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Abstract

The NMR structure of the peptide deformylase (PDF) (1-150) fEseherichia coliwhich is an essential enzyme

that removes the formyl group from nascent polypeptides and represents a potential target for drug discovery,
was determined using®N/*3C doubly labeled protein. Nearly completely automated assignment routines were
employed to assign three-dimensional triple resonaheresolved and3C-resolved NOESY spectra using the
program GARANT. This assignment strategy, demonstrated on a 17 kDa protein, is a significant advance in the
automation of NMR data assignment and structure determination that will accelerate future work. A total of 2302
conformational constraints were collected as input for the distance geometry program DYANA. After restrained
energy minimization with the program X-PLOR the 20 best conformers characterize a high quality structure with
an average of 0.43 A for the root-mean-square deviation calculated from the backbone atogrsnd,& and

0.81 A for all heavy atoms of the individual conformers relative to the mean coordinates for residues 1 to 150. The
globular fold of PDF contains twa-helices comprising residues 25-40, 125-138,8sstrands 57-60, 70-77,
85-88, 98-101, 105-111, 117-123 and opglelix comprising residues 49-51. The C-terminal helix contains

the HEXXH maotif positioning a zinc ligand in a similar fashion to other metalloproteases, with the third ligand
being cysteine and the fourth presumably a water. The three-dimensional structure of PDF affords insight into the
substrate recognition and specificity for N-formylated over N-acetylated substrates and is compared to other PDF
structures.

Abbreviations:PDF, peptide deformylase; 2D, 3D, two-, three-dimensional; NOESY, NOE spectroscopy; COSY,
correlation spectroscopy; HSQC, heteronuclear single quantum coherence; NOE, nuclear Overhauser effect;
TOCSY, total correlation spectroscopy; PFG, pulse field gradient; ct, constant time; ppm, parts per¥aillior;

vicinal spin-spin coupling constant between the amide proton an@kmeton;3JNHB, vicinal spin-spin coupling
constant between the backbone amide nitrogen and one @fphetons; H/D, hydrogen/deuterium; rmsd, root
mean square distance.

Introduction tain the N-formyl group (Marcker and Sanger, 1964)
and most do not retain the N-terminal methionine
Bacterial protein synthesis is initiated with formyl- (Waller, 1963). Deformylation is part of the methio-
methionine-tRNA which results in the synthesis of nine cycle and is performed by the metallopeptidase
N-terminally formylated polypeptides (Meinnel et al., peptide deformylase (PDF) and the maturation of the
1993). However, mature bacterial proteins do not re- polypeptide completed by methionine aminopeptidase

*To whom correspondence should be addressed. E-mail: ocon- (MAP) (Meinnel et al., 1993). Deformylation of pep-
nell@merck.com P ' ' tides after translation is required for bacterial survival
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Figure 1. Amino acid sequence of PDF and survey of the sequential connectivities and additional data collected for secondary structure
identification. The sequential NOE connectivitiegyd dyn and gy are indicated with thick, medium or thin black bars for strong, medium

and weak NOEs, respectively. Medium-range connectivitigR (d i +2), dan(i,i+2), dunGi, i+ 3), dyg(i,i +3) and dinG,i+4) are

shown by lines starting and ending at the positions of the residues related by the NOE. In th&(}8@) = 8(13Cq)obs — 3(*3Cq)rc, where

8(130(,)05, and6(13Ca)rc denote the observed and random coil chemical shifts, large filled, small filled and large open circles indicate residues
with A3( gCO() > 2.0 ppm,AS(13Cy) > 1.5 ppm andAs(33Cy) < —1.5 ppm, respectively. In the roddnHe, filled and open circles denote
residues witl'?JHNHa <b55Hz and3JHNHa > 8.0 Hz, respectively. In the rown filled squares identify residues with sufficiently slow

amide exchange rates to enable observation of¥NelH cross-peak in alPN-1H]-COSY spectrum recorded 24 h after dissolving the protein

in D,0 at 45°C. The sequence locations of regular secondary structure elements are indicated at the bottom, with A, B and C indicating the
a-helices and g turnand 1.1, 1.2, 1.3, 1.4, 2.1, 2.2 and 2.3fks&rands and their connections.

knpr
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and is apparently unigue to bacterial cells (Mazel etal., n
1994). Thus, inhibition of PDF presents an attractive
target for a new class of antibiotics. 200
The strictly conserved HEXXH motif presentin all
known bacterial deformylases (Meinnel et al., 1995) 160
is characteristic of zinc metalloproteases (Vallee and
Auld, 1990). However, since PDF froma. coli and 120
other bacteria have little resemblance to other known
proteins, it represents a new family of metallopro- 80
teases with interesting catalytic properties (Meinnel
et al., 1995). It has been shown that the two histidines 40
of the HEXXH motif and Cy%0 are ligands for the
metal ion (Meinnel et al., 1995). An important fea- 0
ture of PDF is that it is selective for N-formylated
substrates over acetylated substrates (Meinnel and
Blanquet, 1995). In addition, PDF shows a strong pref-
erence for methionine and the non-naturally occurring 1 1
norleucine side-chains in substrates and aldehyde in- 60
hibitors (Grant, S., personal communication). A de-
tailed tertiary structure of the enzyme may provide 397
insight into the substrate selectivity of PDF, its func- ]
tionality and P1 binding of the enzyme in the region
of the zinc and an S1 subsite. The NMR studies in this
work were performed on the catalytic core composed
of 150 residues. The C-terminal 18 residues have pre-
viously been shown to be dispensable for PDF activity
and were disordered in solution (Meinnel et al., 1996).
Indeed, the C-terminal residue chemical shifts were
observed at random coil frequencies and a truncated
form (1-150) was prepared and studied. While this 40 80 120
work was in progress, the low resolution structure of a - Amino Acid Sequence
truncated PDF (1-147) was solved by NMR (Meinnel Figure 2. (A) Plot of the number of NOE distance constraints, n,
et al., 1996b), a new structure was deposited in the versus their'range along' the amino acid'sequence. The entrigs for
data base 2DEE and a full Iength form (1_170) was the |nFra—reS|(_1ue co_nstraln_ts and constraints between protons in se-
quentially neighboring residues would go off-scale, the numbers at
solved by X-ray crystallography (Chan et al., 1997; the top indicate their actual heights. Along the horizontal fixis; |

