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Abstract

A suite of programs called CAMRA (Computer Aided Magnetic Resonance Assignment) has been developed for
computer assisted residue-specific assignments of proteins. CAMRA consists of three units: ORB, CAPTURE and
PROCESS. ORB predicts NMR chemical shifts for unassigned proteins using a chemical shift database of previ-
ously assigned homologous proteins supplemented by a statistically derived chemical shift database in which the
shifts are categorized according to their residue, atom and secondary structure type. CAPTURE generates a list of
valid peaks from NMR spectra by filtering out noise peaks and other artifacts and then separating the derived peak
list into distinct spin systems. PROCESS combines the chemical shift predictions from ORB with the spin systems
identified by CAPTURE to obtain residue specific assignments. PROCESS ranks the top choices for an assignment
along with scores and confidence values. In contrast to other auto-assignment programs, CAMRA does not use any
connectivity information but instead is based solely on matching predicted shifts with observed spin systems. As
such, CAMRA represents a new and unique approach for the assignment of protein NMR spectra. CAMRA will
be particularly useful in conjunction with other assignment methods and under special circumstances, such as the
assignment of flexible regions in proteins where sufficient NOE information is generally not available. CAMRA
was tested on two medium-sized proteins belonging to the chemokine family. It was found to be effective in
predicting the assignment providing a database of previously assigned proteins with at least 30% sequence identity
is available. CAMRA is versatile and can be used to include and evaluate heteronuclear and three-dimensional
experiments.

Abbreviations: CAMRA, Computer Aided Magnetic Resonance Assignment; GUI, graphical user interface; IL-8,
interleukin-8; NOE, nuclear Overhauser effect; SDF-1, stromal derived factor-1; IPP, interactive peak picker; SSS,
spin system separation.

Introduction tra being the time limiting step. For small or medium-
sized proteins the sequential assignment process relies
Nuclear magnetic resonance spectroscopy is widely primarily on conventional two-dimensional methods
used for the determination of protein structures in so- (Withrich, 1986). For large proteins, several strate-
lution. However, the time required to solve a new gies have been proposed for sequence-specific assign-
protein NMR structure can vary from months to years, ments, based on the combination of various heteronu-
with the residue-specific assignment of the NMR spec- clear experiments usingC and!®N labeled proteins

—_— (for reviews see Clore and Gronenborn, 1991 and Bax
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and Grzesiek, 1993). One obvious approach to make can be added to the user-supplied database of homol-
the assignment process faster is to fully or partly au- ogous proteins to assist with the assignment of related
tomate it. Over the last few years, several computer proteins. Several programs have been reported in the
methods have been proposed to accomplish this taskliterature that use NMR chemical shifts of previously
(Kleywegt et al., 1991; Oschkinat et al., 1991; Xu assigned proteins (Hare and Prestegard, 1994; Bartels
and Sanctuary, 1993; Meadows et al., 1994; Hare andet al., 1996). However, to the best of our knowledge,
Prestegard, 1994; Kjaer et al., 1994; Kraulis, 1994; CAMRA is the first package to use a multi-protein
Friedrichs et al., 1994; Zimmermann et al., 1994; Ol- database of previously assigned homologues to ob-
son and Markley, 1994; Morelle et al., 1995; Xu et al., tain a residue-specific assignment. In contrast to other
1995; Bartels et al., 1996; Lukin et al., 1997; Croft et packages, CAMRA does not use any connectivity in-
al., 1997). With the exception of 3D/4D heteronuclear formation between the various spin systems to obtain
experiments using labeled proteins, all of the above a residue-specific assignment.
automated assignment procedures require the use of In assessing the strengths and limitations of this
NOEs to obtain residue-specific NMR assignments.  approach, CAMRA was tested on two members of

