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Abstract

A new program, MAPPER, for semiautomatic sequence-specific NMR assignment in proteins is introduced. The
program uses an input of short fragments of sequentially neighboring residues, which have been assembled
based on sequential NMR connectivities and for which either the13Cα and13Cβ chemical shifts or data on the
amino acid type from other sources are known. MAPPERthen performs an exhaustive search for self-consistent
simultaneous mappings of all these fragments onto the protein sequence. Compared to using only the individual
mappings of the spectroscopically connected fragments, the global mapping adds a powerful new constraint, which
results in resolving many otherwise intractable ambiguities. In an initial application, virtually complete sequence-
specific assignments were obtained for a 110 kDa homooctameric protein, 7,8-dihydroneopterin aldolase from
Staphylococcus aureus.

Introduction

Improved efficiency of NMR assignments in proteins
by partial or full automation has attracted much atten-
tion (for a recent review see Moseley and Montelione,
1999) because sequence-specific assignments are the
foundation for three-dimensional structure determi-
nation and other detailed investigations on confor-
mation, dynamics and function by NMR (Wüthrich,
1986). Overall, one is usually faced with the situation
that connectivities between neighboring amino acid
residues can readily be established for short stretches
of the polypeptide chain, using either sequential nu-
clear Overhauser effects (NOE) (Billeter et al., 1982;
Wagner and Wüthrich, 1982) or data from triple reso-
nance experiments with13C,15N-labeled proteins (Bax
and Grzesiek, 1993). In typical globular proteins the
placement of such spectroscopically assembled pep-
tide segments in the amino acid sequence (‘sequence-
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specific assignment’) is in most cases unambiguous if
the segment contains at least three residues and the
amino acid types are known (Wüthrich, 1986). How-
ever, although straightforward in principle, unique
NMR identification of the amino acid types is a lim-
iting factor when using either homonuclear1H-NMR
with smaller proteins (Wüthrich, 1983) or the data
available from sequential assignments with triple reso-
nance NMR techniques (Bax and Grzesiek, 1993). It is
therefore of interest to develop procedures for support
of sequence-specific assignments based on spectro-
scopic identification of short peptide segments with
only partially known sequence, for example, –Ala–
(Arg or Lys)–(Glu or Gln or Met)– (e.g., Friedrichs
et al., 1994; Meadows et al., 1994; Morelle et al.,
1995; Zimmerman et al., 1997).

This paper presents the program MAPPER, which
is a tool for obtaining sequence-specific resonance
assignments on the basis of spectroscopically assem-
bled short segments of sequentially connected residues
(‘fragments’). These fragments are mapped onto the
polypeptide primary structure using partial knowledge
of their amino acid types. When using sequential
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Table 1. 13Cα and 13Cβ chemical shift reference values for use with the program
MAPPERa