Becker et al., 1998). A comparison of these structures is the sequence separation of the two residues containing the protons

is discussed. considered. (B) Plot of the number of NOE distance constraints per
residue,n, versus the amino acid sequence of PDF. The constraints
are specified as follows: black, intra-residue; dark grey, constraints
between protons in sequentially neighboring residues; light grey,

Methods constraints between protons located in residues separated by 2 to
5 positions along the sequence; white, all longer-range constraints.

Protein expression and purification

(EMBL access code X7780). The protein was pro-
duced in minimal media (Pryor and Leiting, 1997)
supplemented with 348M ZnSOy and 0.5 mM IPTG

for 20 h at 18C. Cells were resuspended in 10 mM
Tris/HCI pH 7.4 and lysed by french press (20K cell

The PDF gene encoding the N-terminal 150 residues
was cloned from genomic DNA d. coli strain K37.
The gene was amplified by PCR using primefs 5
CGCATATGTCAGTTTTGCAAGTGTTACA-3 and

/

5 -TAGTCGACTTATTTCAGCGGTGACAGATA-3, from SLM Aminco, 1200 PSI, single run at°Z).

and cloned into theNdd/Sal sites of pET30a() PDF was purified from the soluble fraction in two

(Novagen). The sequence was confirmed by DNA se- i . i
guencing and matched the published PDF sequenceStepS’ first by ion exchange chromatography (Frac



314

Figure 3. Representation showing the twe-helices and the
B-sheets of PDF and their location using the MOLMOL (Koradi
et al., 1996) program.

togel EMD DEAE 650 (S), EM Scientific) and sec-
ond by size exclusion chromatography (superdex 75,
Pharmacia).

NMR sample preparation

The purified protein was concentrated on an anion

using States-TPPI (Marion et al., 1989). Spectra were
processed with NMRPipe (Delaglio et al., 1995) using
forward-backward linear prediction and zero filling
in each indirectly detected dimension using an IBM
SP2 computer. The processed data were analyzed with
XEASY (Bartels et al., 1995) for visualization of
NMR data, peak-picking and peak-integration using
an IBM SP2 computer. In addition, the program NMR-
VIEW (Johnson and Blevins, 1995) was also used for
data visualization.

Resonance assignments and the input for the
structure calculation were obtained from gradient-
enhanced (Muhandiram and Kay, 1994) versions of
the following experiments. Usind3C/**N-labeled
PDF: 3D CBCANH (Grzesiek and Bax, 1992a). Time
domain data size 4& 32 x 1024 complex points,
t1 max(*3C) 7.8 ms, 4 max (*°N) 14.5 ms, 4 max (*H)
128.0 ms. 3DCBCA(CO)NH (Grzesiek and Bax,
1992b). Time domain data size 4832 x 1024 com-
plex points, 1 max (3C) 7.8 ms, £ max(*°N) 14.5 ms,
t3 max(*H) 128.0 ms. 3D HNCA (Grzesiek and Bax,
1992a; Yamakazi et al., 1994). Time domain data
size 40x 24 x 1024 complex points,1fmax (*3C)

9.1 ms, ,max (*°N) 10.9 ms, § max (*H) 128.0 ms. 3D
HN(CO)CA (Grzesiek and Bax, 1992a). Time domain
data size 40« 24 x 1024 complex pointsy fmax (13C)

9.1 ms, tmax (*°N) 10.9 ms, § max (*H) 128.0 ms.
3D HBHA(CO)NH (Grzesiek and Bax, 1993). Time
domain data size 64 32 x 1024 complex points,
t1, max (lH) 12.8 ms, 3 max (lSN) 16.0 ms, § max (1H)
128.0 ms. 3D HNCO (Grzesiek and Bax, 1992a). Time
domain data size 3% 32 x 1024 complex points,
t1, max (13C) 14.5 ms, £ max (15N) 14.5 ms, § max (1H)

exchange column using 20 mM potassium phosphate 128.0 ms. 3D C(CO)NH (Grzesiek et al, 1993). Time

buffer at pH 6.7 and potassium chloride to elute the
protein. After dialysis against 20 mM potassium phos-
phate buffer at pH 6.8 and further concentration in
a Biomax 5k device (Millipore), the NMR measure-
ments were made with 1.5 mM solutions of PDF in
99.9% DO or a mixture of HO/D,O (90:10 v/v)

at pH 6.7. For the PO samples, the protein was
lyophilized repeatedly from BD.