In this paper, we describe a suite of programs that the CXC chemokine family: an interleukin-8 analog,
has been developed to enable NMR spectroscopists towhich contains a single point mutation in compari-
obtain residue-specific assignments for proteins with- son to the wild type, and the stromal derived factor-1
out any sequential connectivity data. CAMRA (Com- (SDF-1). More than fifty chemokine sequences are
puter Aided Magnetic Resonance Assignment) uses known from human, other mammals and viruses (Bag-
predicted chemical shift information and computer- giolini et al., 1996). Eight chemokine structures have
identified spin systems to obtain residue-specific as- been solved by NMR spectroscopy (Fairbrother and
signments for the protein of interest. For this task, Skelton, 1996) and all of them adopt a similar ter-
three independent computer programs (ORB, CAP- tiary fold of threef strands and an overlying helix.
TURE and PROCESS) have been designed and com-Our group is interested in understanding the structure-
bined into one package. ORB, which has been de- function relationship in chemokines, in particular IL-
scribed previously (Gronwald et al., 1997), uses se- 8, for their clinical relevance (Rajarathnam et al.,
guence and chemical shift similarity to predict the 1994, 1995; Crump et al., 1997). We are using NMR
chemical shifts for the protein of interest. The goal as a tool to study the structure-activity relationship
of CAPTURE is two-fold: (1) to help the NMR spec- and are actively exploring the feasibility of designing
troscopist generate a list of valid peaks from a two di- better agonists and antagonists for IL-8.
mensional NMR spectrum, by filtering out noise peaks To predict chemical shifts for the IL-8 analog a
and other artifacts and (2) to separate the obtained database consisting of 8 previously assigned homo-
peak list into distinct spin systems for assignment by logues was used. The database contains proteins with
other programs. PROCESS uses statistical weighting a very high degree of sequence similarity96%). For
functions to combine the chemical shift predictions SDF-1 a database of 7 weakly homologous previously
obtained by ORB with the spin systems identified by assigned proteins (18—-30% sequence similarity) was
CAPTURE to propose assignments for the protein of available. For both proteins 2D TOCSY spectra were
interest. PROCESS offers several ranked choices forused to obtain peak lists and identify spin systems.
each assignment so that the user can confirm these asFrom these results, the strengths and limitations of
signments with additional spectral information. One similarity based residue-specific assignments as used
main advantage of CAMRA is that the user has to in CAMRA are discussed.
check only two or three choices for each assignment
as opposed to analyzing the entire spectrum.

The CAMRA suite of programs is especially use- Methods
ful when a series of homologous proteins are studied.
An example would be a series of mutants studied in CAMRA consists of three parts: ORB, PROCESS, and
the same laboratory under similar conditions in which  CAPTURE (Figure 1). A description of these pro-
case the differences in buffer conditions, pH, tempera- grams is presented here. Complete algorithmic details
ture, and instrumental variations are minimized. In the are available from the authors.
process of assigning a series of homologous proteins,
the information content of each newly assigned protein
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Figure 1. Flow chart describing the CAMRA suite of programs. All
steps are further described in the algorithm section.

Program usage and programming details

The CAMRA suite of programs is designed to be user
friendly. Whenever possible the CAMRA programs

have easy-to-use graphical user interfaces (GUIS).
All programs feature on-line documentation and have
users’ manuals. The peak picking section of CAP-
TURE, called IPP, is designed to be run from VNMR,

which is the acquisition/processing software on all

Varian spectrometers (Varian Associates Inc., Palo
Alto, CA). It is the only part in the CAMRA pack-

age that is dependent upon specific software (however,

other peak picking software may be used in place of
IPP). There are a number of file conversion programs
which are included with CAMRA. A detailed intro-
duction into the usage of CAPTURE can be found in
Bigam et al. (1997).

Most of the programming was done using the C
programming language on the UNIX operating sys-
tem. To create the GUIs, the Tk/Tcl programming
package (Ousterhout, 1994) was used. In addition,
PERL (Wall et al., 1990) and shell scripts were
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used to write utility programs. For the IPP pro-
gram, VNMR/Magicalll macros (Varian Associates
Inc., Palo Alto, CA) were used.

Description of ORB

ORB is used to predict the chemical shift of the query
protein using a chemical shift database of previously
assigned homologous proteins. For a complete de-
scription of ORB, see the previously published article
(Gronwald et al., 1997).

Description of CAPTURE

The goal of CAPTURE is twofold: (1) to help the
NMR spectroscopist generate a list of valid peaks from
a two dimensional NMR spectrum, by filtering out
noise peaks and other artifacts and (2) to separate
the obtained peak list into distinct spin systems for
assignment by other programs.

