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Abstract

Grouping of spectral peaks into J-connected spin systems is essential in the analysis of macromolecular NMR data
as it provides the basis for disentangling chemical shift degeneracies. It is a mandatory step before resonance and
NOESY cross-peak identities can be established. We have developed SPI, a computational protocol that scrutinizes
peak lists from homo- and hetero-nuclear multidimensional NMR spectra and progressively assembles sets of
resonances into consensus J- and/or NOE-connected spin systems. SPI estimates the likelihood of nuclear spin res-
onances appearing at defined frequencies given sets of cross-peaks measured from multi-dimensional experiments.
It quantifies spin system matching probabilities via Bayesian inference. The protocol takes advantage of redundan-
cies in the number of connectivities revealed by suites of diverse NMR experiments, systematically tracking the
adequacy of each grouping hypothesis. SPI was tested on 2D homonuclear and 2D/3D'>N-edited data recorded
from two protein modules, the col 2 domain of matrix metalloproteinase-2 (MMP-2) and the kringle 2 domain
of plasminogen, of 60 and 83 amino acid residues, respectively. For these protein domains SPI identifies ~ 95%
unambiguous resonance frequencies, a relatively good performance vis-a-vis the reported ‘manual’ (interactive)

analyses.

Abbreviations and Acronyms: SPI, SPin Identification; BMRB, BioMagResBank (Madison, WI).

Introduction

The assignment of spectral cross-peaks is gen-
erally considered to be a prerequisite for bio-
macromolecular structure elucidation via NMR. It can
be viewed as a mapping of points in chemical shifts
‘space’ to spin sites in the molecule according to rules
encoded by experiment-specific connectivity patterns.
Depending on the molecule and the available data, the
procedure can be extremely time-consuming owing to
(i) spurious connectivities or (ii) missing peaks, and
(iii) degeneracy of resonance frequencies. In order to
avoid the assignment bottleneck, we have developed
CLOUDS (Grishaev and Llinas, 2002a,b), a protocol
that aims at deriving protein structures starting from
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a rather complete set of unassigned, albeit unambigu-
ous, NOEs. In retrospect, CLOUDS probably affords
one of the most robust of the various proposed ‘direct’
methods of NMR structure computation (Atkinson
and Saudek, 2002, and references therein). However,
the necessity of a list of uniquely identified NOEs,
whether assigned or not, is not restricted to CLOUDS,
being a prerequisite for any distances-based NMR
structure computation protocol.

Grouping is an essential early stage of the NMR
data analysis as it provides the basis for resolving
the chemical shift definition of the clustered spec-
tral signals, particularly severe in the case of bio-
macromolecules. A variety of computational protocols
have been formulated for the automation of spin sys-
tem grouping in protein spectra. These approaches
exploit intra- or inter-spectral redundancies in the ob-
served connectivities. Some methods (Kleywegt et al.,
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1991; Xu et al., 1995; Croft et al., 1997) are based
on the recognition of patterns that are characteristic
of amino acid residues within each experiment. They
perform best with rather complete, high quality data.
Others (Lukin et al., 1997; Zimmerman et al., 1997)
exploit the occurrence of common (root) subsets of
resonance frequencies in various triple-resonance ex-
periments. Clearly, the comparatively higher spectral
resolution characteristic of such data sets facilitates
a more reliable detection of connectivites, hence of
coupled spin systems.

Here we describe SPI, a procedure that combines
the above two approaches in an attempt to take advan-
tage of their best attributes. The protocol is designed
to cope with those cases for which both intra- and
inter-spectral redundancies, when separately consid-
ered, are insufficient to establish unique groupings,
owing to ambiguities or incompleteness of the data.
In the simple implementation presented here, SPI
combines redundant information encoded by individ-
ual 2D homonuclear spectra with common cross-peak
patterns exhibited by different 'H/'H and 2D/3D
TH/'"HN/'SN correlation experiments, for which chem-
ical shift degeneracy can be significant. Spin systems
are identified via a Bayesian statistical analysis, with
probabilities reflecting both the data ambiguity and the
extent of spectral information redundancy. Consensus
spin systems are defined as those that satisfy various
types of experimental data with reasonably high prob-
ability. SPI was tested on NMR data for the col 2 and
kringle 2 domains of human matrix metalloproteinase
2 (MMP-2) and of human plasminogen, respectively
(Briknarova et al., 1999; Marti et al., 1999).