NMR spectroscopy

All NMR spectra were recorded at 300 on a Var-

ian 600 MHz Unity or 600 MHz Inova system with
triple resonance PFG, 1°N, 13C) probes using
either uniformly 13C/2N doubly labeled PDF, uni-
formly 1°N-labeled PDF or unlabeled PDF. Quadra-
ture detection in the indirect dimensions was achieved

domain data size 4& 24 x 1024 complex points,
t1, max (13C) 4.6 ms, 3 max (15N) 10.9 ms, § max (1H)
128.0 ms. 3D HC(CO)NH (Grzesiek et al, 1993). Time
domain data size 4& 24 x 1024 complex points,
t1, max (lBC) 6.1 ms, # max (15N) 10.9 ms, § max (1H)
128.0 ms. 3D HCCH_TOCSY (Bax et al., 1990; Sat-
tler et al., 1995) Time domain data size 50 64

x 1024 complex points,ifnax (*H) 6.25 ms, # max
(*3C) 5.33 ms, $max (*H) 128.0 ms. 2D $3C, 1H]-
COSY (Bodenhausen and Ruben, 1980; Kay et al.,
1992). Time domain data size 196 1024 complex
points, t max (lBC) 10.0 ms, 4 max (lH) 128.0 ms.
2D ct-[13C, IH]-COSY (Vuister and Bax, 1992). Time
domain data size 19& 1024 complex points,1fnax
(*3C) 10.0 ms, 4 max (*H) 128.0 ms. 30+3C-resolved
[*H,'H]-NOESY (lkura et al., 1990). Time domain
data size 96< 24 x 1024 complex pointsy fmax (:3C)
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Figure 4. Stereo view of the polypeptide backbone of the final 20 energy refined DYANA conformers of PDF used to represent the NMR
structure in solution. The conformers were superimposed for pairwise minimum rmsd of the backbone atgnas®C®f residues 1-150.

Some positions have been identified with the residue number of the sequence location. (A) Front view. (B) Side view after rot&tianday 90

the vertical axis relative to the front view.

10.0 ms, 4 max (*°N) 20.0 ms, 4 max (*H) 128 ms. 3D The carrier position was set to 4.74 ppm fot,
15N-resolved tH,'H]-NOESY (Fesik and Zuiderweg,  114.3 ppm for'®N, 55.5 ppm, 43 ppm or 175 ppm
1988). Time domain data size 9624 x 1024 com-  for 13 C,, ¥Cyjipn or 13C’' carbon atoms. ThéH
plex points, { max (13C) 10.0 ms, 4 max (*°N) 20.0 ms, chemical shifts are relative to internal 2,2-dimethyl-
t3 max (*H) 128 ms. 3D'°N-resolved {H,*H]-TOCSY 2-silapentane-5-sulfonate sodium salt (DSS). ¥ine
(Fesik and Zuiderweg, 1988). Time domain data size and3C chemical shifts are relative to DSS using the
96 x 24 x 1024 complex pointsg tmax (*3C) 10.0 ms, conversion factors that have been reported by Wishart
t2 max (1°N) 20.0 ms, §max (*H) 128 ms. 2D $°N, et al. (1995).
1H]-COSY (Bodenhausen and Ruben, 1980). Time Vicinal 3JynnHe coupling constants were deter-
domain data size 19& 1024 complex points, fnax mined by inverse Fourier transformation of in-phase
(*3C) 10.0 ms, 4 max (*H) 128.0 ms. multiplets (Szyperski et al., 1992) from a 2BPN,
IH]-COSY spectrum recorded with a data size of 256
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x 1024 complex points gimax (*°N) 10.0 ms, # max o O ' a1
(*H) 128.0 ms. Vicinal®Jyng scalar coupling con- 1207 E | % i
stants were estimated from a 3D ct-HNHB spectrum o i
(Archer et al., 1991) with a time domain data size of 0
96 x 24 x 1024 complex pointsg fmax (*H) 10.0 ms, 420
t2 max (:°N) 20.0 ms, § max (*H) 128.0 ms. LR
For the estimation of the amide proton exchange 120
rates, a 1.6 mM solution of fully protonated, uniformly
13C/*5N-labeled, PDF was lyophilized. The protein
was redissolved in BD and a 2D °N, 1H]-COSY

was recorded with a time domain data size of 228 1 11282, iﬂﬁﬂ,ﬂi T b, - WJH |,ﬁi.,,,r;
1024 complex pointsg fmax (*°N) 10.0 ms, 4 max (*H) XL 0] 'y ! ! Y " | C 13
128.0 ms. The sample was then placed in @@%ath 80 ?1 ! ﬁ! Egﬂn 'E' :i"gl T Hiﬂ .jEF" A T
for 24 hr and the 2D¥PN, 1H]-COSY was recorded. 04 ! ‘H i

Those amide i ' 60 P Vi Y EI "E! Igé 2
protons that remained were considered to iEﬁ‘ ¢ & 14 I ,?M%i E
have exchange rategl s 1. i L A4, IE! RN 3
1‘0 ' 2’0 ' 3‘0 ' 4]0 5:0 6‘0 ' 7[0 ' 8‘0 ' 9‘0 l160'1%0‘1‘20‘1(‘30'11‘&0‘150
Assignment strategy Amino Acid Sequence

) ] Figure 5. In plots versus the sequence, the range of dihedral angles
The GARANT version 2.0 calculations were run on ¢ (A), ¥ (B) and x! (C) in the 20 X-PLOR(FANTOM) energy

an IBM SP2 with eight 591 processors, modified to refined DYANA solutions of PDF are shown. The value for each
include the C(CO)NH and HC(CO)NH 3D experi- of the NMR conformers is represented by a point.
ments. Input consisted of the 12 XEASY peak-picked