Step 1 — peak picking

IPP (interactive peak picker) is a set of programs for
performing some basic operations on VNMR data,
with the purpose of obtaining a list of valid peaks. IPP
is a collection of C programs and VNMR/Magicalll
macros that are accessible from the VNMR menu sys-
tem or from the VNMR command line interface. IPP
in itself does not pick peaks. The idea is that the spec-
troscopist is better at making peak-picking decisions
than the computer. However, in order for the spec-
troscopist to make these decisions wisely, additional
information is required. IPP provides this informa-
tion by means of tools that perform tasks to correct
the diagonal peaks, evaluate asymmetric peaks, add
artificial symmetric peaks, and delete peaks.

Step 2 — separation of spin systems

SSS (spin system separation) is a program that decom-

poses a set of peaks from TOCSY spectra into sets of

peak families or spin systems. The algorithm works in

a number of steps (Figure 2):

— First gather a list of all non-diagonal peaks. From
this, generate a list of main-diagonal peaks.

— Create a set of ‘edges’ from the list of peaks, by
joining any peaks which are parallel on the same
axis (discrimination values specified in a config-
uration file are used to asses if two peaks are
parallel).

— Generate a set of ‘boxes’ by combining any four
matching edges. The ‘main diagonal boxes’ is a
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subset of ‘boxes’ that contains two main diagonal Description of PROCESS

peaks. - . . .
— For each ‘main diagonal box', recursively gather The decision making part in the CAMRA package is

all boxes which match a|0ng one edge (Figure ZA) called PROCESS. The goal of PROCESS is to obtain

Add any ‘main diagonal box’ which has two edges & possible residue-specific assignment for the protein
in this set (Figure 2B). Then repeat this proce- of interest. To accomplish this, PROCESS calculates
dure starting with any ‘main diagonal box’ which ~ Which group of observed NMR peaks (spin system)
was added, until there are no more main diagonal Most likely correspond to which amino acid for the
boxes which can be added (Figure 2C/D) These given prOtein. A central feature of PROCESS is that
extracted boxes form one complete spin system it does not need, nor does it use, any kind of se-
(Figure 2D). guential connectivity information (i.e. NOES). Instead,
SSS then does some post-processing, to combine allfesidue-specific assignments are accomplished within
remaining peaks of the fingerprint region of the spec- PROCESS by matching a set of predicted shifts to a
trum into separate spin systems. In this stage, all peaksset of observed peaks. The predicted shifts can be ob-
that are parallel on one axis are assigned to one spintained from a program such as ORB, or if available
system. After the computer automated generation of they can be calculated from an X-ray structure (de
spin systems has been completed, the user may dis-Dios et al., 1993), or by some other method of the
play and edit any one spin system superimposed onusers choosing. The observed peaks can be obtained
the spectrum. Note that because a peak can be in morefom a variety of spectra such as 2D/3D TOCSY,
than one box, it can be in more than one spin system. 2D/3D DQF-COSY and 2D HSQC. It is important
If peaks are missing in the spectrum, it is not possible that all peaks which belong to one spin system are
to form and combine all necessary boxes for all spin grouped together. Programs such as CAPTURE can be
systems. This will lead to truncated spin systems and used to create these spin systems. PROCESS proposes
also to peaks that have not been assigned to any of theassignments for each observed peak and spin system
assembled spin systems. In some cases the progran@nd performs a complete residue-specific assignment
is able to detect peaks missing from the spectra, andfor the protein of interest. The following outlines the
is robust enough to deal with some cases of Comp|ete Steps that PROCESS takes to arrive at its final OUtpUt:
peak overlap by allowing a single peak to be present
in more than one spin system. Problems occur when Step 1 — generating expected peaks
the program encounters streaks where there are no realn general, only a subset of all theoretically possible
protein peaks across an entire band of the spectra (e.gNMR signals is observed. However, a program such as
water streaks), and when one spin system is nearly ORB predicts all chemical shifts for any given query
(or completely) obscured by another. However, SSS protein. To obtain a proper match between observed
performs well even when the amide peaks of two spin peaks in the NMR experiment and predicted shifts, it
systems align along a single frequency. is necessary to calculate from the predicted shifts a set
We have found that SSS works best for medium- of expected peaks for the query protein.
sized proteins which have a good spectral dispersion ~ Expected peaks are calculated based on four in-
and which show a good TOCSY transfer. The best puts. The first is a set of rules describing the NMR
discriminated spin systems are the ones which do not experiment used. The PROCESS set of rules contains
overlap with any other spin systems, and have no the mostcommon NMR experiments, and allows addi-
missing peaks. Ala, Val, Asp and Asn are easy to tion of other experiments. The second input is a table
discriminate because usually all peaks in these shortof amino acid properties. This contains amino acid
spin systems are visible and do not overlap with each names and their bonded atoms, and gives the atoms
other or other spin systems. Long spin systems like in fast and slow exchange. Also used is a general para-
Lys and Arg can cause problems because often peaksmneter file, which allows the user to customize program
are missing or the peaks occur in a crowded region of variables. Finally, a table of predicted chemical shifts
the spectrum. Glycines can be difficult to identify due is used, generated from a program such as ORB.
to the lack of side chain protons.
Step 2 — calculating indidual scores
Individual scores are calculated for each observed
peak and expected peak pair to give a ranking from
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Figure 2. Steps taken in the SSS algorithm. The algorithm is explained in detail in the text.

