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Abstract
Search for the global minimum in a molecular energy landscape populated with numerous local
minima is a difficult task. Search techniques relevant to such complex spaces can be classified as either global or local. Global search explores the entire space, guaranteeing the global extremum will
be found. To accomplish this, the number of samples required grows exponentially with the number
of dimensions. Since this is clearly not computationally tractable, global search is impractical in highdimensional spaces. Local search, on the other hand, employs gradient descent to avoid searching the
entire exponential space. Gradient descent methods are susceptible to getting stalled in local minima
and consequently, no guarantees can be made about finding the global minimum. We propose a middle ground that minimizes the effects of exponential space and local minima by integrating domain
knowledge and information generated during search into a model, and then using this model to focus
computation on regions of increasing relevance. Directing resources to multiple relevant regions prevents oversampling local minima. At the same time the exploration of only significant regions avoids
the intractable computational requirements of high-dimensional spaces. The proposed method, called
Model-Based Search (MBS), is compared to the local search method Monte Carlo as implemented in
Rosetta - currently considered the best computational protein structure prediction method. The results
indicate that MBS is significantly better at finding lower energy minima than the Monte Carlo technique implemented as part of Rosetta. This effect is amplified as the dimensionality of the search space
increases.

1 Introduction
Over the past five years, gene sequences have been discovered at a rate approximately 65 times faster than
experimentalists have been able to determine the structure of the proteins they represent [37, 40, 41]. If
the rate of protein structure determination remains static, it will take over 300 years to determine the native
state of the proteins that have been identified from gene sequences so far. Not only are current experimental techniques labor-intensive, but they face challenges for large categories of proteins, such as membrane
proteins [64, 65]. Without knowledge of the structure, it is difficult, if not impossible, to determine the
biological function of proteins [9, 57]. Consequently, efficient computational approaches to structure determination represent an important tool that can enable researchers to more quickly establish a protein’s
function, thereby gaining understanding into the mechanisms that underly diseases, which could ultimately
lead to the design of drugs to cure them.
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Unfortunately, ab initio protein structure prediction is a difficult problem. Levinthal’s paradox gives a
perspective on the size of conformational space [28]. Limiting each amino acid to only three distinct spatial
placements, a protein consisting of 200 amino acids could assume 3 200 different conformations. Assume
it takes 10−12 seconds to evaluate the energy of each state. Conducting exhaustive search in the resulting
conformation space would take 8.4 ∗ 1075 years. That is far longer then life has existed on earth. Clearly,
exhaustive search is not possible.
To avoid exhaustive search, existing methods for ab initio protein structure prediction (see Section 2)
rely on local methods, such as gradient descent. These methods search the energy landscape associated with
conformation space by descending its gradient. Since the energy landscape contains many local minima,
local methods may fail to find the global extremum. During their search of the conformation space, much
computation time is wasted with the exploration of local minima. Most importantly, these methods are
generally “memory-less.” By that we mean that they do not remember the conformations they have already
explored and consequently cannot avoid repeated exploration of very similar conformations.
We propose a novel search method for conformation space that overcomes the shortcomings of purely
local methods while avoiding the consequences of Levinthal’s paradox. This is accomplished by restricting
exploration of conformation space to only biologically relevant regions. Contrary to local methods, such
as Monte Carlo (see Section 2), some information about previous evaluations of the energy function of a
protein is maintained in what is referred to as a model. This model captures essential features of the energy
landscape and can guide future exploration. Search then proceeds by iteratively refining the model with the
most relevant information and by discarding information about regions that have been identified as local
minima. Due to the use of a model, we refer to this method as model-based search.
It should be emphasized that the objective of this research is to devise a more efficient search method
for biologically motivated energy landscapes. The underlying energy function searched by the proposed
method is taken from the literature [42]. Consequently, a successful experiment using model-based search
finds conformations of lower energy than other methods. The quality of the predicted structure with respect
to the native structure of a protein, however, depends on the quality of the energy function. Therefore,
finding a lower-energy conformation is not equivalent to determining the protein structure more accurately.
Nevertheless, the understanding obtained by finding the global minimum of an energy function can be used
to improve the energy function itself.
We present experiments in which model-based search can find lower-energy conformations in an approximated protein energy landscape than the leading protein structure predictor Rosetta [42].