3D spectra as defined in the NMR methods and the Cray T916-8256 computer and the FANTOM cal-
2D [N, 'H]-COSY. The population size for the cylations on an IBM SP2. In both minimization
evolutionary genetic algorithm of GARANT was typ-  programs the pseudo-energy was proportional to the
ically 100 to 150 using the standard optimization sjxth power of the distance constraint violations, and
macro. Structure based NOESY probabilities were set a5 adjusted such that violations of 0.15 A for the
to 1.0, 0.5 and 0.25 for distances less than 3.0 A gistance constraints and 2.%or the dihedral angle

in 20/20 structures, 4.0 A in 15/20 structures and constraints corresponded to 1/2kBT at room tempera-
5.0 A in 10/20 structures, respectively. Chemical shift yre (Billeter et al., 1990). During the minimization,
tolerances were set to 0.3 ppm for heteronuclear di- 5 cutoff of 10.0 A was used for pairs of interact-
mensions, 0.05 ppm and 0.03 ppm for indirect and jng atoms in the energy evaluation. The resulting 20
direct detected proton dimensions, respectively. Later X-PLOR(FANTOM) energy-minimized DYANA con-
GARANT calculations included defined secondary formers are used to represent the solution conforma-
shifts for the C, G, and G carbons for well defined  tion of PDF. All ¢, W backbone torsion angles within
secondary structure residues. Typical calculationtimes the ordered parts of the protein lie within the allowed

were between 100 and 200 h. regions of the Ramachandran plot. The Ramachandran
) i values of the complete protein for all comformers is
Structure calculation and refinement 64% in the most favored regions, 29% in the addition-

The 20 structures with the lowest DYANA (v. 1.4: ally allowed, 5% in the generously allowed and 2%
Gulntert et al., 1997) target functions resulting from in the disallpwed regipns. The st.ructl'Jre coordinates
calculations with the final input data set starting with and constraint data will be deposited in the PDB and

100 random structures using the torsion-space molec-BMRB data bases.
ular dynamics annealing were subjected to restrained
energy minimization with the programs X-PLOR
(Briinger, 1988) version 3.843 using the CHARM22
force field (MacKerell et al., 1998) and with FAN-
TOM (Schauman et al., 1990; Braun, 1992; von
Freyberg et al., 1993) version 3.2. The DYANA and
X-PLOR calculations were run on an eight-processor

Structure analysis

For visual comparison of the structures, stereo views
were produced with either the molecular graphics
program MOLMOL (Koradi et al., 1996) or with
the structure analysis program XAM (Xia, 1992;
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O’Connell and Xia, unpublished) on an IBM RS6000 2};\‘“’ ,
workstation. For pairs of conformers, global superpo- |
sitions and rmsd values for various subsets of atoms ,, | | e
were computed (McLachlan, 1979). The mean solu-
tion conformation was obtained by first superimposing !
the 20 energy minimized DYANA conformers so as to ”
minimize the rmsd for the backbone atoms N, @nd

C’ of residues 1-150, and then averaging the Carte- .
sian coordinates of the corresponding atoms in the 20
globally superimposed conformers. Displacements, D~ -,/
(Billeter et al., 1989), were used to quantify the lo- os
cal precision of the solution structure (Figure 6). In !
the group of conformers used to represent the solu- e e TR e A e
tion structure, D was obtained as the mean standard*’ 20 40 e0 80 10 120 140
deviation for the atom positions of N,@nd C after amino acid sequence

global superposition of the individual conformers with  Figure 6. In plots versus the amino acid sequence, the mean

the average coordinates for the backbone residues. global .be_‘Ck_bone d'SpIacemer.'tS per res".jug'op Of. the 20 en-
ergy-minimized DYANA coordinates are given relative to the mean

NMR structure calculated after superposition of the backbone heavy
atoms N, G and C for minimal rmsd (solid line). The dashed
Results and discussion line represents the mean global backbone displacement per residue,

Dglob' The long dashed line represents the mean local rms deviation

Assignment of resonances and NOESY spectra rmscgl%b, calculated for the backbone superposition of all tripeptide
segments along the sequence onto the mean NMR structure, with
the rmsd values for the tripeptide segments plotted at the positions
of the central residues.

e

. AMSDbbloe

The spectral assignments and cross-validation of the
sequential assignments were facilitated by using the
program GARANT (Bartels et al.,, 1996, 1997).
GARANT is a very powerful and flexible approach assignments of regions with low signal to noise ra-
to the automated assignment of NMR data. It pro- tios. GARANT can search through a practically un-
duces lists of expected peaks based on the primarylimited number of spectra simultaneously which is
structure, the magnetization transfer pathways in the manually very time consuming. One can either conser-
spectra used and, if available, short distances presentvatively initiate sequential assignments with a partial
in a set of preliminary structures. The algorithm as- set of spectra first and add additional data later or
signs each expected peak in the model a probability of use all input data at once. The assignment progress
locating the corresponding peak in the measured data.can also be controlled by a systematic modification
It then optimizes ‘expected’ versus experimentally of the GARANT search parameters while observing
‘observed’ peaks using a combination of an evolution- the convergence of the assignments. Using GARANT
ary genetic algorithm and a local optimization routine in cycles and feeding it preliminary structures from
(Bartels et al., 1997). GARANT can utilize infor- previous assignments rapidly drives an NMR struc-
mation other than the chemical shifts and coherance ture calculation towards both complete sequential and
pathways to generate a list of ‘expected’ peaks such NOE assignments and high resolution structures si-
as distances derived from tertiary structures or sec- multaneously. The PDF structure determination pre-
ondary structure information. These features allow for sented in this manuscript is the first application of
a very robust approach in producing both sequential GARANT using multiple triple resonance spectra and
and NOE assignments simultaneously. GARANT does NOESY spectra to obtain chemical shift and NOE
not depend on the identification of matching chemical assignments simultaneously. It is also the first applica-
shifts in a defined set of spectra. Although matching tion of GARANT/DYANA cycles to derive complete
assignments throughout several spectra score higherinassignments and a high resolution structure simul-
the assignment routine it allows for NOESY assign- taneously in an automated fashion with interactive
ments without complete chemical shift assignments. validation analysis.