which the best match may be determined. Each possi- Observed{/y/2 and predicted(y/? are the chemi-
ble observed-expected pair is given a score using thecal shift values (in ppm) of a particular predicted or
following formula: observed peak in the y andz dimensions. The stan-

oo ((observec{x) _ predicted(x))2 dard deviations for the predicted chemical shifts in

each dimension are calculated by ORB (Gronwald et

sdevpredicted(x)) al., 1997) and serve as a measure for the expected
observedy) — predicted(y)\ 2 precision of the predictions.
sdeypredictedy))

Step 3 — Scoring spin systems and residues
observedz) — predictedz) 2 1 This part of PROCESS classifies spin systems into
sdeypredictedz)) 1) residue type and sequence location. This algorithm
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takes each residue in the input sequence and com-Heteronuclear and three-dimensional capabilities
pares it against each group of observed peaks (spin ) _
systems). This is done in three separate parts. The firstThe€ CAMRA suite of programs are versatile and have
part takes the set of predicted peaks for a residue andP€en written to analyze peaks from heteronuclear and
tries to find the best match to the set of peaks in the 3D experiments like HSQC, DQF-COSY, 3DTOCSY-
observed spin system. This algorithm is heuristic — not HSQC spectra. The predictions provided by ORB
exhaustive — and will usually make the best match in include acomplete set 8H, *°C and™*N shifts. Sepa-
a short period of time. In the next pass, the predicted ration of the spin systemsin a 3D gxperlment is carried
peaks in slow exchange are considered. For example@Ut by the program SSS-3D, which can be accessed
for a CH» group two expected peakspH and Hp2 via the CAMRA 'GUI. Due to the limited amount of
have been calculated and both are in slow exchange.0Verlap present in, for exampIéH-15N 3D TOCSY-
If one of these peaks did not match to any spin system HSQC spectra, we found it was possible to use a
member, then it is assigned to the same observed peaksmple algorithm, similar to the one used in the second
as its partner peak. The justification for this is that Stage of the SSS program. SSS-3D combines all peaks
sometimes only one peak is observed for two expectedthat share, within specmeq dlscrlmlngtlon values, the
peaks in slow exchange. In the final step, a total score S@me H and N frequency into one spin system. SSS-
for each residue/spin system pair is computed based3P accepts inputfiles in both VNMR and .PCK format
on (1) the average score of each residue/spin system(Garrett et al., 1991). CAMRA provides file con-
pair, (2) the percentage of spin system members which Version tools to convert other peak list formats into
were used, and (3) the percentage of expected peakéhe .PCK formgt. PROCESS can.calculate expected
which matched. For the case of arginine and lysine, P&aks for any kind of multidimensional NMR exper-
two spin systems are scored, one originating from the iment and can match these with the corresponding
amide and the other from the sidechain. A detailed ©bserved spin systems.
explanation of the scoring may be found in the help
pages of the program manual. Results
Step 4 — Final Output
It is possible to display the output from PROCESS in
many different formats and any screen output may be
saved to a file. In particular, a user may request to:
e Show Expected Peaks
List Spin Systems
Show Summary of Results for Residues
Show Summary of Results for Spin Systems
Look at Individual Peaks
PROCESS offers several different choices for any
given residue. These choices are ranked by their total
scores. In addition, a confidence value is calculated for
all choices. Together with the total scores, the confi-
dence values help the user to judge if an assignment is
correct. For example, a low total score and a high con- || _g analog
fidence value would indicate that the match between
expected and observed peaks is not very good, but thatThe ORB chemical shift predictions for this protein
this is the only choice that fits the experimental data. were based on a database of 8 highly homologous
If, on the other hand, the total score and the confidence previously assigned proteins (Table 1). The results
value are both high, then it is almost certain that the indicate that the predictions are very close to the ob-
assignment is correct. served shifts with average errors of 0.08 and 0.03
ppm for the N' and H* shifts respectively. Only in
the regions around the mutation were small deviations
between observed and predicted chemical shifts ob-
served (Figure 3A). Overall the quality of the chemical

