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SWISS-MODEL and the Swiss-PdbViewer: 
An environment for comparative protein modeling 

Comparative protein modeling is increasingly gaining interest since it is of 
great assistance during the rational design of mutagenesis experiments. The 
availability of this method, and the resulting models, has however been 
restricted by the availability of expensive computer hardware and software. To 
overcome these limitations, we have developed an environment for compara- 
tive protein modeling that consists of SWISS-MODEL, a server for automai.ed 
comparative protein modeling and of the SWISS-PdbViewer, a sequence to 
structure workbench. The Swiss-PdbViewer not only acts as a client for 
SWISS-MODEL, but also provides a large selection of structure analysis and 
display tools. In  addition, we provide the SWISS-MODEL Repository, a data- 
base containing more than 3500 automatically generated protein models. By 
making such tools freely available lo the scientific community, we hope to 
increase the use of protein structures and models in the process of experiment 
design. 

1 Introduction 

Understanding protein function often requires well-de- 
signed site-directed mutagenesis experiments. These ex- 
periments are aimed at the elucidation of the role played 
by individual residues, during enzyme-based reactions, 
in molecular recognition or  protein structure stabiliza- 
tion. The planning of mutagenesis experiments can be 
greatly rationalized by insights into the structure of the 
molecules involved in the studied process. However, col- 
lecting experimental data allowing the elucidation of 
protein structure is not an easy enterprise since experi- 
mental structure determination is often hampered by dif- 
ficulties in obtaining sufficient pure protein, diffracting 
crystals and many other technical aspects and time con- 
straints. Therefore the gap between known three-dimen- 
sional (3-D) structures and available amino acid 
sequences is growing exponentially. Indeed, the rate of 
sequence determination is much higher than the rate of 
structure elucidation and is illustrated by the fact that 
the SWISS-PROT/TREMBL databases [I]  contain more 
than 150000 sequences while the Brookhaven Protein 
Data Bank (PDB) [2] contains only 9000 protein chains, 
approximately 5000 of which have distinct sequences. 
This gap will increase even further with the explosion of 
large-scale genome sequencing projects. In this context, 
it is not surprising that predictive methods to derive the 
3-D structure of a protein are rapidly gaining interest. 

Protein modeling requires profound knowledge and 
understanding of the rules underlying protein structure, 
expensive hardware and software, as well as expert 
knowledge in their manipulation. This combination is 
not generally available in molecular biology laboratories. 
Therefore only a limited number of scientists uses these 
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approaches while designing site-directed mutagenesis 
experiments. To overcome these limitations we have 
developed SWISS-MODEL (Table l), an automated 
comparative protein modeling server [3, 41 and the 
SWISS-MODEL Repository [5],  a database of automati- 
cally generated protein models which can be readily 
downloaded. 

2 SWISS-MODEL and Swiss-PdbViewer 
The SWISS-MODEL server is mainly used in a fully 
automated mode where no  user input, other than the 
sequence of the protein to model, is required. This is of 
course the easiest and most user-friendly way to obtain a 
protein model. As we will show later, however, it would 
often be suitable to use the server in the more advanced 
mode and take full advantage of its capabilities. This is 
more tedious, since the user must provide an alignment 
and a command file in a specified syntax. We have ad- 
dressed this problem by developing the SWISS-Pdb- 
Viewer, a graphical front-end to SWISS-MODEL, for 
both Macintosh and PCs. The Swiss-PdbViewer not only 
provides advanced molecular display features and real- 
time visual feedback during structure modeling, but also 
features direct submission to the SWISS-MODEL 
model server. 

2.1 The SWISS-MODEL server 

Proteins from different origins can have very similar se- 
quences, and it is generally accepted that high sequence 
similarity is reflected by distinct structure similarity. 
Indeed, the relative mean square deviation (rmsd) of the 
C a  coordinates for protein cores sharing 50% residue 
identity is expected to be around 1 A [6 ] .  This fact served 
as the premise for the development of comparative pro- 
tein modeling methods, which consists of the extrapola- 
tion of the structure for a new (target) sequence from 
the known 3-D structure of related family members 
(templates) (for review see [7] ) .  