Amino acid,R ω̃α
R
±1ω̃α

R
(ppm)b ω̃

β
R
±1ω̃

β
R

(ppm)b

Ala 52.59± 2.17 18.72± 1.95

Arg 56.52± 2.47 30.73± 1.92

Asn 53.15± 1.95 38.13± 1.79

Asp 54.06± 2.00 40.24± 2.00

Cys 56.23± 3.38 37.09± 6.33

Gln 55.62± 2.29 29.28± 2.13

Glu 56.62± 2.43 29.81± 1.89

Gly 44.81± 1.48 –

His 55.54± 2.40 29.95± 2.91

Ile 60.88± 2.74 38.83± 2.57

Leu 54.76± 2.19 42.25± 2.51

Lys 56.41± 2.09 32.59± 2.05

Met 55.10± 1.91 32.23± 2.62

Phe 57.16± 2.28 39.87± 2.15

Pro 62.85± 1.37 31.74± 1.54

Ser 57.74± 1.92 63.93± 1.75

Thr 61.76± 2.56 69.31± 1.98

Trp 57.34± 2.52 29.24± 2.12

Tyr 57.07± 2.37 38.78± 2.30

Val 61.37± 2.76 32.87± 2.12

aThis table lists chemical shift values that have been assembled in 1995 from a
database of the following 25 proteins, which have been checked and corrected
for consistent referencing as described in footnote b:Antennapediahomeodomain
(Qian et al., 1993), cyclophilin (Ottiger et al., 1997), DNA-binding domain of Gal4
(Shirakawa et al., 1993), interleukin-1 receptor antagonist (Stockman et al., 1994),
staphylococcal nuclease (Wang et al., 1992), Fk506 binding protein (Xu et al.,
1993), ribonuclease H (Yamazaki et al., 1993), development-specific Ca2+-binding
protein S (Bagby et al., 1994), ferrocytochrome (Caffrey et al., 1994), interleukin-
1β (Clore et al., 1990), 26-10 antibody Vl domain (Constantine et al., 1993),
glucose permease IIa domain (Fairbrother et al., 1992), pathogenesis-related pro-
tein P14a (Ferńandez et al., 1997), urokinase-type plasminogen activator (Hansen
et al., 1994), BPTI (Hansen et al., 1995), second RNA-binding domain of the
sex-lethal protein (Lee et al., 1994), Pec-60 (Liepinsh et al., 1994), N-terminal
domain of DNA-polymeraseβ (Liu et al., 1994), barstar (Lubienski et al., 1994),
villin (Markus et al., 1994), tendamistat (Matter and Kessler, 1995), ferredoxin
(Oh and Markley, 1990), IIIglc (Pelton et al., 1991), interleukin-4 (Powers et al.,
1992), ovomucoid third domain (Robertson et al., 1990). We continue to use these
values in our group, since they show no significant discrepancy to the continuously
updated corresponding table in the BioMagResBank (www.bmrb.wisc.edu), which
nowadays relies on a much bigger set of assigned proteins. Continued use of ‘our’
chemical shift data is favored by us since it enables a comparison of results obtained
over the years with the use of different approaches. For applications of MAPPERit
can readily be substituted by the current BioMagResBank database, which leads to
virtually identical results.

bω̃α
R

andω̃
β
R

are the average values, and1ω̃α
R

and1ω̃
β
R

the standard deviations of
the chemical shifts in the aforementioned 25 proteins for which nearly complete
sequence-specific assignments are available. The shifts were referenced consis-
tently following Wishart et al. (1995), and obvious outliers were removed during
the preparation of the database.
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resonance assignments based on triple resonance ex-
periments such as HNCA (Kay et al., 1990; Mon-
telione and Wagner, 1990),CBCA(CO)NH (Grze-
siek and Bax, 1992) and HNCACB (Wittekind and
Mueller, 1993), residue-specific information consists
primarily of the 13Cα and 13Cβ chemical shift val-
ues (Richarz and Wüthrich, 1978; Oh et al., 1988;
Grzesiek and Bax, 1993). Alternatively, this informa-
tion may consist of a classification into spin system
types by homonuclear1H-NMR (Wüthrich, 1986) or
by other techniques (e.g., Dötsch et al., 1996; Schubert
et al., 1999). The MAPPERpackage includes a library
of the average values and standard deviations of the
13Cα and 13Cβ chemical shifts of the 20 amino acid
residues (Table 1). The input for the program consists
of the amino acid sequence of the protein, and the list
of fragments of sequentially connected residues, with
information on the13Cα and13Cβ shift values and/or
identification of the compatible amino acid types from
other sources.

The program M APPER

In the following description of the MAPPERalgorithm
for use with chemical shift data for characterization
of amino acid types,< = {Ala, . . . ,Val} denotes the
set of the 20 standard amino acids.R (k) ∈ < is the
amino acid type at positionk = 1, . . . , N in the pro-
tein sequence ofN residues. The reference chemical
shift value and its standard deviation for the atoma of
the amino acid typeR ∈ < are given byω̃aR ± 1ω̃aR
(Table 1). Fragments,Fi , are numbered from 1 toNF .
A fragmentFi spansn(i) + 1 sequentially adjacent
residues, andωaj (i) denotes the experimental chemi-
cal shift for the atoma ∈ Aj (i) at the residue position
j = 0, . . . , n (i) within the fragment, whereAj (i)
denotes the set of atoms at positionj in the fragment
Fi for which chemical shift values are available.

