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Introduction:

With the advent of high throughput methods in the areas of protein expression, production, purification, and
structure determination, more and more antibody structures are available to researchers. However, antibodies are
unique in their ability to recognize a vast diverse array of antigens, and therefore it is common that the structure

of interest may not be readily available. The challenge in modeling antibodies is that even though the antibody

fold is highly conserved, and hence highly amenable to modeling by homology, the complimentary determining
regions (CDR) are often diverse. Nevertheless, we believe that high quality models may be constructed by combining
homology and de novo methods to provide sensible structural information in the absence of experimentally
determined structures. The goal of this application note is to present a method which takes a homology model of an
antibody fragment as the starting point, and seeks to refine the challenging H3 CDR loop by using de novo physics
based methods that reconstruct the loop ignoring its starting conformation, and thus breaking the bias inherited
from the initial template.

Outline:

Part I: Challenges of loop refinement for Homology Models

Part Il: Method for loop refinement of CDR loops

Part Ill: Examples of refinement of the H3 CDR loop of homology models of Fab fragments

In this application note we start our modeling work from a previously built homology model of a known Fab crystal
structure. We will describe some of the challenges encountered for de novo refinement of CDR loops when the
starting model is of homology origin. Next, we will propose a method for improving our results during modeling,
and finally we will end with some examples to illustrate the method. This application note is the continuation of
previous work illustrating how to build an initial antibody homology model, as well as some initial data for efforts
done in CDR refinement. For access to the preceding work please follow the link to the Application note entitled:
Antibody Modeling: A quick reference guide to building Antibody homology models, and graphical identification and
refinement of CDR loops in Discovery Studio.

(http://accelrys.com/reference/cases/studies/antibody modeling_app_guide.pdf).

Part I: Challenges of loop refinement for Homology Models

We have observed that the LOOPER algorithm is capable of achieving a high degree of success in reconstructing
loops from crystal structures especially for loops of less than 10 residues in length (Spassov et al, 2008). Success has
been routinely defined by reconstruction of loops to less than 2A backbone RMS deviation from the starting crystal
structure as a top solution (Fiser et al, 2000)). However, we're unable to match the same degree of success when
dealing with homology model cases. Table 1 presents two test cases which illustrate this point.

PDB target: | PDB template: Case: Loop size | Loop sequence | Observation: Before LOOPER | After LOOPER
2aab 2aab H3Lloop |8 YVGYHVRW Crystal Structure | 0A 1.30A

2aab Tmf2 H3Lloop |8 YVGYHVRW Homology Model | 411A 3.81A

1bbd 1bbd H3loop |9 YYSYYDMDY Crystal Structure | 0A 0.69 A

1bbd lifth H3loop |9 YYSYYDMDY Homology Model | 7.35A 537A

Table 1: Initial RMSD values for backbone atoms of the H3 loop of 2aab and 1bbd before and after refinement using LOOPER. Please note that loop
re-construction by LOOPER will ignore the original conformation of the loop. *(Reported RMSD’s are for the top scored solution provided by LOOPER.)
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In addition, we have noticed that changes in the orientation of side chains neighboring the loop of interest can have
drastic effects on the scoring of the loops. To illustrate this point we have done the following analysis using the 1bbd.
pdb structure as an example:

We methodically modified the loop environment as defined of all residues within a 5A radius from the selected

H3 loop. In the case of 1bbd, the following residues were selected: Light chain:42,52,52,55,59, 60 and 61; and for
the Heavy chain: 2, 3,4, 26,27,28,31,32,33,35,96,97 and 108. Out of these residues, the side-chain angles of only

a subset could be modified because in many cases changes to the side-chain conformations would lead to clear
clashes. Obvious residues like glycines, alanines and prolines could not be modified. Modification of the side-chain
conformation was done based on changes to a high likelihood rotamer using the definitions of the rotamer library
by Richardson and Richardson (2000). Table 2 summarizes the residues that were modified in this test.

Selected H3 CDR loop neighboring residues
L-cham Modification H-c.haln Modification
residues residues
51 R1 2 R1
55 R2 3 R1
61 R1 4 R1
27 R1
32 R1
33 R1
97 R1

Table 2: Summary of residues for which the side-chain conformation was modified to match a rotamer conformation. Rl
= rotamer number 1. R2 = rotamer number 2. Rotamers are defined as the must common conformation that a side-
chain adopts in proteins, and have decreasing statistical values. i.e. R1is more likely to occur than R2.

After the side-chains of a select group of residues were modified, LOOPER was used to re-construct the H3 loop. A
summary of results is shown in table 3.

Structure Modifications H3 Io?p RMSD to initial crystal structure for the top three LOOPER
solutions:
1bbd None Sol #1:0.69A Sol #2:0.70A Sol #3:0.82A
1bbd Selected" neighboring Sol #1:4.03A Sol #2:3.20A Sol #3:3.75A
Side-chains modified

Table 3: RMSD backbone atom results from loop reconstruction of the H3 loop of 1bbd.pdb before and after systematic
modifications of selected neighboring side-chains. *Selected neighboring side-chains are listed in Table 2.