The comparative protein modeling process was auto- 
mated and implemented in the Internet server SWISS- 
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MODEL [3, 41. The process begins with the identifica- 
tion of suitable template structures based on their 
sequence similarity with the target sequence. This is 
achieved by searching a database of sequences with 
known 3-D structure using the sequence alignment tools 
BLAST [8] and FASTA [9]. A structurally corrected mul- 
tiple sequence alignment of  the templates is then gener- 
ated using the 3-D superposition module of ProMod 
(Protein Modeling tool) [4]. The target sequence is then 
added to the above multiple alignment using SIM [lo]. 
This final alignment defines the spatial correspondence 
o f  each target and template residue and serves as the 
guide for the model building procedure. The generation 
of model coordinates is automated in ProMod [4] and 
follows these steps: (i) the construction of an averaged 
framework [ 111 from the superimposed template struc- 
tures; (ii) the generation of atomic coordinates, derived 
from the averaged framework, using the multiple 
sequence alignment described above; (iii) the rebuilding 
of nonconserved loops (including both insertions and 
deletions) from their “stems” by structural homology 
searches through the Brookhaven Data Bank as previous- 
ly described [12, 131; (iv) the completion of the main 
chain using a library of backbone elements (pentapep- 
tides) derived from the best X-ray structures (< 2 A reso- 
lution), and (v) the reconstitution of lacking side chains 
and the correction of existing ones using a library of 
allowed rotamers [14]. The quality of the model is 
assessed by computing its 3D-1D profile [15] and using 
Prosa I1 [16] (see the note on model accuracy). Optimiza- 
tion of bond geometry and relief of unfavorable non- 
bonded contacts is then performed by 50 steps of steep- 
est descent followed by 500 steps of conjugate gradient 
energy minimization using the force field package 
CHARMM [17] with the PARAM22 parameter set. A 
model confidence factor [4], describing the degree of 
uncertainty linked to each residue, is computed during 
the modeling procedure and occupies the crystallogra- 
phic B-factor field in the final coordinate file. The 
SWISS-MODEL server presently offers three modes of 
function: the First Approach Mode, the Optimize Mode 
and the GPCR-Modeling Mode. 

2.1.1 First Approach Mode 

The First Approach Mode only requires the submission 
of  a raw amino acid sequence or its SWISS-PROT ID 
(or AC) code, but can also accept a list of pre-selected 
template structures. In this mode, SWISS-MODEL will 
go through the complete procedure described above. 

Table 1.  A few relevant Internet locations 

The final model, its 3D-1D profile [15] and the Prosa I1 
[I61 analysis results will be returned to the user via 
e-mail. In order to use the Optimize Mode (see below) 
at a later stage, the user must request the verbose 
output, which will cause both the used sequence align- 
ment and the ProMod command file to be returned to 
the user. These can be altered and resubmitted through 
the Optimize Mode. 

2.1.2 Optimize Mode 
The First Approach Mode generally returns-good-quality 
models, which differ by approximately 1 A rmsd from 
control experimental structures (as calculated using Ca 
atoms) for sequence identity levels around 50%. As 
expected, this degree of structural similarity corresponds 
to that described by Chothia and Lesk [6] when compar- 
ing experimentally determined structures sharing the 
same sequence identity levels. However, automated 
sequence alignment programs are often unable to accu- 
rately position insertions and deletions when the local 
levels of sequence similarity fall below 35%. In such 
cases, one can optimize the model by manually altering 
the alignment in these regions. Until now this process 
was tedious, not only because of the difficulty to refine 
an alignment without interactive feedback, but also due 
to the syntax constraints imposed by the server’s Opti- 
mize Mode. The Swiss-PdbViewer now provides a front- 
end to SWISS-MODEL and allows the user to directly 
submit custom modeling requests via the Optimize 
Mode. Hence, sequences sharing very low levels of iden- 
tity, which are rejected by the First Approach Mode, can 
now be modeled easily. 

2.1.3 GPCR-Modeling Mode 
Finally, the GPCR-Modeling Mode uses predefined 
GCPR modeling templates [ 181 which were derived 
using a rule-based approach developed by P. Herzyk and 
R. Hubbard [19]. 

2.2 The Swiss-PdbViewer 

2.2.1 Interface 
Swiss-PdbViewer [20] (Table 1) was designed to maxi- 
mize interactivity and is aimed at experimental scientists 
who do not have the time to deal with complex com- 
puter commands. One of the Swiss-PdbViewer’s strength 
is its powerful interface, which allows to quickly “navi- 
gate” within protein structures, easily alter the display of 

Service Adress 

ExPASy molecular biology server 

SWISS-MODEL Repository 
Swiss-PdbViewer 

SWISS-MODEL 

SWISS-3DIMAGE 
S WIS S-PROT 
SWISS-ZDPAGE 
Brookhaven Protein Data Bank (PDB) 
POV-Ray 
OuickdrawTM 3D 

http://www.cxpasy.ch/ 
http://www.expasy.ch/swissmod/SWISS-MODEL.htm1 
http://www.expasy.ch/swissmod/swmr-top.htm1 
http://www.expasy.ch/spdbv/rnainpage.html 
http://www.pdb.bnl.gov/expasy/spdbv/mainpage.html 
http://www.expasy.ch/sw3d/sw3d-top.htm1 
http://www.expasy.ch/sprot/sprot-top. html 
http ://www.expasy.ch/ch2d/ch2d-top.html 
http://www.pdb.bnl.gov/ 
http://www.povray.org/ 
httu://www.suickdraw3d.com/ 
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Figure 1. The Swiss-PdbViewer work.space. (Al) This is the main window, in which molecules are displayed (current structure 1TCO). Although 
the default mode is “wireframe”, solid images can be rendered through QuickdrawTM 3D. (A2) Buttons for the commonly used tools; from left to 
right: move, zoom, rotate, measure distances, angles, dihedral angles, view neighbors groups, center view, fit layers, mutate side chains, adjust 
dihedral angles. (Bl) This i s  the Control Panel’s header, allowing us to switch among loaded proteins. (B2) List of groups (residues) for the cur- 
rently active molecule, with individual controls allowing easy alteration of the display status of each residue. (C) Alignment window, for an easy 
view of structural alignments, residue properties, rms deviation to reference stucture. This window also allows manual adjustments of the 
sequence alignment during comparative modeling. (D) Ramachandran plots of selected residues of the currently active layer. More tools are avai- 
labe from the menus. 