Two proteins of the chemokine family were investi-
gated to evaluate to what extent CAMRA was able to
obtain correct residue-specific assignments indepen-
dent of NOE information: an IL-8 analog with a single
point mutation of cysteine-7 to homocysteine, and
SDF-1. To test the performance we compared the pro-
posed residue specific assignments from PROCESS
with manually derived ones for both the IL-8 ana-
log and SDF-1. Manual assignments for both proteins
were obtained using standard procedures (Wiithrich,
1986). The overall results are given for each protein
(from PROCESS output), as well as comments on the
performance of ORB and CAPTURE.
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shift predictions was very good. This is mainly due residues the spin systems were broken up by CAP-
to the high level of sequence identity between the IL- TURE into incomplete smaller spin systems. This was
8 analog and members of the database of previously particularly true for residues where peaks were ob-
assigned homologues. scured by the water signal. For these spin systems

The CAPTURE input was generated using a 2D it was almost impossible for PROCESS to find the
1H TOCSY NMR spectrum collected in® at 40°C. correct assignments.
Water suppression and spin-lock were achieved by use
of the WATERGATE (Piotto et al., 1992) and DIPS|I SDF-1
(Shaka et al., 1988) pulse sequences, respectively.
A peak list Containing 1143 peaks was generated. To generate prediCtEd shifts, ORB used a database
The SSS program was used to separate the peak listof 7 previously assigned chemokines for SDF-1. In
into the various Spin Systems y|e|d|ng a total of 91 contrast to the IL-8 analog, this database does not
spin systems. The difference between the number of contain any protein which possesses more than 30%
Spin Systems (91) and the number of residues (69) sequence |dent|ty to SDF-1 (Ta.ble 1) Previous tests
is explained by the following factors. Separate spin 0f ORB have shown that ORB requires at least 30%
systems are generated for the Arg and Lys main and Sequence identity between the query protein and one
side-chains, and several times the same spin systenf more previously assigned proteins to produce rea-
was broken up into two smaller incomp|ete Spin sys- sonable results. Trylng to aSSign SDF-1 was therefore
tems due to partial overlap in the spectrum and missing & challenging test for the CAMRA package of pro-
peaks_ For the same reasons some of the Computeigrams. The results of the ORB prediCtionS for SDF-1
generated spin systems contain extra peaks which be-(Figure 3B) show average errors of 0.31 and 0.23 ppm
longed to another spin system and some of them arefor the H' and H shifts, respectively. Large errors of
incomplete. The IPP program allows rapid manual Up to 1.5 ppm are observed for both thé& lind H
inspection of all spin systems to correct for these im- Shifts in the region between Ser-16 to Ala-21. In other
perfections. However, to fully assess the performance regions of the protein the predictions are reasonably
of the whole CAMRA package, no corrections were g0od for both the M and H* shifts.
performed for any of the Spin Systems_ For CAPTURE,]'H TOCSY SpeCtra measured in