From this example we show that systematic modifications to the loop environment for the H3 CDR, can have
significant effects on LOOPER’s ability to reconstruct the loop with a loop having good RMSD to the initial crystal
structure loop conformation.
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Part 1l: Method for loop refinement of CDR loops

Based on the observations made in Part Il we formulated the following hypothesis: if we're able to properly model
the neighboring side chains around the loop of interest, then LOOPER may yield higher quality results for the loop
conformation than without neighboring side chain optimization.

In order to test our hypothesis we performed the following steps.

Step 1: We selected the H3 loop and then selected residues around this loop that were within 8A.

Step 2: We mutated the H3 loop residues to Ala. (Pro, Ala and Gly residues remained as is).

Step 3: On the selection done in Step 1, we used CHIROTOR (Spassov, et al, 2007) to refine the side chain positions of
the neighboring residues.

Step 4: We then mutated the loop residues back to their native state.

Step 5: And finally we used LOOPER on the H3 loop.

The logic for mutation of the loop residues to Ala was to allow neighboring side chains enough space to rotate to an
optimal conformation, allowing side-chain to back-bone interactions to take precedence as observed by Spassov et al,
2007. The initial premise is that the loop is not at a proper conformation to begin with, and its current conformation
may in turn interfere with the proper optimization of the neighboring side chains.

Select neighbor Mutate H3 loop
/ residues to the loop > residues to ALA \
Select H3 Use CHIROTOR to
loop refine neighbor
residues
AN
~o Mutate H3 loop
~d Run LOOPER on residues back to their /
H3 loop native state

Fig 1: Graphical representation of the proposed workflow for reconstructing flexible loops.

The logic for mutation of the loop residues to Ala was to allow neighboring side chains enough space to rotate to
an optimal conformation. Our initial premise is that the loop is not at a proper conformation to start with, and its
current conformation might interfere with the proper optimization of the neighboring side chains.
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Part lll: Example of refinement of the H3 CDR loop of one Fab crystal structure and two Fab fragment
homology models

In this section we present a few cases in which we assessed the success of our method proposed in Part I11l. Cases 1a,
1b and 1c, represent our first example in which we sought to build a homology model of the 2aab crystal structure,
and refine the H3 loop. Cases 2a, 2b and 2¢, our second example, looks at comparing rebuilding of the H3 loop of the
native crystal 1bbd crystal structure, versus the structured prepared in Part Il of this application note, as well as a
re-refined neighboring side-chains of such structure using the method proposed in Part Ill. Cases 3 (a,b,c.d,e and f)
represent our third example in which we furthered the study by including homology models for the crystal structure
of the Tbbd Fab fragment as described in Part I. Table 4 summarizes the results after following the steps suggested in
Partll.

Neighboring | Before
Case #: :a[:Bet' PDB template: azie size): Obs: side-chain LOOPER '(:f:erst?)o PER
get: P : refinement (top sol.) p sol.
1a 2aab 2aab H3 Loop (8) |Crystal - (1] 130A
1b 2aab  |1mf2 Homology | ) ani 3.81A
Model
Homology
1c 2aab 1mf2 H3 Loop (8) Model YES 41A 179A
2a 1bbd 1bbd H3 Loop (9) |Crystal - oA 0.69 A
2b 1bbd 1bbd H3 Loop (9) |Crystal* NO oA 4.03A
2c 1bbd 1bbd H3 Loop (9) |Crystal* YES 4.03A 110A
. Homology
3a 1bbd 1ifh H3 Loop (9) Model NO 735A 537A
. Homology
3b 1bbd 1ifh H3Lloop (9) |\ Wi YES 735A 492
Homology
3c 1bbd Ttxv H3 Loop (9) Model NO 8.74A 3534
Homology
3d 1bbd Ttxv H3Loop(9) | \1odel YES 8.74A 3.63A
3e bbd | Chimera H3loop(9) |Momoloy |no 8.69 A 7304
Tifh(L)-1txv(H) Model ’ ’
Chimera Homology
3f 1bbd Tifh(L)-Texv(H) H3 Loop (9) — YES 8.69 A 254 A

Table 4: RMSD backbone results from the proposed de novo refinement method using LOOPER for homology models
built for crystal structures 2aab and 1bbd. * The 1bbd crystal structure was modified as described in Part II. ** This
structure was modified according to Part Il and then re-refined using CHIROTOR (Spassov, et al 2007).

Discussion:

In this application note we followed the hypothesis that even minor side chain conformational changes of
surrounding residues, can have drastic effects in the successful reconstruction of loops using the de novo loop
building tool LOOPER. We proposed a method for optimizing the neighboring side-chains, and we validated the
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method with three examples (cases 1,2 and 3), two of which (1and 3) where from a homology model origin. Finally,
the goal was to present a reasonable loop conformation by fully reconstructing the H3 loop and assessing success
via an RMS comparison to the crystal structure.

In the first test case of the homology modeling set (2aab — cases 1b and 1c), the proposed method worked fairly
straight forward. The RMS changed from 3.81A to 1.79A (case 1c) after optimization indicating a significant
improvement in the starting loop conformation. See figure 1.