selected parts of the protein and measure distances, 
angles, and dihedral angles between atoms. Several files 
can be loaded simultaneously. Each loaded file appears 
in a separate layer, which in turn holds individual chains, 
themselves composed of groups. These groups are either 
amino acids, nucleotides or heterogeneous groups (e.g.  
NAD, HEME). The first loaded coordinate set will be 
considered the reference structure. The Swiss-PdbViewer 
assigns Kollman’s atom types [21], which are used for 
H-bond detection. 

The workspace is divided into three major windows (Fig. 
1). The main window is used to display the molecules 
and provides a palette of buttons to access the most 
commonly used tools. A slab mode, which allows us to 
see only a “slice of the protein”, can be set to a user- 
defined thickness and can be moved along the z-axis. As 
soon as the Ca atom of the residue is visible, the whole 
side chain is shown, preventing disconnected atoms 
from being displayed. A second window acts as a control 
panel, of which the upper part allows the selection of the 

current active layer. The lower part of the window pro- 
vides fine display controls for the individual groups of 
that layer. A third window allows visualizing of the struc- 
tural alignments, and is also used to manually alter align- 
ment before issuing modeling requests to SWISS- 
MODEL. This window also provides a visual feedback. of 
the spatial location of a sequence position: pointing at a 
residue in the alignment causes the amino acid to flash 
in the main window. Furthermore, the residue identifica- 
tion and its rmsd to the reference structure is shown at 
the lower left corner of the alignment window. A fourth 
window providing a Ramachandran plot of the selected 
groups of the current active layer can be opened on 
request. Residue selections are automatically reflected in 
all windows. 

2.2.2 Rendering 

The molecules are displayed as “wireframes” per default. 
High quality images can be generated from the current 
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view, including all visible groups, through AppleTM 
QuickDrawTM 3D (Table l), which is freely available on 
PowerMacsTM, Windows NTTM and Windows 9 S M .  The 
advantage of using such libraries is that this will allow 
transparent use of hardware acceleration as well as 
multi-processor capabilities. Furthermore, scenes for the 
popular free ray-tracer POV-Ray (Table 1) can be gener- 
ated, and all color preferences as well as light positions 
are taken directly from the QuickDrawTM 3D user prefer- 
ences. No editing, apart from moving the camera along 
the z-axis, is required to get exactly the same view with 
POV-Ray as with QuickDrawTM 3D. 

2.2.3 H-bond detection 

Case 1: explicit hydrogen positions. The detection of 
H-bonds is based on the relative donor, hydrogen, and 
acceptor atoms with respect to user-provided distances 
and angles. 
Case 2: no hydrogen atoms. The detection of putative 
H-bonds is based on user-provided distances separating 
donor and acceptor atoms. Additionally, a loose cut-off 
angle can be provided to further limit the detection to 
only “reasonable” possibilities. 

2.2.4 Ramachandran plots 

The Ramachandran plot is subdivided into core and 
allowed zones, etc., as defined by Morris and colleagues 
[22]. Amino acids out of the core and the allowed zones, 
or bearing unusual Q angles, can be selected for easy 
structure inspection. Moving the cursor over any group 
of points indicates the list of residues in that group. A 
tabulated text file containing residue name, secondary 
structure assignment, as well as Q, cP and Y angles of the 
selected amino acids can be exported. 

2.2.5 Secondary structure detection 

The secondary structure is evaluated in two passes. The 
first pass detects ranges of amino acids bearing WY 
angles compatible with an a-helix conformation. A 
second pass extends these nucleation sites using 
H-bonding patterns. Only helices of three or more resi- 
dues are kept. Remaining residues are checked for par- 
allel and anti-parallel B-strands using H-bond patterns. 

2.2.6 Superposing proteins 

Comparing molecular structures to highlight their differ- 
ences is one of the most common tasks in structural bio- 
logy. Superposition was traditionally achieved by picking 
three or more corresponding atoms in each molecule. 
Although the Swiss-PdbViewer offers this feature, it is 
tedious and does not guarantee an optimal result. There- 
fore, two other methods are provided. The first consists 
in selecting residues that are known to be equivalent in 
the two proteins (e.g. active site residues) and then selec- 
ting the “Fit Molecules” function. The two proteins will 
be centered at the centroid of the selected residues, and 
rotated until the best match is achieved. The user can 

select Ca or backbone atoms (or even complete side 
chains if they are identical in both proteins) to be used 
during the calculations. The rmsd for the involved atoms 
will be automatically computed and displayed. The 
second superposition method will automatically detect 
conserved amino acids to use during the process. This is 
achieved by aligning the sequences using SIM [lo], and 
selecting pairs of strongly conserved residues from the 
best local alignment. This last method only works, 
however, if the proteins to be superposed share SUE- 
cient similarity. 