In the first step of the MAPPERassignment proce-
dure each fragment is treated independently, and all
locations in the amino acid sequence of the protein
are determined to which one or several of the frag-
ments can be mapped. If sufficient relevant informa-
tion is available for a given fragment, an unambiguous
sequence-specific assignment may be obtained already
from this ‘individual mapping’ step (Wüthrich, 1983,
1986; Grzesiek and Bax, 1993), but conceptually
each individual mapping is only part of an interme-
diate result that represents the input for the subsequent
‘global mapping’. To determine the acceptable indi-

vidual mappings for a given fragmenti, the sum of the
squared deviations of the chemical shift values inFi
from the corresponding reference chemical shift val-
ues at the positionsk, . . . , k + n(i) in the amino acid
sequence of the protein is computed:

χ2 (i; k) =
n(i)∑
j=0

∑
a∈Aj(i)

[
ωaj (i)− ω̃aR(k+j)

1ω̃aR(k+j)

]2

. (1)

Assuming that the distributions for the chemical
shifts are Gaussian and that the attempted mapping
is correct, the probability that the magnitude of the
sum of the squared relative chemical shift devia-
tions exceeds the value computed in Equation 1 is
given by theχ2 probability functionQ

(
χ2 (i; k) |νi

)
(Equation 6.2.18 in Press et al., 1986), whereνi =∑n(i)
j=0 |Aj (i) | is the number of known chemical shifts

in the fragmentFi (corresponding expressions may
be derived with the assumption of different, non-
Gaussian chemical shift distributions). Acceptable in-
dividual mappings have a value ofQ

(
χ2 (i; k) |νi

)
above a user-defined thresholdQ0. Q0 = 1% was
used for the calculations in this paper.

In the second step of the MAPPER assignment,
an exhaustive search for ‘global mappings’, i.e., si-
multaneous, self-consistent mappings of all fragments,
is performed on the basis of the accepted individ-
ual mappings. Similar approaches have been used in
other semiautomated assignment programs (Friedrichs
et al., 1994; Meadows et al., 1994; Morelle et al.,
1995; Zimmerman et al., 1997). A global mapping
is consistent if allNF fragments can be mapped onto
the sequence such that only permissible overlap occurs
between any two fragments. The C-terminal residue in
a fragment may carry an ‘overlap’ attribute to indicate
that it can be placed at a sequence location which is
already occupied by the N-terminal residue of another
fragment. This situation occurs routinely if fragments
are assembled by analyzing ‘strips’ (Bartels et al.,
1995) taken from triple resonance spectra that provide
both intraresidual and sequential connectivities to Cα

and Cβ atoms for a given backbone amide group. Two
fragments may then share a common residue position
only if the corresponding chemical shift values for the
same atoms match within a user-defined tolerance of,
typically, 0.4 ppm for13C. In nearly complete sets
of short fragments there are usually many individual
mapping possibilities, which may, however, be com-
bined only in a limited number of ways into global
mappings. An efficient exhaustive search for global
mappings, which consists, in principle, ofNF nested
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Figure 1. Schematic representation of an assignment process using the programs XEASY and MAPPER. (a) All peaks in a 2D [15N,1H]-HSQC
spectrum are picked, leading to a peak list that contains the15N and1H frequencies for each amide moiety of the polypeptide backbone. (b)
The 15N and1H chemical shifts define the locations of 2D [ω2(13C), ω3(1H)] strips from the 3D triple resonance experiments used for the
sequential assignment of13C,15N- or 2H,13C,15N-labeled proteins. The arbitrarily numbered schematic [ω2(13C), ω3(1H)] strips shown here
are from a three-dimensional HNCA experiment and were taken at theω1(15N) position and centered about theω3(1H) chemical shift of
each amide1HN–15N moiety of the polypeptide chain. The black and gray circles indicate intraresidual and sequential peaks in the spectrum,
respectively. (c) Sequential connectivities are established interactively by matching the chemical shifts of sequential and intraresidual peaks
in pairs of [ω2(13C), ω3(1H)] strips, as indicated by the horizontal lines. The steps (a) to (c) are supported by XEASY, and the resulting
short peptide fragments with unambiguously assigned sequential connectivities, F1, F2 and F2′ , are used as input for MAPPER. (d) Output from
MAPPER: The amino acid sequence of the protein is shown at the top, and each of the rows P1, P2, . . . represents one possible ‘global mapping’,
i.e., one possibility for simultaneously mapping the three fragments F1, F2 and F2′ to specified positions in the polypeptide chain. The vertical
dotted lines indicate the various possible N-terminal ends for a fragment, and the thickness of the boxes around F1, F2 and F2′ indicates the
quality of the individual fit as expressed byχ2 (i; k) (Equation 1) andQ(χ2 (i; k) |νi ) (see text), where a thick line indicates a good fit. P2 and
P4 propose a sequential connection between the fragments F1 and F2, as indicated by the gray shading. (e) The sequential connectivity between
the two fragments F1–F2 proposed by MAPPERis further evaluated interactively by inspection of the original spectra. If the two fragments can
be unambiguously connected, the new, longer fragment Fc21 (f) is used as part of the input for the next round of MAPPERcalculations. The
alternative of connecting F1 with F2′ , which has a sequential peak at the sameω2(13C) chemical shift as F2, can be ruled out since none of the
global mappings from MAPPERwould be consistent with a sequential connectivity F1–F2′ .
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loops, is therefore obtained if ‘forbidden’ branches of
the search tree are cut as early as possible. To this end,
the loops are nested such that the outermost loops cor-
respond to fragments with few individual mappings,
whereas the innermost loops belong to fragments with
many individual mapping possibilities. The global
mappings found by MAPPERare ranked according to
χ2(global), which is defined as the sum over all frag-
ments of the individualχ2 values of Equation 1. An
overall probability,Q(global), for the global mapping
is defined in the same way as the above-mentioned
probability for individual mappings,Q