Methods

Data processing

2D 'H/'H COSY, 70 ms TOCSY, 200 ms NOESY,
TH/N HSQC and 3D '’N-edited HSQC-NOESY,
HSQC-TOCSY, HNHA and HNHB spectra of col 2
and kringle 2 were acquired and processed as reported
(Briknarova et al., 1999; Marti et al., 1999). 2D 'H/'H
correlation spectra were frequency-standardized by
matching common cross-peaks, each defined within
+ 0.03 ppm and £ 0.04 ppm in the direct and in-
direct dimensions, respectively. Peak chemical shifts
measured on both sides of the diagonal were averaged.
Methyl resonances were identified from the intensities
and relative narrowness of their diagonal peaks. All
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Figure 1. SPI flowchart. Stages of the program are boxed. The in-
put consists of cross-peak chemical shift coordinates from 'H/'H
COSY, TOCSY, NOESY and '>N-edited HSQC, HSQC-TOCSY,
HSQC-NOESY, HNHA, HNHB experiments. Execution flow is
denoted by thick arrows. Input/output is indicated by thin arrows.

programs were written in FORTRAN77 and compiled
via DigitalTM Visual Fortran compiler, version 6. The
software is available from the corresponding author by
request.

Identification of resonances and spin systems: SPI

In the minimalistic approach explored here, SPI ana-
lyzes 2D homonuclear and 3D '’N-edited connectivity
information to produce a list of resonances grouped
into spin systems (Figure 1). Both cross-peaks and
spin systems are treated as vectors in the multi-
dimensional space of chemical shifts obtained from
the available NMR experiments. The individual di-
mensions of such space correspond to the identities
of NMR resonances (N, HN, H*, HP, etc.). Let us
assume that a peak I is characterized by a chemical
shift coordinate Xi, as well as ‘root’ chemical shifts



Z, ..., zi. Namely, I = (x}, zi, ..., 7}) of di-
mensionality n+1. On the other hand,'let there'be an
m+n dimensional spin system J = (yll, e, yjm, z’l,

cel, zjn), which shares with I a projection onto the
subspace of root coordinates Z, = (z1, ..., zy). I
and J thus project onto Z, to form vectors z' = (z},

s ZL) and 7 = (z] e zjn). Let us define a vector
Az =17 — 7. P(Z|L)), the conditional probability
density of observing the experimental Az in the Z,
subspace whenever I and J belong to the same spin
system, is then expressed as a multi-variate Gaussian
distribution:

1.
P(Z|1,J) =Nexp (—EAz'En_lAz). 1)

Here, X%, is the diagonal variance matrix defined by
the uncertainties o of the resonance definitions within
Z,, and N = [(Zn)“ |En|]_7 accounts for normal-
ization. In the following applications, the value of
P(Z|L]) is assumed negligible whenever any com-
ponent of Az is larger than twice the corresponding
variance in Xy. In practice, this means that P (Z|LJ)
is set to zero whenever the corresponding peak is
not observed within the expected chemical shift tol-
erances. For example, in the case of TOCSY data
(discussed below) only spin systems for which 321 —
dHN,J| < 202p are taken into account. Similar criteria
applies to heteronuclear data.

Next, we evaluate the match between I and the re-
maining component of J, i.e., vector y = (y), ... ,yh)
within subspace Yy,. For this, we consider other peaks
Ollf, that are spanned by x' and vectors within Yy, with
1 < £ < m. For a 2D peak Ole‘ = (xK, ylz), we define

a vector of differences Axy, = (x' — xX, yJ[ - yl,;).
Similar to the Equation 1, the likelihood to observe
the experimental vectors Axy, if I and J are within
the same spin system is modeled as:

m 1 .
PXYILJ) =M exp (—EAxyéEz_leyO , (2

where M is the normalization constant. Finally, assum-
ing statistical independence of the spectral data within
the Z and XY sub-spaces, the likelihood of the entire
data conditional on I and J originating within the same
spin system is written as:

PEZXYIL)Y) =PZL])) - PXYILJ). (3)
While the #(Z|LJ) term describes the quality of root

overlap, P (XY|LJ) encodes for the redundancy of
spectral information.
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In our protocol (described below), the initial ‘2D’
and ‘3D’ spin systems are the J-coupled HN/H® pairs
from COSY and "HN/!SN pairs from HSQC, respec-
tively.