A total of 63 of 69 residues were used to test H20 as well as in RO were available. All spectra
the correctness of PROCESS. Two of the residues Were measured under exactly the same conditions at
were not assigned or were invisible, and the other 40°C. The same peak picking strategy as described
four residues not used were prolines. CAPTURE was for the IL-8 analog was used for SDF-1. The only
used in a way that spin systems were only generateddifference was the fingerprint region, where thgCH
for residues which possess two or more off diago_ SpeCtrUm was used, while for the rest of the SpeCtrUm
nal peaks in the fingerprint region and therefore no the DO spectrum was used. By combining theCH
spin systems were generated for proline residues. Asand DO peak lists into one, it was possible to obtain
described in the Methods Section, PROCESS offers @ peaklist where no peaks were obscured by the wa-
several ranked assignment choices. In testing, only theter signal. The combined peak list contained a total
top three choices were considered. PROCESS resultsof 1004 peaks. The SSS program separated this peak
for the IL-8 analog are displayed in Figure 4A. Us- list into 61 spin systems. A comparison between the
ing oniy the predicted shifts and iust one 2D TOCSY two test SyStemS shows that the CAPTURE results for
Spectrum, PROCESS was able to Correct|y assign 67%SDF'1 are better than the results for the IL-8 analog.
(42/63) of all residues using only the first choice. An  This difference can be explained by the fact that the
additional 17% (11/63) were correctly assigned us- combination of RO and HO TOCSY spectra allowed
ing the second and third choices. In total, PROCESS for the creation of a SDF-1 peak list where no signals
correctly assigned 84% (53/63) of all residues. Over- Were obscured by the water signal. The high quality
all, PROCESS was able to suggest accurate residue-Of the SDF-1 peak list enabled CAPTURE to create
specific assignment for the IL-8 analog. A detailed @n almost perfect set of spin systems. It is important
analysis of PROCESS results showed that there aret0 note that the quality of the automatically generated
two main causes for incorrect assignments: first, in the SPIin systems strongly depends on the amount of over-
region of the mutation the predicted chemical shifts 1ap which is present in the region of interest of the
are not close to the observed shifts. Second, for someSpectrum.
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Figure 3. Results from the chemical shift predictions of the backbofeard H nuclei of the IL-8 analog (A) and SDF-1 (B) plotted as

a function of residue number. The diagrams show observed shifts minus predicted shifts. The upper panel contains the résshsftior H
whereas the lower panel contains the corresponding results for’tishifts. The diagrams were created using the graphical shift comparison
program GSC (Gronwald et al., 1997).

Manual inspection of the spectra and a compar- displayed in Figure 4B. Using the top three choices
ison with the available residue-specific assignments PROCESS was able to correctly assign 52% (29/56)
showed that for several residues no peaks could beof all residues.
found and in contrast to the IL-8 analog only for
very few residues spin systems were broken up into Manual intervention
smaller incomplete spin systems. Consequently the
number of Spin Systems generated by CAPTURE was To fU”y assess the performance of PROCESS a set
smaller than the number of residues. It is important of hand edited ‘ideal’ spin systems was provided and
to note, that for both the IL-8 analog and SDF-1, the SDF testing was repeated. These spin systems
the CAPTURE parameters were set such that two or Were generated using the fingerprint region of th©H
more off-diagonal peaks in the fingerprint region were TOCSY spectrum and resolving all chemical shift de-
required for each spin system. generacy and overlap manually by an expert user.

For SDF-1, a total of 56 out of 67 residues were Using this set of ‘ideal’ spin systems PROCESS was

used to test the correctness of PROCESS. Seven ofable to correctly assign 57% (32/56) of all residues
the residues were invisible in the TOCSY Spectra with the first three choices. If the SDF-1 shifts them-

and 4 were prolines for which no CAPTURE spin selves were used as predicted shifts, PROCESS was
systems were generated. Consequently, the perfor_able to correctly assign 100% (56/56) of the residues.
mance of PROCESS was evaluated on the basis of

the available 56 residues. The results for SDF-1 are
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Table 1.Database of previously assigned homologous sequences of the chemokine

family.
Sequence % identity to % identity to  Reference
IL-8(4-72)C7HC  SDF (1-67)
IL-8 (1-72) 100 Rajarathnam et al., 1994
IL-8 (4-72) 100 Rajarathnam et al., 1994
IL-8 (5-72) 99 Rajarathnam et al., 1994
IL-8 (6-72) 97 Rajarathnam et al., 1994
IL-8 H33A (4-72) 99 Rajarathnam et al., 1994
IL-8 E38A (4-72) 99 Rajarathnam et al., 1996
IL-8 I10A (4-72) 99 Rajarathnam et al., 1994
IL-8 R6K (4-72) 99 Rajarathnam et al., 1994
IL-8 L25N (4-72) 30 Rajarathnam et al., 1995
MGSA (1-72) 28 Kim et al., 1994
PF4-M2 (1-67) 27 Mayo et al., 1995
RANTES 28 Skelton et al., 1995
MCP-3 21 Kim et al., 1996
MIP-18 25 Lodi et al., 1994
MCP-1 18 Handel et al., 1996
Discussion able in the database. The second protein tested was