(
χ2 (i; k) |νi

)
.

A value of Q(global) close to 100% indicates that a
global mapping is ‘reasonable’ in the sense that, over-
all, the chemical shift deviations are within the range
expected statistically on the basis of their standard de-
viations,1ω̃aR, but it does not exclude the presence of
other, similarly reasonable global mappings. The pro-
gram MAPPERis written in Fortran-77 and is available
from P. Güntert.

The assignment procedure using MAPPER for
obtaining sequence-specific assignments with amino
acid type information from chemical shifts is outlined
in Figure 1. At the outset, a list of amide proton
and15N chemical shifts is established by picking the
peaks in a 2D [15N,1H]-HSQC spectrum (Figure 1a).
This arbitrarily numbered list defines the locations of
two-dimensional strips in 3D triple resonance spectra
such as HNCA, HNCACB or CBCA(CO)NH, with
the ω2(13C) chemical shift along the third axis (Fig-
ure 1b). Sequential connectivities are then identified,
for example, with the program XEASY (Bartels et al.,
1995), by visually matching the13C chemical shifts of
sequential and intraresidual correlation peaks in differ-
ent [ω2(13C), ω3(1H)] strips (Figure 1c). This yields
an initial set of short fragments assembled on the basis
of unambiguous connectivities between pairs of strips
from the triple resonance spectra. These fragments,
for instance F1, F2 and F2′ in Figure 1c, contain the
13Cα shifts and, if available, the13Cβ chemical shifts
of the sequentially linked residues. Typically, many
potential sequential connectivities are ambiguous at
this stage because of chemical shift degeneracies, and
therefore the unambiguously connected segments re-
main short. For example, in Figure 1c the fragment
F1 could have been connected equally well with ei-
ther of the fragments F2 or F2′ . MAPPERidentifies all
possible global mappings, P1, P2,. . . , of this prelim-
inary set of fragments (Figure 1d). Of prime interest
are mappings for which MAPPERproposes an overlap
between two fragments, as between the fragments F1

and F2 for the possibilities P2 and P4 (Figure 1d). On
the other hand, many potential sequential connectiv-
ities between pairs of strips may be ruled out on the
basis of the intermediate results from MAPPER, i.e.,
whenever the two fragments cannot be mapped onto
adjacent sequence locations (F1 and F2′ in Figure 1d).
Thereby the number of potential sequential connectiv-
ities that have to be checked visually by consulting
the 3D spectra is obviously reduced when compared
to the initial assignments of sequentially neighboring
strips (Figure 1e). As a result of this step of the pro-
cedure, pairs of fragments can be fused into longer
fragments. For example, after visual inspection the
two fragments F1 and F2 were combined into a new,
longer fragment, Fc12 (Figure 1, e and f), which was
then used in the place of F1 and F2 as input for a
subsequent MAPPER run. The alternative connectiv-
ity between the fragments F1 and F2′ , which would
also be compatible with the coinciding13C frequen-
cies (Figure 1c), is not supported by MAPPER, since
the fragment F2′ is mapped with high probability to a
different sequence position. This semiautomatic pro-
cedure is repeated until all assignment ambiguities are
resolved.