Analysis of D N-edited data

M3 total roots of the 3D spin systems are obtained
from the HSQC; these are denoted by (8yn, 8n), where
dun is the chemical shift of the backbone peptidyl
amide 'H and 8y is that of the attached !’N. The
ISLES subroutine (Appendix A) identifies side chain
Trp H®!/N®! and Asn/Gln NHg’S groups that are not
included in the roots list.

All resonances originating from HSQC-TOCSY,
HNHA and HNHB spectra are probabilistically
matched to the roots. For a given 3D connectivity I
(81,1, duN,1, On.1) and a spin system J of root (8un.J,
dN.1), the probability of I corresponding to J is esti-
mated according to the Bayes theorem (Jaynes, 1996)
as:

P JZ) =

$uN. I, 3HN,J; OHN) - $ON, 1. 3N, 15 oN) P (L, J)
M; : (4)
Y. $GHN,1 3HN,K; OHN) - §ON,1. 3N, K; oN) P (I, K)
=1

Here, probability densities §(x,y;z) o exp(—0.5 x
(x—y)z/zz), oun and oy are the chemical shift un-
certainties of HY and !°N resonances in 3D spectra,
0.03 ppm and 0.336 ppm, respectively, and P (I,K) are
the prior probabilities, all assumed of equal value. The
likelihoods in Equation 4 are the Gaussians defined by
Equation 1 with Z = (HY,15N).

Analysis of homonuclear 2D data

In order to build 2D spin systems, the amide-aliphatic
TOCSY connectivities are matched to the HN/H®
COSY roots (total number Mj). Similar to the 3D
case, aromatic and Asn/Gln NH, peaks, identified
via ISLES (Appendix A), are excluded from COSY
and TOCSY peak lists. The initial ‘HN-based prob-
abilities” are written as functions of HN frequencies
only. The probability that a peak I of coordinates (3 1,
d2.1) and a spin system J of coordinates (3uN,J, dHq,J)
originate from the same residue is estimated from
likelihoods via Equation 1 with Z; = (HN):

32, 0HN,I; P(I,
PLIZ)) = M29( 2.0Ng:00p) PALS) 5
> 6(32,8uN,k;02p) P (LK)
K=1
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Table 1. Differences between the manual assignments and SPI output

Site Appearance Possible reason

(A) col2

Leu3 HY missing overlap with Leu3 HP3
Phe4 HB, HE, HS missing all chemical shifts degenerate
Met6 H® missing overlap with Met6 HP3
Phe21 H® missing overlap with Phe21 H®
Gln22 HY3 missing overlap with GIn22 Hb2
Ser25 HP? missing overlap with Ser25 HP3
Tyr38 HP2 missing overlap with Tyr38 HP3
Thr44 HP missing overlap with Thr44 H*
Pro57 HY missing overlap with Pro57 HP2
(B) kringle 2

Ser2 HP, 3.92 ppm
Met6 system

additional found
broken into (HN, H%), and

chemical shift close to the reported
missing J-connectivities

(HY, HP’s, HY’s and H®)

Ile17 HY12 missing
Tle17 HY13 missing
Pro34 HP2 missing
Pro41 HY? and H? missing
Pro45 HY2 missing
Leu49 HP3 missing
Lys50 HY3, H?, He2 and HE3 missing

Pro57 system

Pro63 H*, H%2 and H33

missing
Pro70 H32 missing
Pro70 H? missing
Pro70 HY3 missing
Arg73 HP3 and H? missing
Arg81 HY missing

broken into (H* and HP’s)
and (H’s and H?’s)

missing J-connectivities
overlap with Ile17 HY?
missing J-connectivities
missing J-connectivities
missing J-connectivities
overlap with L49 Hb2
missing J-connectivities
missing J-connectivities

missing J-connectivities
missing J-connectivities
overlap with Pro70 H*

overlap with Pro70 HP2
missing J-connectivities
missing J-connectivities

where, again, we assume equal priors P (LJ) for all
J’s, $(x,y;z) are Gaussian probability densities as de-
scribed for Equation 4 with opp ~0.015 ppm, the
resonance position uncertainty in the 2D spectra.
Next, the root-based probabilities obtained from
Equation 5 are used to recalculate spin system mem-
bership probabilities by cross-referencing other ob-
served J-connectivities to the H* chemical shifts,
dHq 1, of the 2D spin systems. For every ambiguous
match between a resonance 81, and the spin system
J with coordinates (8un,j, SHe.J) Obtained as above,
the program searches for a COSY/TOCSY peak that
is the closest to the coordinates (31,dH¢,1) Within 202p.
If such peak with coordinates (81,5, 82,5) is found, in

the Bayesian context, the ‘HN/H®-based probabilities’
are estimated via:
PAIZ,XY) =
§(81,31,3; 02p) - $OH, .7, 82,35 02D) - P, JIZ1) 6)

M,
> 1,31,k 02D) - $BHa.K, 32,k 02p) - P (I, K|Zy)
K=1

By reference to Equation 3, Z; = (HN), Y = (H%
and the priors P (I,J|Z;) are the posteriors obtained
through Equation 5.