Once the proteins are superposed by either of these 
methods, it is possible to deduce a structural alignment. 
This is achieved by the identification of backbone por- 
tions with low rmsd, which are used as nucleation starts. 
These are then extended up to a point where the struc- 
tures are too divergent. Finally, gaps are added to accom- 
modate insertions and deletions. These alignments can 
be saved as text files, with various options, including one 
allowing the addition of the secondary structure assign- 
ment below each amino acid. Residues can then be 
colored according to their rmsd from the reference struc- 
ture, which allows a quick visual inspection of the struc- 
tural conservation. Correspqnding amino acids with a 
backbone rmsd below 0.2 A are colore! in dark blue 
whereas residues with an rmsd above 5 A are colored in 
red. A linear color gradient from blue to green to yellow 
to red is applied in-between. 

2.2.7 Mutations 

Swiss-PdbViewer provides an amino acids mutation uti- 
lity. The selected side chain can be replaced by any 
amino acid rotamer available in the provided library 
which is identical to the one used by SWISS-MODEL 
[4]. During this process, the rotamer that best fits into 
the local environment is automatically selected in order 
to minimize bad contacts and maximize possible H- 
bonds. The user can, however, easily browse the library 
to select another possible rotamer. The side chain tor- 
sion angles can be further adjusted manually. The dis- 
play of bad contacts and H-bonds is updated in real time 
while the side chain atom names are updated to match 
the IUPAC [23] nomenclature. 

2.2.8 Comparative protein modeling 

As the number of experimentally determined 3-D struc- 
tures has dramatically increased over the past years, com- 
parative modeling has become a convenient way to 
obtain structural information about proteins for which 
no experimental structure is available. This method 
however, is restricted to sequences sharing significant 
similarity with known structures. As outlined above, the 
quality of a model greatly depends on the alignment pro- 
vided. The Swiss-PdbViewer allows the generatation of 
custom alignments which can be submitted to SWISS- 
MODEL. The modeling templates are provided by the 
PDB, which raises two problems: First, many PDB en- 
tries contain more than one chain, and second, some 
amino acids are incomplete, missing from the entry, or 
the primary sequence simply differs from what can be 
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found in SWISS-PROT. In order to circumvent these 
problems we prepared the ExPDB structure database, 
which is composed of separated chains with renumbered 
residues (starting at 1) and excludes some of the old en- 
tries which lack sequence information. Each ExPDB 
entry code is composed of the chain number - consecu- 
tive numbering as they appear in the PDB file - fol- 
lowed by the genuine PDB code. For example, the PDB 
entry lBMD holds the two protein chains A and B, 
which translate into the two ExPDB entries l lBMD and 
21 BMD. Furthermore, we generated the ExPDB se- 
quence database which only holds the renumbered 
chains. The ExPDB sequence database is used for tem- 
plate identification. 

A typical comparative modeling project will follow these 
steps: (i) Load the protein to model as a raw sequence 
(target sequence). (ii) Look for suitable modeling tem- 
plates, which is achieved by comparing the target 
sequence with all entries of the ExPDB sequence data- 
base using blastp [8]. This can be done from the Swiss- 
PdbViewer and requires a Web browser as a helper appli- 
cation. If suitable templates are available, they will be 
sorted by statistical significance and can be readily down- 
loaded. Alternately, if the user already knows the tem- 
plate’s entry code, he can download it directly. (iii) If 
several template structures are selected, superpose them 
and generate the structural alignment. (iv) Align the 
sequence to model with the templates. An initial align- 
ment can be obtained with the “Magic Fit” tool, and 
then improved by manual alterations. This process is 
eased by real-time feedback and property-based amino 
acid coloring. One should tak’e care to avoid placing gaps 
within secondary structure elements and minimize the 
number of exposed nonpolar residues (for soluble pro- 
teins). (v) Decide which residues of the templates should 
be ignored during model building by marking them with 
a “*” within the Swiss-PdbViewer. (vi) Submit the align- 
ment to SWISS-MODEL. A Web browser will be 
launched by the Swiss-PdbViewer with the Optimize 
Mode submission form containing all the necessary 
information. Just hit the “Submit” button and wait for 
the model coordinates to be returned via e-mail. 