This offers a solution for the problem of noise inher- The overall strategy used for PDF is summarized in
entin experimental peak lists and promotes successful Table 1 which lists the spectra used as different stages
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Table 1. Outline of the GARANT/DYANA assignment procedure

Step I. Initial resonance assignments
GARANT using 3D spectra set A,
interactive control

Step Il. Collection of constraints for initial structure calculations
3D 15N-resolved {H,1H]-NOESY + spectra set A
interactive control

Step lll.  Refinement of resonance assignments
upper limit constraints,
structures
GARANT+DYANA using spectra set A and B
coupling constants,
interactive analysis of constraint violations-cycle

Spectra set A

HNCO, HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH,1°N-resolvedtH,1H]-TOCSY,
15N-resolved {H,1H]-NOESY, HBHA(CO)NH, C(CO)NH, HC(CO)NH, 2D 1PN-1H]-
COSY, 2D [3c-1H]-cosy

Spectra set B

13¢-resolved fH,1H]-NOESY, HCCH-TOCSY.

This outline is a simplification, e.g. coupling constants were measured later and therefore used in
the later stages of the refinement (step Il1). In addition, initially a subset of spectra set A was used
during the development stage.

to finally obtain a complete set dH, 1°N and13C ments when the parameters described in the Methods
chemical shifts. Among the labile side-chain protons, section were used which afforded 50% more NOESY
all amide groups of the 3 Asn and the 6 GIn residues assignments and improved the overall fit of derived
were assigned as well as thgrotons resonances of 6  structures to the experimental data. After including the
out of 10 Arg residues. Some representative automated3D 3C-resolved fH,XH]-NOESY spectra and several
assignments were cross-validated with manual assign-rounds of GARANT and DYANA calculations the fi-
ments using the standard strategy (Wuthrich, 1986; nal assignments were made using preliminary, but well
Powers et al.,, 1992). Success with GARANT was defined, DYANA structures with low target functions
greatly dependent on the quality of the peak-picking. using all spectral data (Step lll, Table 1).

The program XEASY (Bartels et al., 1995) provided

excellent results with 3D data due to the very robust Assignment and structure calculation time line
peak-picking algorithm and greatly reduced the time

to prepare the input peak lists as Compared to other EXClUding the time for the collection of the NMR
programs. Multiple GARANT assignments were run SPectra, the initial sequential assignments and prelimi-
with different random seeds and compared until they nary assignment of tieN-resolved fH,'H]-NOESY

were consistent between calculations. This conver- t0 produce the initial structures took approximately 6
gence of assignments improved as more Spectra' dataWeekS. This involved both GARANT calculations and

were added. partial manual sequential and NOEs assignments for

Initial structures from Step Il (Table 1) were char- comparison and initial structures. Including the-
acterized by rmsd values in the 2.5 A to 2.9 A range resolved fH,'H]-NOESY data refined the structures
for the backbone residues 1 to 150. At this stage 0 approximately 1.0 A rmsd and took approximately
GARANT NOESY probabilities which function as 4 weeks. Inclusion of the scalar coupling constants
search criteria (Bartels et al., 1996, 1997) were set to @hd complete incorporation of the triple resonance
1.0 and 0.1 for distances less than 3.0 A in 20 struc- NMR spectra in the GARANT calculations took ap-
tures and 4.0 A in 5/20 structures, respectively. How- Proximately 4 weeks. At this stage inspection of the
ever, further deve|opment and testing of the GARANT structures indicated a twist in the Catalytic helix that
procedures showed more complete NOESY assign- Was due to miss assignment of the C-terminal residue
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routr Order Parameter | meters. During this time this strategy using GARANT

' ][[”J"””TJ [ WJ T ST was also applied to, and validated with structure de-
! terminations of three polypeptides of about 10 kDa

08 | o A each which are to be published elsewhere. Using these

T ‘ : methods and procedure outlined in Table 1, one could

ﬁ probably solve an equivalent structure on the order
: of three months. Other structure determinations and
further development of this strategy are in progress.