At this point, a number of side chain resonances
result uniquely matched to their spin systems and this
knowledge can be taken advantage of to refine the re-
maining matches. Let us consider a resonance at 3;
ambiguously matched to spin system J, and a spin H
with a chemical shift 8y j, unambiguously matched to



J. The program searches for the COSY/TOCSY peak
that, within 2o7p, most closely matches (31,8y,5). If
such peak (8'1.3,8'25) is found, the ‘HN/H*/H-based
probabilities’ are written via Equation 3 with Y/ =
(H*,H) as:

P, JZ1,XY) =

81,8 y;02p) - §Gn,1, 82,35 02p) - P X, J1Z1. XY)

M,
> 601, x:0p) - §Gu.1, Y2, x5 02p) - P, K[Zy, XY)
K=1

Here, the priors #(1,J|Z1, XY) are the posteriors ob-
tained via Equation 6. Equations 3 and 7 are then
applied with the full set of H resonances spanning
the entire Y subspace. Once the procedure converges,
SPI detects and links Gly and Arg spin systems (see
Appendix A).

Matching, combination and extension of 2D and 3D
spin systems

Subroutine MATCH2D3D probabilistically matches
the independently identified 2D and 3D spin systems
on the basis of common chemical shifts. Initially, am-
biguous matches of the H* atoms (from HNHA spec-
trum) are associated with their most probable 3D spin
system roots, producing uniquely defined N/HN/H®
triads. The latter are frequency-matched to the roots
of the 2D spin systems with probabilities according
to Equation 1 with Z, = (HN,H%), where instead of
matching a resonance I to a spin system J, we are
dealing with spin systems J; and J»:

PJ1, J21Z) o< G(BHN,I1, SHN,12; OHN.3D) ®

% (SHaJ1, SHa, 125 OH,3D)-

Here, (3uN,11,9Hq.11) 1s the root of the 2D spin system
J1, and (8n.12, dHN.J2, SHa.J2) Of the 3D spin system
Jo; on3p is the point size in the indirect (HO") di-
mension of the 3D spectra. The tolerances of 3ouN 3D
and 3oy 3p are used for the HN and HO™M®" dimensions,
respectively. In those cases where the placement of
a spin is unambiguous in only one of the uniquely
matched systems, the latter are used for the intra-spin
system identification.

Ambiguous matches between the 2D and 3D spin
systems are refined by considering additional spins
shared by the two spin systems. The program searches
for overlap between the uniquely placed side chain res-
onances in the 2D and 3D systems. Whenever a match
is found, the probabilities from Equation 8 are multi-
plied by the corresponding Gaussian factor, reflecting

- (D
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recurring updates of the common root subspace. Fi-
nally, the matches are selected in order of decreasing
probabilities.

The 2D and 3D spin systems are then combined
via subroutine COMBINE2D3D. For this, the program
generates a list of ‘consensus’ resonances, i.e., present
in both 2D and 3D spin systems. Those resonances
that are found in 3D systems only are inserted into
such consensus system whenever they exhibit at least
two COSY or TOCSY connectivities to resonances
of the consensus system. Consistently, resonances
that belong to 2D systems only are promoted to the
consensus system whenever they exhibit at least two
J-connectivities to the latter.

Consensus spin systems are then extended into the
aliphatic area (§ < 6 ppm). In order for an aliphatic
resonance to become assigned to a consensus spin sys-
tem it should exhibit at least three COSY/TOCSY con-
nectivities for a system of four or more resonances (or
two connectivities for a 3-resonance system). As con-
sensus spin systems grow in size, further resonances
are added until convergence.