Application to the protein DHNA

The use of the program MAPPER was a key step in
obtaining nearly complete sequential assignments for
7,8-dihydroneopterin aldolase (DHNA) fromStaphy-
lococcus aureus, a symmetric homooctamer protein
of molecular weight 110 kDa with 121 residues per
monomer (Salzmann et al., 2000). Fragments were as-
sembled using strips from several TROSY-type triple
resonance experiments (Salzmann et al., 1998, 1999).
Unambiguous resonance assignments could be estab-
lished for all Cα atoms except Met 1, Gln 2, Pro
103, Ile 114 and Glu 115, and for 77 out of the
111 Cβ atoms (Salzmann et al., 2000). Examples of
the MAPPER input and output files for DHNA are
shown in Figure 2, a and c. The deviations of the
experimental13Cα and13Cβ chemical shifts from the
corresponding reference values (Table 1) for the best
global mapping, which, in the case of DHNA, cor-
responds to the correct sequence-specific assignment,
are plotted in Figure 2d. Note that, given the stan-
dard deviations of the chemical shifts in Table 1, a
spread of up to about 4 ppm (corresponding to about
two standard deviations) is expected. Although large
differences within this spread could clearly jeopardize
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Figure 2. Application of the program MAPPERusing amino acid type information from13Cα and 13Cβ chemical shifts for obtaining se-
quence-specific resonance assignments in the protein DHNA. (a) Excerpt from the input file for MAPPER. The data for two fragments, F8 and
F9, which span 9 and 3 residues, respectively, are shown.13Cα shifts are listed in the first column. Where available,13Cβ shifts are given in
the second column. The string ‘P-’ means ‘this residue cannot be mapped onto a proline in the primary structure’ (proline can only occur as
the first residue in any given fragment). ‘O’ indicates that the last residue of the fragment may be mapped onto a position in the amino acid
sequence that is already occupied by the first residue of another fragment. (b) Alternative input file using amino acid type classes instead of
13Cα and13Cβ shifts (see text). The letters indicate allowed amino acid types, which are denoted using the standard one-letter code for amino
acids, e.g., ‘CDFHNSWY’ denotes that the residue in question can be any of the 8 –αCH-βCH2– AMX spin systems, and ‘EKMPQR’ refers
to ‘long side chains’ as defined by Wüthrich (1986). (c) Output from MAPPER. Each column contains data for one of the 18 fragments that
constituted the input for MAPPER, as derived from the NMR experiments (Salzmann et al., 2000), as follows: Fragment: fragment number.
Length: number of residues in the fragment. Ind: number of possible individual mappings. Ind/Global: number of individual mappings that form
part of a self-consistent global mapping. Next is a table of all global mappings, in this caseP1, . . . , P4, containing the total score (Equation 1)
and the sequence locations of the first residue in each fragment, where a dot indicates that the fragment is mapped to the same position as in
the best global mapping,P1. The final section of the output affords a statistics of the best global mapping, indicating for each fragment the
rank of the individual mapping possibility used in the best global mapping, its score,χ2(ind), measured as a percentage of the overall score,
χ2(global), andQ(ind), the probabilityQ(χ2 (i; k) |νi ) of the individual mapping used. Note that long fragments, such as number 10, may
have a comparatively large contribution to the overall score while still maintaining a highQ(ind) value. Finally, the overall probability of the
best global mapping,Q(global), is given (see text). (d) Plots versus the amino acid sequence of the13Cα and13Cβ chemical shift deviations,
1ω = ωaj (i) − ω̃a

R(k+j) (Equation 1), between the experimental chemical shifts in the best global mapping and the reference chemical shift
values of Table 1. The sequence locations to which the fragmentsF1, . . . , F18 are mapped in the best global mapping are indicated by horizontal
lines in the center, and the locations of regular secondary structures in DHNA are shown at the bottom of the figure.

the correct sequence-specific assignment of individual
residues, they can be accommodated in a meaningful
fashion in the present global mapping approach. The
well-known variation of the13Cα and13Cβ chemical
shifts in different regular secondary structures (Spera
and Bax, 1991) can be accounted for by MAPPER if
the secondary structure of the protein under study is
known. This is achieved by adding offsets of+1.25/−
0.75 ppm inα-helical regions or−0.75/+ 1.25 ppm
in β-sheet regions to the13Cα/13Cβ reference chemical
shift values,ω̃α

R andω̃
β
R. In the case of DHNA, inclu-

sion of secondary structure information led to the same
best global mapping as the one obtained without use
of this information, albeit with a significantly reduced
globalχ2 value of 57.4 instead of 76.8. In other words,
although the secondary structure information is not re-
quired for obtaining the correct assignment, use of the
known secondary structure chemical shifts (Spera and
Bax, 1993) will lead to an improved globalχ2 value
if the locations of the regular secondary structures are
known.