0.6 -

0.4
Collection of conformational constraints

02 The input for the distance geometry calculations with
the program DYANA consisted of upper distance lim-
its derived from NOESY cross-peak intensities with
] HH BN T the program CALIBA (Giintert et al., 1991a,b), and

dihedral angle constraints obtained using the pro-
gram HABAS (Gintert et al., 1989, 1991a,b) from
an initial interpretation of the spin-spin coupling con-
stants 3Jinne and 3Jypp, together with backbone

06 ‘ dihedral angle constraints derived from conformation-
dependent!3C, chemical shifts (Luginbihl et al.,
1995). HABAS also provided a number of stereospe-
cific assignments of-methylene protons. Upper and
lower distance constraints were included for the zinc-
02t ] nitrogen and zinc-sulfur bonds with distances derived
from ab initio calculations (GAUSSIAN 94; Frisch

! et al., 1995). No additional constraints were used to
o w80 s 10 120 140 enforce hydrogen bonds implicated by NOEs or by
amide proton exchange data were used at any time dur-
Figure 7. In plots versus the sequence, the backbone dihedral angu- ing the DYANA St,rUCture calculations nor restrained
lar order parameters (Hyberts et al., 1992)dofA) and ¥ (B) are energy minimizations. The program GLOMSA was
shown. Standard deviations of a torsion angle of 10, 20, 40 ahd 80 also used (Guntert et al., 1991a,b) to obtain stereo-
correspond to .angular order parameters of 0.985, 0.942, 0.768, a”dspecific assignments of both additiorfamethylene
0.397, respectively. protons and other pairs of diastereotopic substituents.
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142 long range NOESs th-sheet residue 82. This was Structure determination

not noted during the violation analysis since few other Following the procedures described, an input of NOE

Iong range NOEs were invqlv_ed in the C_:—terminal distance constraints for PDF was collected from the
residues that could not be satisfied. Correction of these 55 157 _1esolved tH,IH]-NOESY in H0 and 3D

distance constraints using the more through GARANT 13~ _.ocoved IH,1H]-NOESY in D,0 recorded with a
NOESY probabilities described in the Methods sec- mixing time, tm 'of 100 ms. For the calibration &H-
tion produced the final structures. This last step was 1, upper di,sta,nce limits r versus the NOESY cross

perf%rmedf over an 8/ week perilod Iin\_/olving Ia large peak intensities with the program CALIBA (Guntert
number of GARANT/DYANA calculation cycles to et al., 1991a,b) as implemented in DYANA, a S/

test the methods and to obtain nearly complete as- dependence was used for backbone proton-backbone
signments of the 3D NOESY data. The total time for proton NOEs, and a Hrdependence for NOES in-
this PDF structure determination was less than one volving side éhain protons and methyl groups using
year including the installation and testing of the pro- ¢ gangarg protein calibration macro. These calibra-
grams GARANT, DYANA, XEASY to explore the i, ¢rves were refined based on plots of cross peak
robustness of the described strategy with respect to the, 1 me versus average proton-proton distances in sets
quantity and quality of input data and GARANT para- of preliminary structures. The proton-proton upper
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distance bounds before application of pseudoatom cor- dihedral angle constraints nearly perfectly. Energy-
rections were in all cases confined to the range 2.4— minimization with the program FANTOM located low

5.0 A in order to obtain reasonable upper bounds for
both strong and weak NOEs. A total of 2570 NOESY

energy conformations very near the DYANA molecu-
lar geometries, with only a moderate increase in the

cross-peaks were assigned and used for the generasum of constraint violations (not listed in Table 2).

tion of the input of upper-limit distance constraints for
the structure calculation. Of these, 1119 resulted from
the 3D1°N-resolved {H,'H]-NOESY and 1451 from
3D 13C-resolved fH,'H]-NOESY. In addition, a total

of 246 vicinal scalar coupling constants were deter-
mined, including 112JnHa and 12%Iywg coupling
constants. The catalytic zinc was constrained by five
upper distance constraints with a zinc containing his-
tidine residue for the DYANA calculations and bond
force constants in the energy minimization.

A total of 2205 NOE distance constraints were
collected. Of these, 245 constraints were found to
be irrelevant on the basis that they are either in-
dependent of conformation or that there exists no
conformation that would violate the constraint. From
the HABAS interpretation of the backbone-backbone
intra-residual and sequential NOE upper distance lim-
its together with the spin-spin coupling constants and
13¢,, chemical shift indices, a total of 130and 130¥

backbone dihedral angle constraints were generated,

along with 82 side-chaig?® dihedral angle constraints.

Since FANTOM works in dihedral angle space and X-
PLOR in Cartesian space and the two programs use
different force fields, subsequent X-PLOR minimiza-
tion of the FANTOM-refined structures afforded yet
lower energies (Table 2), which are also much lower
than those obtained by direct X-PLOR minimization
(not listed).

The 20 best DYANA conformers after energy min-
imization with FANTOM and X-PLOR are used to
represent the solution conformation of PDF. The X-
PLOR CHARM H22 energies range from 1149 to
1237 kcal/mol with van der Waals energies in the
range—201 to —164, which is a reduction of about
3000 kcal relative to the unrefined DYANA conform-
ers, respectively (Table 2). In the set of structures,
all residual violation of upper distance limits were
less than 0.33 A, with not more than three violations
per structure exceeding 0.20 A. All dihedral angle
violations were less than #.(Table 2).