There are aliphatic cross-peaks whose resonances
do not meet criteria to belong to the consensus sys-
tems thus far established, e.g., Pro systems which lack
HN. Such COSY cross-peaks become roots which the
program attempts to combine via all COSY/TOCSY
connectivities in the aliphatic region. For these, sub-
routine ALIPH creates a separate peak list as well
as a list of the derived fragments with three or more
members. Finally, residues Phe, Tyr, Trp, His, Met,
Asn and GIn contain spin sub-systems that do not
connect each other via standard "N-edited or 'H/'H
J-correlated spectra. Others, such as Arg, often ex-
hibit two parallel spin systems, one originating from
the backbone HN atom, the other from the nitrogen-
bonded H¢. Subroutines MATCH2ARG, METLINK,
TRPLINK, QNLINK, and AROMLINK aim at match-
ing such sub-systems exploiting the observed NOESY
connectivities (Appendix A).

Subroutine CHEMSHIFT averages chemical shifts
of each spin system over the complete set of cross-
peaks, and outputs the final listing. The detailed
program architecture is outlined in Figure 2.

Results and discussion
The SPI analysis of col 2 spectral data proved to be

relatively straightforward, yielding 310 unambiguous
proton frequencies compared to 321 obtained via man-
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Figure 2. SPI: Architecture of the program. Subroutines are boxed, in bold, with calls indicated by doubly-pointed arrows. Files are in
bold/italics, with input/output indicated by singly-pointed arrows. The program is executed from top to bottom.



Table 2. Differences between the ideal peak lists and SPI
input.

False negatives False positives

Col 2 COSY 0.22 0.13
TOCSY 0.39 0.19
HSQC 0.00 0.12
HSQC-TOCSY 0.21 0.07
HNHA 0.02 0.12
HNHB 0.06 0.28
Kringle 2 COSY 0.26 0.20
TOCSY 0.44 0.17
HSQC 0.00 0.42
HSQC-TOCSY 0.29 0.39
HNHA 0.14 0.10
HNHB 0.38 0.22

False negatives are defined as the number of peaks missing
from a given multi-dimensional spectrum divided by the num-
ber of cross-peaks expected from the amino acid sequence,
taking into account the degree of degeneracy of the contribut-
ing frequencies. False positives are defined as the number of
unexplained peaks divided by the total number of peaks in the
multi-dimensional spectrum.

ual analysis (Briknarovd et al., 1999). By reference to
the latter, SPI matching of Phe and Trp side chains
to the corresponding backbone spin systems produced
no errors. Spin systems corresponding to Gly, Arg,
Trp, and various Asn, Gln, Met and Phe residues
were identified. For the Met6 CH; however, whose
chemical shift coincides with that of its HP3, unam-
biguous matching was based, as with other methyls,
on linewidth criteria. In future implementations, such
uncertainties can be narrowed by resorting to '3C data,
e.g., froma Ig/13¢ HSQC experiment, where the car-
bon chemical shifts of the various methyl groups are
readily identifiable and better resolved. Differences
between reported col 2 assignments and identities ob-
tained via SPI are summarized in Table 1A, most of
them stemming from chemical shift degeneracy within
their respective spin systems.

For kringle 2, a larger molecule, the SPI analysis
proved to be more challenging. Extra 3D systems aris-
ing from partially unfolded >N protein sample were
identified and discarded, as they did not lead to satis-
factory matches to the 2D spin systems. A total of 93
amino acid systems remained after combining the 2D
and 3D data. These consensus systems contained 458
protons, compared to 478 protons obtained via manual
analysis (Marti et al., 1999). The NMR data for kringle
2 were recorded on a sample complexed to AMCHA,
trans-(aminomethyl)cyclohexanecarboxylic acid. This
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posed no problem as SPI correctly identified the com-
plete ligand spin system. Differences between the
reported spin systems of kringle 2 and the ones de-
termined via SPI are due to (a) missing cross-peaks
and (b) intra-spin system chemical shift degeneracy
(Table 1B).

By reference to the published kringle 2 data (Marti
et al., 1999), all matchings (Figure 3) of Asn and Gln
NH; groups and Trp and Phe rings to their respec-
tive backbone spin systems were found to be correct.
Matching of Arg backbone and side chain spin sys-
tems was also stable (Figures 3C and 3D). His and
Tyr ring systems were all identified as well. From
our experience with both kringle 2 and col 2 data,
matching of these systems is unstable in the absence
of H® identities. The distinction was not always unam-
biguous from the experimental data, as the statistical
H® and H® chemical shift distributions (BioMagRes-
Bank) are not sufficiently well-resolved. For example,
when attempting to link the His and Tyr spin sys-
tems in kringle 2 on the basis of NOEs from H®®,
ca. 30% turned out to be incorrect. As a result, all
two-member His and Trp ring spin systems were left
floating, unmatched to the backbone. In the context
of the CLOUDS protocol, this does not invalidate
the approach since the final spatial locations of spin
systems depend on the global positioning of the iden-
tified protons according to distances estimated from
the NOESY spectrum. In other words, unambiguity of
chemical shifts is more important than completeness
of the linked fragments SPI provides.

