alli-helical proteins and the other the first part (residues 15 to 53) shows good match
a+p proteins with a HTH motive. With this in-  with the trp repressor@-value: 0.42) and the cel-
formation we built a database with 19 helix-turn- lular factor BAF Q-value of 0.43, Figure 6). The
helix proteins (also at http://krypton.org.chemie.uni- second part (residues 32—71), which includes also
frankfurt.de~mj/software.html). From the experi- the HTH motif, does not match as well as the first
mental'Dny dipolar couplings oHgiCIC the align- stretch of amino acids. We find a best match with the
ment tensor was calculated and the alignment searchstructures of LexAQ-value: 0.64) and with the struc-
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Figure 7. The best match of residues 32 to 71 of the protégiCIC (C46S) with HTH protein database is shown. Measured dipolar couplings

of the protein are plotted against the calculated dipolar couplings of the two best fitting proteins LexA, and diphtheria toxin repressor (b,
Q = 0.71). The upper and loweraxes show the amino acid number of protBiand proteirA, respectively. The residue by residue match of

the dipolar couplings is much better than the rather iglalue would suggest. Light gray parts represent the fitted parts and dark gray parts
are not fitted.

ture of the diphtheria toxin repressd@p-{alue: 0.71). HgiCIC binds DNA as observed by band shift as-

Even though th&-values for the alignment are quite says. The observed shifts upon DNA titration are most

high, the experimental and the calculated dipolar cou- prominent for the amino acids in the helix-turn-helix

plings match rather well on a residue by residue basis motif.

(Figure 7). A few large deviations can cause lag@e

values, sinc€& depends quadratically on the deviation

of dipolar couplings. AlthoughHgICIC is not very Conclusions

similar to any of the already known HTH-proteins in

total, two parts of its structure match known protein We have demonstrated the possibility to use resid-

folds from which a 3D model of the protein can be ual dipolar couplings and pseudocontact shifts to-

derived. gether with secondary structure information to per-
C proteins are also known to bind DNA. The HTH form 3D structure homology searches in represen-

motif in HgiCIC is consistent with the finding that tative sub-databases of the PDB. We present the

program DipoCoup which performs this homol-
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ogy search in a fast, accurate and user friendly
way. Moreover, DipoCoup can be used to per-
form additional analysis of experimentally deter-
mined orientation data or 3D structures of proteins.
The program is free for academic use, and can
be downloaded from http://krypton.org.chemie.uni-
frankfurt.de/~mj/software.html.
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