3 Large-scale protein modeling and the SWISS- 
MODEL Repository 

3.1 Large scale proteins modeling 

There is no doubt that the scrutiny of multiple sequence 
alignments is more informative than the analysis of an 
isolated sequence. This allows the identification of con- 
served and variable residues, and improves the rationali- 
zation of site-directed mutagenesis experiments. Like- 
wise, comparative structure analysis involving several 
members of a protein family, as opposed to single struc- 
ture inspection, is expected to be invaluable for the 
understanding of their functional differences and for 
rational combinatorial library design. It will thus be 
increasingly valuable to have models for as many mem- 
bers of a protein family as possible. By comparing all en- 
tries of the SWISS-PROT d,atabase (release 34) with a 
nonredundant subset of all sequences of known 3-D 

structure we found that approximately 15% of the pro- 
tein sequences have at least one suitable modeling tem- 
plate. This number increases every year by roughly 5%, 
showing that the growth in available templates allows an 
ever-increasing number of sequences to be modeled by 
comparative methods. Hence, we might speculate that 
comparative modeling procedures could be applied to 
almost 30% of the proteins by the beginning of the next 
millennium. For these sequences it is generally feasible 
to attempt comparative protein modeling using a calm- 
pletely automated approach. However, large multi- 
domain complex models can presently not be built, 
mainly because no suitable modeling templates are avail- 
able and because the prediction of protein-protein con- 
tacts is inaccurate and still in its infancy. 

3.2 The SWISS-MODEL Repository 

We have taken a species-based approach to large-scale 
protein modeling and submitted - in batch mode - all 
known members of the proteomes of Escherichia coli [5], 
Haemophilus injluenzae, Mycoplasma genitalium, Mycoliac- 
terium tuberculosis, and Basillus subtilis to the SWISS- 
MODEL server. In this fully automated approach we 
required at least 35% residue identity within the seg- 
ments aligned to the modeling template. This ensures 
that the quality of the resulting models does not fall 
below an acceptable threshold. All resulting protein 
models are annotated with information regarding the 
modeling template(s) as well as the alignment between 
template and target sequences. The connectivity with 
other databases is provided by the same identification 
and accession codes as the corresponding SWISS-PROT 
entry. The models are stored as individual files and can 
be accessed through the SWISS-MODEL Web pages 
(Table 1). In addition, every time a SWISS-PROT or a 
SWISS-2DPAGE entry is requested from the ExPASy 
(Expert Protein Analysis System) Web server (Table 1) 
[24], a hyperlink to the coordinate file is provided if a 
corresponding model exists in the SWISS-MODEL 
Repository. Model coordinates can be readily down- 
loaded and imported into the Swiss-PdbViewer ([20], this 
paper). 

4 The future 

(i) Increased flexibility: One can already use the Swiss- 
PdbViewer to position different modeling templates rela- 
tive to each other. These positions will be transmitted’ to 
SWISS-MODEL, along with the alignment. Thereby we 
will provide multi-domain protein building capabilities 
through SWISS-MODEL. Partial models generated with 
the Swiss-PdbViewer for specific reasons (e.g., custom 
backbone and loops) will be accepted and completed by 
SWISS-MODEL. (ii) Loop building methods: New 
approaches to build protein loops are currently being 
explored. They will be included into future versions, of 
the Swiss-PdbViewer and SWISS-MODEL. (iii) Farce 
field and energy minimization: The Swiss-PdbViewer 
and SWISS-MODEL do not provide an energy minimi- 
zation tool which can be used independently of a com- 
plete modeling process. This means that the local refine- 
ment of a mutation or loop generated within the Swiss- 
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PdbViewer cannot be achieved. To overcome this limita- 
tion, we plan to add limited local minimization capabili- 
ties to the Swiss-PdbViewer. (iv) Empirical energy poten- 
tials (potentials of mean force): Potentials of mean force 
have gained much attention during the last years, and 
have proven most useful in assessing the sequence to 
structure fitness of a model. This translates into a model 
quality judgement [7]. We are currently developing a 
complete potential derivation environment as a new fea- 
ture of the Swiss-PdbViewer. These potentials can be 
used during a modeling project to evaluate the "value" 
of a sequence alignment. The total energy as well as 
local energies are computed and their display is updated 
in real time during sequence alignment alterations. (v) 
Work environment: A future version of the Swiss- 
PdbViewer will include a work environment conserva- 
tion feature. This will allow users to resume a project 
exactly where they left it. 

5 Example 

5.1 Possibilities and limitations 

In order to illustrate the possibilities and limitations of 
comparative protein modeling, we have built a model for 
porcine cytoplasmic malate dehydrogenase (PDB entry 
4MDH) [25] using the Thermus flavus malate dehydro- 
genase (PDB entry lBMD chain A - ExPDB entry 
11BMD) [26] as a template. The project was carried out 
solely with the above described tools. The sequence of 
4MDH (SWISS-PROT accession code PI 1708) was 
loaded, from the SWISS-MODEL menu, into the Swiss- 
PdbViewer, and appeared as a single long helix. From 
the same menu, we performed a search for suitable 
modeling templates. We ignored the best hit, which 
obviously was the control structure 4MDH, and selected 
the second hit (llBMD), sharing 54% identity with the 
target sequence for the modeling procedure. The coordi- 
nates of 1 lBMD were loaded into the Swiss-PdbViewer. 
The target sequence was then aligned automatically with 
the template sequence using SIM [lo] (Fig. 2) and an 
initial model was built (model 1) by submitting the 
alignment to SWISS-MODEL from the Swiss-Pdb- 
Viewer. The automatically created alignment was inspect- 
ed carefully. We observed that the gap introduced after 
4MDH:W257 is immediately compensated by another 
one just before llBMD:W251 (Fig. 2). These two gaps 
were obviously introduced to satisfy the alignment of 
tryptophans in the two structures. Indeed, tryptophan is 
a rare amino acid and has the highest conservation 
weight in the PAM200 matrix. After removal of this 
alignment artifact, a second model (model 2) was built. 