For Pro residues, analysis of the connectivities
in the 2D data yielded ~ 60% of the expected
resonances. Complicating factors when identifying
aliphatic side chain systems are: resonance degenera-
cies, crowding of peaks in a relatively small spectral
area, and excitation profile in the H*/HP region as-
sociated with the implemented WATERGATE water
suppression scheme (Piotto et al., 1992). Such prob-
lems can be alleviated in principle by recourse to
higher-dimensionality and/or '3C-edited experiments.

SPI performance

SPI mimics the standard interactive analysis of NMR
spectra, based on subconscious probabilistic assess-
ments at each step of the process, while expediting
it by taking advantage of Bayesian inference which
quantifies the decision making steps. An important
feature is its search for self-consistency when ana-
lyzing experimental J-connectivity data. By cycling
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Figure 3. Examples of matching backbone/side chain spin systems probabilities for kringle 2. Top row, the least ambiguous matches; bottom
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Table 3. SPI: degeneracies of resonance frequencies within tolerances

Degeneracy
1 2 3 4 5 6 7 3 9 >9
Col2 HN (2D) 038 055 0.07
HY (2D) 026 047 025 0.02
H (2D) 021 037 021 012 001 005 002 001 007
HN/BN@3D) 0.8  0.07  0.05
H® (3D) 006 009 012 016 020 009 013 007 006 0.02
H (3D) 0.05 008 003 014 012 007 012 0.12 007 020
Kringle2 HN (2D) 027 034 023 012 004
H® (2D) 0.14 042 022 008 001 002 002 0.09
H (2D) 028 017 016 013 011 010 003 001 0.0l
HN/SN@3D) 078  0.17  0.04 0.01
H® (3D) 001 001 003 003 006 003 011 017 0.10 045
H (3D) 0.15 008 0.03 003 005 004 004 006 008 044

The numbers indicate the fraction of proton resonances degenerate by reference to reported assignments (Brik-
narova et al., 1999; Marti et al., 1999) within each type: HN, backbone amide; H*, backbone alpha; and H, any
side chain hydrogen. Tolerances of 2o apply in each dimension.



the execution and subsequent peak list editing steps,
the program helps to compensate for missing connec-
tivities from the initial input files, thus completely
assembling most of the tested proteins spin systems.

Tables 2 and 3 list, respectively, quality attributes
of the SPI input, as compared to the ideal peak lists,
and degree of resonance degeneracies within the toler-
ances specified for the various stages of the protocol.
Expectedly, the HSQC yields both better resolution
and peak list quality (Tables 2 and 3). Similarly, joint
treatment of the '>N-edited and 2D homonuclear data
reduces ambiguities while increasing the number of
identified resonances.

The number of SPI-established resonances are
somewhat less than those reported (Briknarov4 et al.,
1999; Marti et al., 1999). Primary reasons are: (i)
Low intensity cross-peaks (Table 2), and (ii) resonance
overlap (Table 3). The first problem may be overcome,
as is routine in the manual procedure, by substitut-
ing NOEs for the missing J-connectivities. Because of
the inherent risk of selecting inter-residue cross-peaks,
especially in the absence of sequence-specific assign-
ments, we chose not to pursue this option. In the spirit
of the CLOUDS approach, missing H-atoms eventu-
ally fall into place, as guided by the NOEs among
the identified protons, in the final structure genera-
tion. In order to deal with the second problem, SPI
attempts at maximally exploiting redundancies within
the experimental J-connectivity map.

The SPI approach is based on the existence of
J-connectivities, not on the J-split cross-peak multi-
plicity pattern. The latter provides valuable informa-
tion for the identity of specific proton pairs within
spin systems and can be incorporated to further re-
duce ambiguities. On the other hand, since the basic
concept behind SPI is not data specific, the protocol
can be adapted readily to other types of J-connectivity
data not exploited in this study (!3C-edited, triple-
resonance, etc). Moreover, novel data processing ap-
proaches, such as the Filter Diagonalization Method
(Chen et al., 2000), might provide additional advan-
tages as they push farther the limits of the attainable
spectral resolution, potentially enhancing the defini-
tion of resonance frequencies.