Discussion and conclusions

The MAPPER algorithm, in which all fragments are
simultaneously mapped onto the primary structure, is
more powerful in finding the correct sequence-specific
assignments than the simpler approach of searching
for individual fragment mappings (Wüthrich, 1983;
Grzesiek and Bax, 1993), since the global mapping
approach excludes mutually contradicting individual

fragment mappings. This is apparent from Figure 2c
and became particularly obvious in the results of a
trial MAPPERrun for DHNA with an input of 38 non-
overlapping three-residue fragments (fragments con-
taining Pro were not considered) that were attributed
the experimental Cα and, if available, Cβ shifts. Using
a threshold ofQ0 = 0.01 there were between 1 and
69 (on average 10) acceptable individual mappings for
these fragments. This would result in 2.1×1029 possi-
ble combinations of the 38 fragments if contradictions
between the placement of individual fragments were
not taken into account. For 25 fragments theχ2 val-
ues for the individual fragment mapping (Equation 1)
provided a basis for discriminating between the cor-
rect assignment and other possibilities, whereas for the
remaining 13 fragments the individual mapping with
the smallestχ2 value was not the correct one. The
program MAPPER found 2 433 397 possible global
mappings, of which the one with the lowest globalχ2

value contained the correct sequential assignments for
all fragments.

The global mapping algorithm of MAPPER can
readily exploit incomplete amino acid type classifica-
tions in the fragments from other sources than13C
chemical shift data. To include this information in
the MAPPER algorithm a new notation is defined, as
follows: The sequence locations onto which thej-th
residue within the fragmentFi can be mapped are de-
scribed by setsSj (i) ⊆ {1, . . . , N}. In the absence
of a priori restrictions on possible mappings, all posi-
tions would be allowed, i.e.,Sj (i) = {1, . . . , N}. Or
else, if thej-th residue in the fragmentFi is known
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to be glycine, thenSj (i) comprises the sequence lo-
cations of all glycine residues. To illustrate the use of
MAPPERwith this type of input data, we consider the
grouping of the 20 amino acids into 8 distinct classes
that was used in early protein assignments: Gly, Ala,
Val, Leu, Ile, Thr, which could usually be identified
uniquely, the –CαH–CβH2– AMX spin systems (Ser,
Cys, Asp, Asn, Phe, Tyr, His, Trp), and the long
side chains (Gln, Glu, Met, Pro, Arg, Lys) (Wüthrich,
1986). Acceptable individual mappings need to be
compatible with these restrictions on allowed residue
positions: The fragmenti can only be mapped to the
position starting with residuek ∈ {1, . . . , N} in the
sequence if(k + j) ∈ Sj (i) for all j = 0, . . . , n (i).
With this type of input data (Figure 2b) the continu-
ousχ2 function (Equation 1) is substituted by a binary
yes/no choice to indicate whether or not a given map-
ping is acceptable for MAPPER. Two fragments of the
same length that are identical on the level of the amino
acid type classification can therefore not be distin-
guished by MAPPER. The global mapping condition
nonetheless constitutes a powerful constraint on the
number of possible assignments. For instance, when
applying MAPPERin a trial run for DHNA with frag-
ments of length three residues and the aforementioned
classification into eight amino acid types, one finds
786 432 possible combinations of individual mappings
for the 40 fragments, whereas there are 96 possible
global mappings. For completeness’ sake it should be
added that MAPPER functions also with a mixed in-
put of 13C chemical shift data and amino acid type
identifications. This was used, for example, in the
experimentally assembled fragments for the MAPPER

assignment of DHNA to indicate that proline can be
incorporated only at the start of a fragment (Figure 2a).

In conclusion, MAPPERis a new, powerful tool to
establish sequence-specific resonance assignments in
proteins, which can significantly speed up the overall
assignment. The requirement of self-consistency for
a global mapping provides a strong additional con-
straint, which is not taken into account if fragments
are treated individually. It can be envisaged that the
combination of MAPPER with an automatic method
for assembling short fragments of unambiguously con-
nected amino acid residues, for example, from triple
resonance experiments with15N,13C-labeled proteins
or from sequential NOE connectivities in unlabeled or
15N-labeled proteins, will yield an efficient and re-
liable, fully automated method for sequence-specific
resonance assignment in proteins.
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