The remaining parts of the alignment were also inspect- 
ed, and particular attention was devoted to the 4MDH 
region spanning H196 to F222 (H196 to F217 in 11BMD. 
respectively), where 4MDH contains five more amino 
acids than IIBMD, leading to two gaps (Fig. 2): The first 
gap is the insertion of the 4MDH residues KEVG (204 
to 207) between P203 and A204 of 11BMD. Residues 
inserted in this location would point towards the core of 
the protein (Fig. 3A). Therefore we altered the alignment 
interactively in order to slide the gap to the tip of the 

nearby loop. As a result, the 4MDH sequence QAKE 
(202 to 205) will be inserted between G201 and R202 of 
l lBMD (Fig. 3B). The second gap places 4MDH:S216 
between E211 and W212 of l lBMD (Fig. 3A). This is 
within an a-helix, and would disrupt this secondary 
structure element. Therefore, it is better to move the 
insertion point just before the a-helix, by placing 
4MDH:D214 between D209 and M210 of l lBMD (Fig. 
3B). A third model (model 3) was then built, based on 
this new alignment. The common core of the template 
(11BMD) and experimental control (4MDH) structures 
contains 297 residues and the Ca  atoms of both struc- 
tures diverge by 1.1 A. The same value was obtained 
when comparing model 3 with the control structure 
(Table 2). These values are expected for a sequence iden- 
tity level of 54% [6]. 

The analysis of the resulting coordinate sets shows th$t 
model 1 and model 2 are almost identical (rmsd 0.08 A 
for 2544 atoms). Nevertheless, SWISS-MODEL followed 
two different paths during the construction of the region 
spanning the corrected one-residue gap (4MDH:W257). 
In model 1, the region was rebuilt using the spare-part 
algorithm, while for model 2, the coordinates were 
derived from the template during framework construc- 
tion. Both models are equally correct in this region since 
they diverge only slightly from the 4MDH control struc- 
ture. From a sequence alignment point of view it 
seemed logical that SIM aligned the two tryptophans 
(see above); however, the constraints imposed on the 
local structure do not allow their aligning. Indeed, the 
relative spatial positions of the tryptophans differs by 
one residue in 4MDH and 11BMD. 

The two other adjustments made to the alignment had a 
far greater impact on the model structure as evidenced 
by the comparison of model 1 with model 3 (Table 3). 
The structure of the affected region was greatly 
improved (Fig. 4) as demoonstrated by a drop in all atom 
rmsd from 6.19 A to 2.84 A (Table 3). This illustrates the 

4MDH.AA 1 SEPIRVLVTG AAGQIAYSLL YSIGNGSVFG KLXIPIILVLL DITPMMCVLD 
llBMD 1 KAPWAVTG AAGQIGYSLL FRIAAGEMLG WQWILQLL EIFQANI(ALE 

*,.* ttt ... t*,t*t* , ". ,,* tt*.~.t tt .* t *, 

4MDH.AA 51 G-WA LPLLKDVIAT DKEEIAFKDL DVAILVGSIP RRow&RIuIL 
11BMD 51 GWMELECCA FPLLAGLFAT DDPDVAE'KDA DYALLVGW -L 

tt ...*.. tt ,*** , .t ,,*.*. t .,ttt. *. It**,** 

4MDH.AA 101 LXRMTRIFKC pGAUDKYAK KSVKVIVVGN PANTKLTRS KSAPSIPKEN 
llBMD 101 LQVNGKIFTE pGRALAEvAK KDVKVLWGN PRNTNALIAY KNAPGLNPRN 

t " *t. t. "t tt * ***~.tt. *..*. .,**,. . 
4WH.AA 151 FSCLTRLDM FAKAQIALKL GVTSDDVIWV IIWGNHSSTP YPDWHAKVK 
11BMLI 151 FTSMIWDHN FWCAQI.4KKT GTGVDRIRIIW ~ N H S S T M  FPDLFHAEVD 