The SPI processing of col-2 and kringle-2 data
yields ~95% of the manually established resonance
frequencies. Moreover, the HN/H%/H resolving power
of SPI when dissecting homonuclear 2D spectra, indi-
cates that the method approaches the intrinsic resolu-
tion afforded by ' N-edited 3D experiments. Since SPI
reduces the number of NMR experiments required for
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the identification of spin frequences, it suggests itself
as an attractive starting point for developing a fully
automated, high-throughput macromolecular structure
computation protocol.
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Appendix A. Residue-specific subroutines of SPI

Aromatic spin systems

The ISLES subroutine deals with Phe, Tyr, Trp,
and His ring spin systems. It starts by identifying
Trp H®! and H®! resonances based on COSY and
HNHA cross-peaks, within ranges 5-8 ppm for H®!,
9-12 ppm for H®! and 125-135 ppm for N¢!. Re-
maining COSY connectivities in the 6-9 ppm range
are considered roots of additional, non-Trp, ring spin
systems. Whenever a pair of such roots exhibits a
subset of resonances that lie within 20;p, subroutine
LINKTEST checks for COSY, TOCSY connectivities
among the remaining spins. When the connectivity
matrix is complete, the two partial spin systems are
joined via subroutine SYSTMERGE. The program
also checks for TOCSY/COSY linkages to the thus
generated spin systems, stemming from resonances
between 4.8-6.0 ppm (extended aromatic area). If
any such resonance is completely connected to the
aromatic spin system, it is added to it. Clearly, the
chemical shift ranges we have selected can be enlarged
to include outliers.

NH; groups of Gln and Asn side chains are dis-
criminated via subroutine GLASN. It starts by detect-
ing HSQC cross-peak pairs within the range of 100-
120 ppm that differ by < 2 digital points (~ 0.01 ppm)
in the N dimension. Further observation of NH;
geminal pair cross-peaks in the HSQC-NOESY iden-
tifies its origin as Gln or Asn.

Subroutine ORDERAROM organizes aromatic
spin systems according to COSY connectivities.
Three-spin systems are assumed to be Phe H®/H?/H®
and four-spin systems Trp H5?/H"?/H%/H®3. The sub-
routine TRP24 matches previously identified H>!/H®!
Trp pairs to the H2/H"3/HS/H®. The H?!'/H"? con-
nections are established from HSQC-NOESY signals
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at the corresponding H®'/N®! frequencies. Trp H*? and
He3, both of which exhibit two COSY connectivities,
are distinct from H% and H"2, which show only one.
Therefore, TRP24 explores NOE connectivities of HE!
to both H*2 and H?3 (thus far unidentified). The found
NOE identifies H2, hence the entire HS2/H"2/H%3/H®3
string.

Derivation of Gly and Arg spin systems from 2D data

Based on the 2D data, SPI detects and links Gly and/or
Arg spin systems whenever they exhibit two distinct
H® atoms COS Y-connected to the HY (Gly), or two H®
atoms COSY-connected to the H®* (Arg). For example,
in the case of Gly, given the two roots (8N, 11, OHa.J1)
and (OuN,j2, 8Ha,12), With [3uNJ1 — duN,12] < 202D,
the linking probability is:

PJ1, J21Z, XY) o §(8unN,11, 8HN,J12; 02D)-

4 (Ha,J1, 31,K; 02D) - $Hw,I2, 32, K; 02D),

where (81, 82k) is the COSY/TOCSY cross-peak
closest to coordinates (8xq,J1, SHa, 2), Within 202p.
The matches are derived best-first, i.e. in the order
of decreasing P (J1,J2|Z,XY) values. Gly residues are
differentiated from the Arg side chains based on spin
system size.

ey

Combination of backbone and side chain spin systems

Matching of Arg strings is accomplished via sub-
routine MATCH2ARG. Arg side chains, originating
from HF, are recognized based on the '>N® chemical
shifts (70-90 ppm). The program tests for matches
between Arg side chains and those that are not.
MATCH2ARG calculates a score that combines fre-
quency matches between the two parallel systems,
with the COSY/TOCSY/NOESY connectivity net-
work linking remaining unmatched frequencies. The
probability of integration for parallel Arg side chain
system i (starting from H?) and system j (starting from
HY) is:
Ny oo

> 9GL.8:00p)
S

max | )
(1- ) M 0kt o) i)

(N; = Njj) - (N — Njp)

fArg([» D=

Nmax/ =1 m=1

where N; and N; are the numbers of resonances in
strings i and j, respectively, N;; is the number of
resonances common to i and j, as found by the pro-
gram, Npax = max(Nj, Nj), and (3} , 82 ) is the

NOESY/TOCSY/COSY cross-peak that is the closest
to the (Si, 8Jm) coordinates within 2o07p.