Figure 1: Green: 2aab crystal structure for the H3-loop. Orange: H3-loop of homology
model of 2aab before LOOPER optimization (Backbone RMSD = 4.114). Purple: H3-loop of
homology model of 2aab after LOOPER optimization, but without neighboring side-chain
optimization (Backbone RMSD = 3.814). Cyan: H3-loop of homology model of 2aab after
neighboring side-chain optimization and LOOPER refinement (Backbone RMSD = 1.794).

In the second case (cases 2a, 2b and 2c) we provided proof that in the case of crystal structures, it is possible to refine
modified side chains of crystal structures using CHIROTOR and successfully retrieve a reasonable loop conformation
using LOOPER (case 2c). See figure 2.

Figure 2: Green: 1bbd crystal structure for the H3-loop. Purple: H3-loop of the
1bbd crystal structure after LOOPER and select modification of neighboring
side-chains according to Part Il (Backbone RMSD = 3.834). Gyan: H3-loop of
the 1ddb crystal structure after neighboring side-chain optimization using
CHIROTOR (Spassov, et al. 2007) and LOOPER (Backbone RMSD = 1.104).

The third case was much more challenging, and several homology models had to be considered (cases 3a through
3f). Homology models using Tlifh.pdb as a template had high homology to the VL domain but not the VH. Slight but
significant structural changes to the Heavy chain were observed and it was to no surprise that the there was no
significant improvement in loop conformation. (See Figure 3a).

Figure 3a: Green: 1bbd crystal structure. Orange: Homology model of 1bbd using lifh
as a template with no refinement (Backbone RMSD = 7.344). Purple: Homology
model of 1bbd using lifh as a template with LOOPER refinement (Backbone RMSD

= 5.37A). Blue: Homology model of 1bbd using lifh as a template with neighbor side-
chain optimization followed by LOOPER refinement. (Backbone RMSD = 4.924)
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The 1txv.pdb molecule was also used a template because it had the highest sequence homology to the Heavy chain.
In this case we saw improvement from 8.74A to 3.63A, but this is still considered unacceptable. (see Figure 3b).

Figure 3b: Green: 1bbd crystal structure. Orange: Homology model of 1bbd using 1txv
as a template with no refinement (Backbone RMSD = 8.784). Purple: Homology
model of 1bbd using 1txv as a template with LOOPER refinement (Backbone RMSD

= 3.534). Blue: Homology model of 1bbd using 1txv as a template with neighbor side-
chain optimization followed by LOOPER refinement. (Backbone RMSD = 3.634)

Lastly we constructed a chimera model using the Light chain from lifh.pdb and the Heavy chain from 1txv.pdb. In
this case we were able to significantly improve the loop conformation from 8.69A down to 2.54A which was almost
within the success limit of 2.04 RMSD. (See Figure 3c).

Figure 3c: Green: 1bbd crystal structure. Orange: Homology model of 1bbd using a
chimera model of 1ifh for the light chain, and 1txv for the heavy chain as a template
with no loop refinement (Backbone RMSD = 8.674). Purple: Homology model of 1bbd
using the chimera template followed by LOOPER refinement (Backbone RMSD = 7.364).
Blue: Homology model of 1bbd using the chimera template with neighboring side-
chain optimization followed by LOOPER refinement. (Backbone RMSD = 2.514)

Further inspection by superposition of the Tbbd.pdb crystal structure to the templates used for homology modeling,
revealed that part of the reason for having limited success was that none of the templates were able to account for
a significant structural shift of the N-terminus (a 3.5 A shift for the Ca atom position) of the heavy chain residues
which shared common contacts with the H3 loop. For this reason, most loop predictions done in this area were
shifted and gave less accurate conformations. (See Figure 4).

Figure 4: Green: 1bbd crystal structure. Orange: Template structure used to
build homology models of 1bbd. On the right is the H3-loop, and on the left
the N-terminus residues of the Heavy chain. A significant displacement of the
N-terminus is required to fully accommodate the H3 loop in the conformation
found in the crystal structure (N-terminus pointed by the black arrow).
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Conclusion:

In this application note we have presented a workflow for reconstructing highly flexible loops such as the H3

loop in Antibodies. The workflow is applied on difficult cases such as rebuilding of loops from homology model
origin,and we propose that proper orientation of neighboring side chains to the loop may be critical to the proper
modeling of such loop. We presented an example to illustrate that relatively small changes can drastically change
proper prediction of loops, and therefore modeling of loops from a homology model origin may be an even greater
challenge given the inherent inaccuracies throughout the model. Using de novo loop reconstruction methods such
as LOOPER, and side chain reconstruction technology such as CHIROTOR, can be used to tackle with a high degree
of success the difficult problem of loop refinement. The examples presented indicate that it is possible to achieve
a reasonable degree of accuracy in predicting proper loop orientations when considering a homology model as

a starting point. Our examples have focused on Antibodies, but the methodology can be used for any family of
proteins requiring loop refinement.

Modules used:

DS MODELER

DS CHARMm

DS Biopolymer

DS Protein Refine (LOOPER & ChiRotor)
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