A visual impression of the solution structure and
the quality of the structure determination is afforded

These stereospecific assignments were then used foin Figure 4, which shows the superposition of the

the preparation of the final input which included 1960

NOE upper distance constraints and 342 dihedral an-

polypeptide backbone in the final 20 representation
conformers. The global fold is well defined, as indi-

gle constraints. The range and sequence distributionscated by the average pair-wise rmsd values between

of the NOE distance constraints are shown in Figure 2.
The NOE constraints obtained may be classified into
four classes withj —i| =0,|j—i| =1,2<|j—i| <

5,1j—i| > 5, wherejandiare the residue positions in

the individual conformers and their mean of 0.43 A
for all backbone atoms and 0.83 A for all heavy atoms
for residues 1 to 150.

the sequence that contain the two protons for which the Structure of PDF and enzyme substrate selectivity

NOE is observed. The numbers of distance constraints

in these four classes are, respectively, 280, 498, 387,A survey of the sequential NOEs and additional data
795. The large number of long range constraints is Used to derive the secondary structure of PDF is
expected for a protein with a h|gh Contentmﬁheets shown in Figure 1. There is a close correlation of the
(Wagner and Wiithrich, 1982). secondary structure with the sequential NOEX,
chemical shift indices and scal@ynHe coupling
constants as well as slow H/D exchanging backbone
amides. A large number of backbone amides have
very slow exchange rates that do not exchange at
45°C for 48 h, most of those do not exchange af-
ter several months at 3C. This is indicative of the
tertiary stability of PDF. This was also observed with
circular dichroism spectroscopy in the thermal denat-

Structure refinement

The 20 conformers with the lowest target function val-
ues resulting from the final DYANA calculation were
subjected to restrained energy-minimization with the
programs X-PLOR and FANTOM. An analysis of the
structures before and after restrained minimization is
afforded by Table 2. The best 20 DYANA structures uration of PDF which demonstrated a melting point
before energy-minimization have low target function of >78°C (Leiting, B., personal communication). In
values, and satisfy the NOE distance constraints andaddition, the stability of the tertiary structure is evident
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Figure 8. Stereo views of selected structural elements of PDF. The amino acid side chains are shown for selected residues with selected residue
numbers. The stereo views were generated by superposition for minimal rmsd of the backbgreni,&Catoms of the amino acid residues
1-150.

in the large number of long range NOE constraints be published separately). These observations are also
(Figure 2). A large number of hydrogen bonds were consistent with the shift perturbations observed in PDF
located in the calculated structures. A MOLMOL rib- in the presence of excess substrate (Meinnel et al.,
bon diagram of the PDF structure (1-150) is shown 1996Db).
in Figure 3. The secondary structure assignments de- Residues 43—-48 as they appear in the present NMR
termined using MOLMOL and the NMR data are as structure are likely to comprise a P1 binding pocket
follows: a-helix, (A) 25-40 and (C) 125-138; 3-10 that rises slightly above the catalytic helix. The two
helix (B) 49-51;8-strands (1.1) 57-60, (1.2) 70-77, glycine residuesin the loop and its hydrophobic nature
(2.1) 84-88, (2.2) 98-102, (1.3) 105-111 and (1.4) could be used to bind straight, hydrophobic side-
117-123. Figure 5 shows that the range of observed chains that the enzyme prefers and confer the observed
dihedrals in the structure is highly restricted for most substrate selectivity of PDF. It has been noted that
of the residues. residues Letf and Le®* form a cleft (Figure 9) that
The active site comprises the C-terminahelix, perhaps forms a physical barrier against larger sub-
the B-strands 2.1 and 2.2 as well as the residues 40—strates such as the methyl group in an acetyl group
48 which extend up along the helix and near ¥ys (Chan et al., 1997). This region also contains con-
(Figure 8). The C-terminal helix (C) contains the served residues from different bacteria. This may ac-
conserved HEXXH motif, which comprises the zinc count for the selectivity of PDF for formyl substrates
binding site along with residue C¥ In chemical and not acetylated N-termini nor peptide bonds.
shift perturbation experiments using 2B°N,1H]-
COSY spectra with several PDF inhibitors identified
in our laboratory the consistent perturbation of these
active site residues was observed (data not shown, will
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Figure 9. Stereo view of the active site residues of PDF. The amino acids involved in the zinc coordination and selected side-chains of residues
near the active site are shown. The side-chains are shown with thicker lines and the backbone oxygen atoms are shown as a small ball using one
of the representation conformers.

Table 2. Analysis of the 20 best DYANA conformers of PDF after restrained energy minimization with the program XPLOR

Quantity Average value- standard deviation (range)
Before energy minimization After energy minimization

DYANA target function (%)@ 812+ 091 (5.79..9.89)

XPLOR energy (kcal/mol) 1183 6 (1149 .. 1237)
XPLOR VDW energy (kcal/mol) —188+3 (—201..—164)
Residual NOE distance constraint violations

Sum (A) 33.1+ 2.2 (29.2 ..39.3) 92.9-2.62 (88.9..97.2)
Maximum (A) 0.55+ 0.16  (0.34..0.82) 0.320.01  (0.30..0.34)
rmsd (A) 0.05+0.01 (0.04..0.05) 0.0 0.001 (0.01..0.01)
Residual dihedral angle constraint violations

Sum @) 97.6+9.8 (61.7 .. 98.4) 32.2 4.20 (24.6 .. 40.6)
Maximum ) 8.8+ 0.2 (4.5..18.7) 2.60.57 (1.9..4.6)
rmsd () 0.91+0.15 (0.7..1.30) 0.340.04 (0.26..0.42)

8The final structure calculation was started with 100 randomized conformers. The 20 DYANA conformers with the lowest
residual target function values were refined by energy minimization and are used to represent the NMR structure.