The Met methyl groups can be recognized from
their chemical shifts (~ 2.0 ppm) and extremely sharp,
singlet-like diagonal peaks in TOCSY or NOESY.
Their matching to the backbone spin systems is
achieved via subroutine METLINK. The latter ac-
cesses a list of such Met H® frequencies and tests
connectivities between those frequencies and spin sys-
tems of unidentified type that have fewer than seven
resonances. The matching score is:

. CH
Prte(i 3 ) =
N
i CH
Zlga@}n,a;jm;om)‘g(&j 3. 8mi 02D) 3)
m=
Ng N CH
PP G5k, Sjm: 020) - G877 8 02D)
=]l m=

where the summations X,’s go over all spins in the
consensus spin systems and Xy over all Ny spin sys-
tems. Here SjCH3 is the CH3 resonance in question and

(Sinm, Bizjm) is the NOESY cross-peak that is closest to
the (8!, BJ-CH*’) coordinates within 207p.

Trp rings, identified via ISLES, are linked to their
respective backbone spin systems by subroutine TR-
PLINK. The program tests for NOESY matches be-
tween the established H*! and H®? of the ring system i
and the H* and HP’s of the prospective Trp backbone
system j that exhibit 3 or 4 'H resonances. The pro-
gram takes advantage of the chemical shift of Trp HP
atoms (3.21 &+ 0.34 ppm), obtained from BMRB. Only
backbone spin systems for which H? chemical shifts
are within 3 standard deviations from the average, are
considered. The probability expression is similar to
Equation 3:

Prep(i, J) =
2 N i sl J 52
k; E} GO Bijkrs 92D) - GOy, 3 020)/(Nj — 1) 4)
Ns 2 Np—1

Zl kzl 121 GGL. 8L s oop) - G681, 82411 0op) /(Np — 1)
n= = =

Here, X ’s run over the H®! and H®3 resonances of the
Trp rings spin system i, ¥;’s over H* and HP’s of the
candidate backbone spin systems, and X,’s over all
candidate spin systems. As before, (Siljkl, Bizjkl) is the

2D NOESY cross-peak that is closest to the (31, 811)
coordinates within 2o7p. Notice normalization by the
factors (N,—1) that is absent in Equation 3. Here we
have already pre-selected candidate Trp backbone sys-
tems using both the number and the chemical shifts of



their HP atoms. Normalization of individual terms in
Equation 4 is meant to remove the number-of-matches
bias inside this subgroup. However, with Met H® no
such criteria were applied prior to Equation 3. In this
case, it is the functional form of the equation itself that
biases the selection towards those with larger number
of cross-peak frequency matches.

Spin groups previously identified as Asn and Gln
side chain Y'N'Hj triads are probabilistically matched
to the backbone parts of the spin systems via subrou-
tine QNLINK based on NOESY connectivity scores.
The candidate backbone spin systems are required to
have 1-4 side chain 'H resonances. The expression
for the matching probabilities is similar to Equation 4,
encoding for NOESY connectivities from the pair
of H atoms of the NH, spin system i, to the H%,
HP and HY atoms of backbone spin system j. The
NOESY cross-peak positions are initially taken from
3D HSQC-NOESY spectra and subsequently refined
based on 2D NOESY data. Systems with < 2 side
chain resonances prior to the match are categorized as
Asn or Gln, and those with > 2 as Gln.

Phe side chains are matched to their backbone sys-
tems (3—4 resonances) via subroutine AROMLINK.
Similar to the Trp case, the backbone systems are
screened according to the average chemical shifts
of the HP atoms of Phe (3.01 £ 0.31 ppm), also
taken from BMRB. Those containing HP’s outside
3 standard deviations from the average are ignored.
Matching probabilities are similar to Equation 4,
where the Xi’s run over the H® resonances only. The
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systems with ambiguous H® resonances are left float-
ing, as they can be identified in the later stages of
analysis.
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