* ,  ..*.... I****,* t . , , , ..tt*.t ,"*, tt 

4MDH.M 201 WAKLn;yye AVKDWWLKG EFIlTVWRG AAVIMRI[LS S N S M K A I C  
llBM0 201 GRP----ALE LVDKE-WYEK VFIPTVAQRG AAIIQARGAS SAW-I 

t , t t. tt ttt tt.. .f .. t.. .* .. 
4MDH.W 251 DHVRDIW-FG TPEGEFVSH: IISDGNSYGV PDDLLYSFPV TIKDKTWKIV 
11BMD 2 4 6  EHIRD-WAU; TPEGDWVSMA VPSOGE-YGI PEGIWSFPV TXUGAYRW 

t... ,* t.... **., . *.., .*, ., ,.*..*. t. , , , *  

4MDH.M 300 EGLPINDFSR m L T A K E L  AEEKETAFW U S A  
llBW 294 EGLEINEFAR KWEITAQEL LDEWEQVKAL GLI 

.tt **,* ,*  ,*,,.* tt ,* ,*  , 

f-igiguie 2. Automatic alignment of 4MDH sequence onto the l l B M D  
template from the ExPDB database (PDB entry IBMD). This was 
used to build model 1. Stars and dots are drawn below identical and 
similar amino acids, respectively. 
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Figure 3. (A) Initial placement of gaps after automatic alignment would require inserting four amino acid towards the protein core (between 
A203 and V208) and one amino acid within an a-helix (between D215 and W217). (B) Alignment refined manually in order to place the gaps at 
the extremity of a loop and outside of secondary structure elements. Rendering was performed with POV-Ray 3.01. 

Table 2. Relative mean square deviations between the modeling tem- 
plate or the best model and the control structure of malate 
dehydrogenase 

Atoms Number l IBMDa)  Model 3b' Number Model 3') 
of atoms") of atomsc) 

CA 297 1 .1  1..1 303 1 . 1  
Backbone 1188 1.1 1.1 1212 1.1 

The experimental control structure is the chain A of the PDB entry 
4MDH, while the template is the ExPDB entry 11BMD. 
a) Only l l B M D  amino acids in the common core -corresponding Ca 

atom pairs diverging by less than 3 A -were considered during the 
calculation. The two main excluded regions are those undergoing a 
conformational change (see text below and Fig. 5). 

b) Only residues corresponding to those used for l l B M D  are consid- 
ered during the calculation. 

c) Same as a) but for model 3. The greater number of atoms involved 
in the calculation shows that some of the modeled loops were 
accurately predicted. Here again, the two main regions being 
excluded undergo a conformation change (Fig. 5). 

All 2215 -d) 1.8 2321 1 .a 

d) As the sequences differ, this value cannot be computed. 

importance of manual refinement and their potential 
effect on model structures. Such refinement, however, 
will not guarantee a perfect model. Indeed, as men- 
tioned previously, SWISS-MODEL will take the back- 
bone position of the template(s) to build the framework, 
reconstructing only regions where insertions/deletions 
occur. In the present case, two regions of the model 

(M89 to A103 and Q227 to K238) have a higher than 
average rmsd to the 4MDH control structure, although 
the template and target sequences are quite similar (Fig. 
5) .  These two regions are in an open conformation in 
the template used to build the model (1 lBMD), whereas 
they are in a closed conformation in the actual 4MDH 
structure. This displacement results from the fact that 
l l B M D  has been crystallized in presence of reduced 
NAD (NADH) whereas 4MDH has been crystallizedl in 
presence of oxidized NAD (NAD+) and sulfate (the 
latter approximately occupying the malate binding site). 
The movement of this loop, which is conserved among 
MDH and LDH, is well-documented and plays a crucial 
role during the catalysis (for example the highly con- 
served 4MDH:R91 can, in the closed conformation, help 
maintain the malate in a suitable position during the 
catalysis) [27-311. As the template used was in an open 
conformation, the resulting model is also in an open 
conformation. The model obtained is quite accurate for 
this form, but the user has to realize that a closed con- 
formation could by no means have been predicted. 

5.2 Note on model accuracy 

The quality of the model coming back by e-mail greatly 
depends on the alignment provided to SWISS-MODEL. 
Careful inspection and manual refinement of the auto- 

Table 3. Relative mean square deviations between two models and the experimental control structure of 

Atoms Number Modl:l la)  Model 3') Number Model lb) Model 3b) 

malate dehydrogenase 

of atomsa) of atomsb) 
CA 332 2.7 2.3 21 5.5 2.3 
Backbone 1328 3.3 2.3 ioa 5.5 2.3 
All 2544 2.7 2.9 217 6.2 2.8 

The experimental control structure is the chain A of the PDB entry 4MDH. 
a) All residues, located in the core and the loops, are considered during the calculation. 
b) Only the amino acids from H196 to F222 are considered. 
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Figure 4. Stereo view of the region ranging from H196 to F222. The 4MDH control structure appears in grey, while model 1 (A) and model 2 (B) 
are colored by their backbone rmsd to the 4MDH control structure. (C) Alignment summary. The rmsd is color coded from blue to red accor- 
ding to this linear scale: 0.4 A for dark blue, 1.2 A for light blue, 2.6 A for green, 4.3 A for orange, and > 5 A for red. Ca atoms are shown as 
spheres. Rendering was performed with POV-Ray 3.01. 