SDF-1 and in this case, the sequence similarity was in

Recent advances in molecular biology and NMR the order of 18-30%. It was observed that the chemi-
methodology have resulted in an explosion in the num- cal shift predictions were substantially better for the
ber of protein structures solved by NMR spectroscopy. IL-8 analog than for SDF-1. Nevertheless, 52% of
Complete or nearly complete chemical shift assign- the residues could be assigned using the computer
ments for more than 200 proteins have been depositedgenerated spin systems. This information should aid
in the BioMagResBank (Seavey et al., 1991), and this in assigning the rest of the protein from other NMR
number is likely to increase with passing time. This experiments.
chemical shift database can provide a basis for auto-  These results show clearly that reasonable results
mated assignment of mutant proteins and other relatedcan be obtained using CAMRA even in the case
proteins using programs like CAMRA. Hereby, the where a database of relatively low homologous pro-
sequence homology between query and previously as-teins is available for the ORB prediction process. A
signed proteins can vary largel80% to 99%). The  comparison of the following SDF-1 results gives an
CAMRA approach is unique in that it does not make indication which factors are important in obtaining
use of any NOESY data. Instead, CAMRA assigns good PROCESS results. Using the computer generated
chemical shifts in a residue specific manner based on spin systems and the regular ORB predictions 52% of
predicted chemical shifts and TOCSY spectra. The the residues could be assigned. If hand edited 'per-
program is versatile and time effective providing the fect’ spin systems from the fingerprint region were
chemical shifts of at least one related protein are avail- used, this percentage increased to 57%. In the next
able in the database and the cross peaks in the TOCSYtest the SDF-1 shifts themselves were used together
spectrum are well resolved. with the computer generated spin systems and 75% of

In order to test the utilities and limitations of all residues could be assigned. 100% of all residues
this approach, CAMRA was used to obtain residue- could be assigned with the first three choices using
specific assignments of two query proteins. The first the ‘perfect’ spin systems and the SDF-1 shifts them-
protein tested was an interleukin-8 analog having a selves. Together with the IL-8 results it becomes clear
single mutation compared to the native protein. For thatthe mostimportantfactor in obtaining a correct as-
this analog, chemical shift assignments of a number of signment is an accurate set of predicted shifts, closely
highly homologous$95%) IL-8 mutants were avail-  followed by the quality of the generated spin systems.
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Figure 4. PROCESS results for the SDF-1 (A) and for the IL-8 analog (B). The columns display the level of correctness. PROCESS gives

its top three ranked choices for each assignment. A solid bar shows when the first choice, a striped bar shows when the second choice, and a
shaded bar shows when the third choice is correct. If no bar is given, PROCESS was not able to correctly make an assignment with its top three
choices. A diamond shows when no information is available for a residue, so PROCESS cannot be rated on these residues.

Even if a high percentage of the assignments is sequences). CAMRA is particularly useful when a
correct it is important for the user to find out which of series of proteins with single or multiple mutations
the suggested assignments are most likely correct andare being studied. The assignments of each protein
which are probably wrong. It was found that the com- is added to the database which further aids the as-
bination of score values and confidence levels which signments of the subsequent proteins. CAMRA is
are both calculated by PROCESS is really helpful in also useful in assigning flexible regions of the protein
this regard. which are hard to assign using conventional meth-

We would like to point out that the assignment ods due to lack of NOEs. Due to practical reasons
success is a function of the quality of the TOCSY CAMRA was tested on medium sized proteins. How-
spectrum, chemical shift dispersion and the extent ever, CAMRA should be applicable to larger proteins
of the homology of the proteins in the data base. as well providing that good quality TOCSY spectra
Poor water suppression with loss of peaks near the are available. The three CAMRA parts (PROCESS,
H>0 region will substantially effect the quality of the ORB, and CAPTURE) can be used combined together
TOCSY spectrum and accordingly the output from in one package, or used separately to help the user in
CAPTURE. We obtained the best results by the use of the various stages of a manual assignment.
gradients for HO suppression (WATERGATE pulse



In summary, CAMRA is a very versatile program
package which should be useful for a wide variety
of applications relating to a residue specific protein
assignment.

Availability

The complete CAMRA suite of executables for a Sun
or SGI may be accessed from the following WEB
page: http://www.pence.ualberta.ca/ftp.
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