Structure comparison of Cys® and the 90’s loop. It appears that this is cor-
rected in their newly refined solution structure 2DEF.
While this work was in progress Meinnel etal. (1996b) Changes between the structures occur primarily in sur-
reported the solution structure of PDF (2-147) and face exposed loop regions and most notably at the
Chan et al. (1997) as well as Becker et al. (1998) N- and C-termini due to actual sequence differences.
presented the crystal structure (1-168), all of which The greatest rmsd difference between all structures oc-
have different N- and C-termini as compared to this cyrs in the N-terminal domain, especially residues 1-6
work (1-150). The coordinates for the Meinnel NMR  yhjle the same helical turn is found in residues 12—14
structure are available from the Protein Data Bank and arx-helix formed by residues 25-40. 2DEF starts
(PDB) (code 1DEF). Subsequently, the same group with a Val residue while the present structure was ob-
deposited a new set of coordinates (code 2DEF) andtained on PDF with its native N-terminal Ser residue.
later an accompanied publication (Dardel et al., 1998). The Vval side chain in 2DEF interacts with A&
The coordinates from the Chan et al. (code 1DFF) while Set in the present work is positioned close to
were also recently released which comprise unusually osp*!, Preliminary unrestrained, solvated molecular
high B-factors. Therefore, the comparison presented gynamics calculations (publication in progress) indi-
here focuses on the more well defined regions. The cate a stabilizing hydrogen bond between!Sand
overall topology of all PDF structures is very similar - Asp?! that may explain the observed NOE differences.
and the C-termini defined by residues 100-140 are al- Another difference at the N-terminus is the assignment
most identical. It was noted by Chan et al. (1997) that of 5 cis-Pro in 2DEF and Becker et al. while 1DFF
the original solution coordinates 1DEF differ signifi- gnd the present work contairtr@ns-Pro. In DYANA
cantly in the active site, particular in the positioning test calculations using the same upper distance con-
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straints either with ais- or transPro both isomers  sitions, were used in the structure calculation. Since
were tolerated, though theésresulted in higher target  no hydrogen bond constraints were used to calculate
functions. Acis-Prd violates a number of sequential the representation structures shown here, this could
and medium range upper distance constraints in the account for some of the differences.
presented restraint set and even when the consistently  Further differences are the length fheets 1.2,
violated restraints are removed the target functions for 2.1 and 2.2 which extend in the crystal structure
the cis derived structures are still twice as high. The from 70-81, 84-90 and 93-102, respectively. How-
resulting structural differences are very local and it ever, similar as in case of the 40's loop, residues
should be pointed out that the overall number of NOEs 78-81 are implicated to be in an extended confor-
in this turn is small compared to the rest of the struc- mation (Figure 1), but do not form consistent hy-
ture (Figure 2) resulting in higher local rmsd values drogen bonds reflected by H/D exchange. Between
and lower angular order parameters (Figures 6 and 7). 2DEF and the present structure the end3efheets
Other structural differences between these PDF 1.3 and 1.4 formed by residues Af§ and Asgl4
structures occur in loop regions such as the 40’s loop are slightly displaced. The hydrogen-bonding patterns
which contains $-strand for residues 44—-48 in 2DEF in residues 84-90 and 98-102 in which 2DEF does
and residues 45-47 in 1DFF which lie agaifist not have g8-sheet and the amide of residue 88 form
strand-1.1. In this PDF structure residuestiland a hydrogen-bond with residue 86 instead of residue
Gly*® are positioned closer to the catalytic zinc (Fig- 98. There are also some differences in the C-termini
ure 9) and consequently none of these residues arewhich may be accounted for by the different length
in a stablep-conformation. The careful analysis of of the proteins studied 1..150 versus 2..147. Overall,
slow H/D exchange}:"’Cu chemical shift indices and  the rmsd between the two solution structures is for the
3JinHo coupling constants did not exhibit character- well defined regions containing the secondary struc-
istic values consistent with fastrand. The NOE data  ture residues (10..60, 70..140; 120 residues, 80%) is
also places these residues too far from theisirand 1.79 A
of residues 57-60 to form hydrogen bonds although
residues 46—47 do occur in an extended conformation.
The backbone carbonyl of GIy points into the ac-  Conclusions
tive site (Figure 9) and this conformation has been
implicated in hydrogen-bonding the substrate amide The well defined, high quality solution structure of
nitrogen as noted in thermolysin (Chan et al., 1997). PDF(1-150) was determined using 15.5 constraints
In addition, residues 45—-49 comprise one of the con- per residue. The structure was solved using a num-
served sequence elements amongst PDF sequencelBer of 3D NMR data and the assignment of the
from different bacteria. They have been shown to par- spectral data was greatly assisted and accelerated
ticipate in substrate binding (Meinnel et al., 1996b) through the use of the program GARANT. The use
and interact with inhibitors of PDF (unpublished) and of GARANT/DYANA/violation analysis solved the
are therefore more likely to be located close to the ac- structure of the 17 kDa PDF protein in less 20 weeks
tive site metal ion as described in the present structure. of spectral and structure analysis effort through the
Further differences in the loop regions are the 60’s use of the methodology developed and described here.
loop composed of residues 63—69. Residues 62—68 areApplication and further development of automated
also described to be flexible in the crystal structure assignment strategies using GARANT is in progress.
(Becker et al., 1998). This is a solvent exposed loop
that is defined by few long range NOEs, with residues
64—68 containing no long range NOEs. Small changes Acknowledgements
in the sequential NOEs could thus have a large effect
on the conformation and subsequent differences in the We thank Christian Bartels for access to the program
superposition of these residues. Though these residuesGARANT, many useful discussions and for careful
adopt a similar conformation in all sets of structures, reading of the manuscript.
they appear to be displaced relative to one another. The
2DEF coordinates do not have the corresponding re-
straint data deposited, but it was noted that 86 distance
constraints for 43 hydrogen bonds, at unspecified po-
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