matic alignment before submitting a modeling request is 
thus quite important and can improve the model quality. 
However, large conformational changes cannot be pre- 
dicted as the model backbone is constructed by averag- 
ing the template(s) backbone(s). It is important to real- 
ize that the technical aspects of comparative protein 
modeling described above imply that the accuracy of a 
model is essentially limited by the deviation of the tem- 
plates relative to the experimental control structure. As 
a consequence, the Ca atoms of protein models which 
share 35-500/0 sequence identity wjth their templates 
will generally deviate by 1.0 to 1.5 A from their experi- 
mental counter parts, as do similarly related experi- 
mental structures [ 6 ] .  Furthermore, structural differences 
between predicted and experimental structures have two 
sources (i) the errors inherent to the modeling proce- 
dures and (ii) the variations caused by the molecular 
environment and data collection method incorporated 
into experimentally elucidated structures which will be 
used as modeling templates. Indeed, crystallographic 
structures of identical proteins can vary not only because 
of experimental errors and differences in data collection 
conditions (illustrated in [32]) and refinement, but also 
because of different crystal lattice contacts and the pres- 
ence or absence of ligands (the example herein). One of 

the most interesting examples in which several struc- 
tures of the same protein, determined by different 
methods, were compared involves interleukin-4 (IL-4) 
[33 and references therein]. This cytokine consists of a 
130-residue four-helix bundle, and its structure was elu- 
cidated by X-ray crystallography as well as by NMR. The 
backbones of three IL-4 crystal structures (PDB entriFs 
lRCB, 21NT and 1HIK) show an rmsd of 0.4 to 0.9 A, 
while those of three IL-4 NMR forms (PDBo entries 
lITM, ICYL and 2CYK) give rmsd of 1.2 to 2.6 A. These 
values illustrate the structural differences due to experi- 
mental procedures and the molecular environment at 
the time of data collection. Therefore, “a protein model 
derived by comparative methods cannot be more accu- 
rate than the difference between the NMR and crystallo- 
graphic structure of the same protein” [33] .  

Nonconserved loops are expected to be the least reliable 
portions of a protein model and often deviate markedly 
from experimentally determined control structures. In 
many cases, however, these loops also correspond to the 
most flexible parts of the protein structure as evidenced 
by their high cyrstallographic temperature factors (or 
multiple divergent solutions in NMR experiments). The 
core side-chains, which are the most conserved in any 
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Figure j. Ribbon representation of model 3 color-coded by its rmsd to the 4MDH control structure. (A) Region 
enhanced by manual refinement of the alignment. (B)  The two regions of the model presenting a high rmsd to the 
control structure are indicated by arrows and the corresponding alignments are presented. The corresponding 
regions of the control structure are depicted by grey ribbons. The rest of the control structure is hidden for clarity 
reasons. Thc ExPDB entry 1 IBMD (PDB entry IBMD) , which was used as the modeling template, is not shown, 
but its backbone matches quite precisely the one of model 3 .  The NAD group, taken from the control structure, 
appears as spheres. Rendering wits performed with POV-Kay 3.01. 

given protein family, are usually found in approximately 
the same orientation as in the experimental control 
structures. In contrast, the more variable surface amino 
acids will tend to show more deviations since they are 
generally free to rotate in the solvent. 

Some structural aspects of a protein model can be veri- 
fied using methods based on the inverse folding ap- 
proach. Two of them, namely the 3D-1D profile verifica- 
tion method [15] and “Prosall‘‘ developed by M. Sippl 
[16], are widely used. The 3D-1D profile of a protein 
structure is calculated by adding the probability of occur- 
rence for each residue in its 3-D context [15]. Each of the 
twenty amino acids has a certain probability of being 
located in any of the environmental classes (defined by 
criteria such as solvent-accessible surface, buried polar, 
exposed nonpolar area and secondary structure) defined 
by Eisenberg and colleagues. In contrast, Prosall [I61 
relies on empirical energy potentials derived from the 

pairwise interactions observed in well-defined protein 
structures. These terms are summed over all residues in 
a model and result in a more or less favorable energy. 
Both methods can detect a global sequence to structure 
incompatibility and more localized errors such as 
B-strands that are “out of register” or clusters of buried 
charged residues. These methods, however, are unable to 
detect the more subtle structural inconsistencies often 
localized in nonconserved loops, and cannot provide an 
assessment of the correctness of their geometry. 

The accuracy of the model determines the extent to 
which it can be used. “Low-resolution’’ models, those 
derived from templates sharing less than 70 O h  residue 
identity with the target, are helpful to rationalize site- 
directed mutagenesis experiments aimed at the identifi- 
cation of residue essential for a given molecular recogni- 
tion and binding process. On the other hand, models 
based on more closely related templates may be useful 
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during a compound optimization process. For example, 
models of closely related species variants of an enzyme 
may allow the optimization of drug specificity. 

We wish to thank all the users of Swiss-PdbViewer and 
S WISS-MODEL that have sent feedback, ideas, comments, 
and suggestions and thereby have helped to improve the 
workbench. Special thanks to Jeff Shaw .for his constructive 
comments and patient 6-testing of the successive PC ver- 
sions. 
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