2 Related Work
2.1

Local Search Methods

Locating the extremum in high dimensional continuous space with many local extrema can be difficult. Relevant search techniques can be classified as either global or local. Global search systematically explores the
entire space, guaranteeing the extremum will be found. However, as dimensionality increases, the amount
of time and memory to perform this search grows exponentially. In contrast, local search follows a single
path through the energy landscape and thus typically has minimal memory requirements. The lack of global
information causes local techniques to get stalled in extrema and flat regions of space. For local methods
no guarantees about locating the extremum can be made. In practical applications, this disadvantage is
outweighed by the computational efficiency of local methods. When compared with global methods, local
methods are capable of finding near-optimal extrema in relatively complex energy landscapes in a reasonable
amount of time.
The simplest local search algorithm is hill climbing or gradient descent [45]. In discrete spaces, gradient
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descent proceeds in a greedy fashion, choosing the neighbor with the lowest value as the next state. In highdimensional continuous space this is infeasible since all neighboring states can not be examined. Instead,
one adjoining state is randomly sampled, and if it represents a lower value, it is accepted. This corresponds to
a random walk through the landscape described by the searched function, in which only steps towards states
with a lower value are acceptable. This random walk approximates gradient descent in high-dimensional
spaces in which the computation of the gradient is not possible. In the domain of protein structure prediction,
this search method is called the Monte Carlo (MC) algorithm [17]. Generally, many repeated runs of Monte
Carlo are attempted, increasing the probability of finding the global extremum.
A local search that only accepts states that decrease in value will always become stuck upon encountering a local extremum. In molecular biology, the Monte Carlo algorithm has been augmented with the
Metropolis criterion to allow search to escape local extrema [35]. As before, a randomly generated neighboring state with lower value—in this case the energy of a molecule— is accepted as a successor state. If
energy increases, the step is accepted with a probability inversely proportional to the increase in energy.
Consecutive successor states of increasing energy allow the search to escape a local extremum.
To further decrease the chances of local search getting stuck in an extremum, initial stages should examine a wide variety of states without becoming trapped. But, as search progresses and the states being
examined are lower in energy, local extrema need to be more throughly explored. Simulated annealing
accomplishes this by adjusting the likelihood of MC to accept a state that increases the energy [46]. A
temperature variable in the Boltzmann equation used by Metropolis Monte Carlo is slowly lowered causing
large jumps in energy to become increasingly unlikely as search progresses [49].
Every individual invocation of the Monte Carlo method tracks a single search trajectory by keeping a
single state in memory. Tracking multiple trajectories and keeping multiple states in memory, however,
allows computation to be biased towards the best state among those kept in memory. Beam search maintains
a constant width frontier for search, adding states in a depth-first manner based upon a heuristic [32]. One
of the big drawbacks of beam search is that over time, multiple searches become concentrated in a single
region of space [46].
Genetic algorithms also track multiple paths by maintaining a population of states and applying the
principles of evolution to this population. States in a new generation of the population are generated from
the previous generation by combining two parent states [18].

2.2

Search Methods for Protein Folding and Protein Structure Prediction

The task of determining a protein’s native state can be treated as a search through a vast conformational
space for the lowest energy structure. All algorithms currently used for native state prediction combine
domain information with local search techniques to avoid the complexity of high-dimensional conformation
spaces.
Molecular dynamics (MD) is search that attempts to predict protein structure by simulating the folding
process that occurs in nature [29, 30, 51, 56, 62]. This is done by simulating the interactions of all forces
acting between atoms of the protein and solvent. The interactions are modeled using Newton’s law at time
steps equivalent to atomic thermal vibrations. Evaluating the forces acting upon all molecules at every time
step of a folding protein is biologically accurate, but computationally prohibitively expensive. Like other
local search techniques MD is susceptible to spending a significant amount of computation in local minima.
To escape from a minimum, thermal vibrations must sample a state outside of the minimum. Currently MD
can simulate approximately 100 nanoseconds of protein folding. However, the fastest proteins fold in the
high microsecond range, with many proteins taking over a second. Even with the continued exponential
increase in computational power, it is unlikely MD will be a practical solution to protein folding for several
decades.
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To reduce the computational requirements of molecular dynamics, larger steps need to be taken between
states. The Metropolis Monte Carlo algorithm uses an energetically biased random walk in the approximated
energy landscape of a protein to find the native state [17, 27, 33, 34]. The large step size between states
combined with randomly choosing the direction of the next step, as opposed to inferring the gradient from
the atom-atom interactions, make MC a much more computationally tractable algorithm. A consequence of
these shortcuts is that the resulting protein motion is less biologically plausible.
Several heuristics have been developed to help MC minimize oversampling local minima in the protein
domain. The technique of simulated annealing [38, 49] is applicable as is interrupting the simulation to
accept a high-energy state (jump walking) [15] or directly controlling the probability with which states at
different energy levels are sampled (multi-canonical ensemble method) [6, 27]. Approaches that combine
multiple techniques are also possible [66].
Integration between domain and search techniques can further enhance search. Fold recognition (also
called threading) exploits the insight that amino acid sequences with a high degree of homology often
fold into similar three-dimensional structures [22, 25]. Fold Recognition algorithms like Rosetta (currently
considered the most accurate method of protein structure prediction [36]) search a database of previously
folded proteins for short amino acid fragments with aligned sequences. Once these alignments are found the
corresponding secondary structures can be assembled using Monte Carlo to find the native state [8]. Using
these short alignments greatly reduces search space. This technique is currently the most accurate method
to ab initio protein folding. However, like its underlying search technique (Monte Carlo), threading is still
susceptible to the problem of oversampling local minima.
Molecular dynamics, Monte Carlo, and threading can be considered to be variations of local search. Local search algorithms are susceptible to oversampling local minima because there is no method of detecting
if a lower minimum exists or how it can be reached.

2.3

Comparative Modeling for Protein Structure Prediction

Significant sequence homology between two proteins often imply structural similarity. Comparative modeling exploits this by predicting the 3-dimensional structure of an unknown protein using the known structure
of a homologous protein as a template. By relying on databases of known structures, the aforementioned
search of conformation space can be avoided. On the other hand, this method is only capable of making
structure predictions for a protein if the structure of homologous proteins has been determined experimentally.
When the sequence is at least 40% identical the predicted structure can have an RMS error as low as 1 Å
for 90% of the residues [58]. The success of comparative modeling points to the fact that the use of domain
information is an important component of successful protein structure prediction.

2.4

Robotic Motion Planning

The search technique presented in this report is inspired by research is robotic motion planning. Motion
planning is used to compute a collision-free path from an initial to final configuration of the robot through
a set of obstacles [24]. Motion planners operate in configuration space, where the robot is represented as a
point. Every dimension in configuration space corresponds to a degree of freedom of the robot. Each point
in configuration space represents either an obstacle or free space, depending on whether the matching state
of the robot is in collision with the environment or not. Motion planning can then be viewed as a search
problem in which the goal is to capture the connectivity of the configuration space.
Configuration space grows exponentially with the number of degrees of freedom, making path planning
a difficult task. Probabilistic techniques use random sampling to make path planning tractable [23]. Random
sampling produces a reliable estimate of the successful paths without a detailed examination of all possible
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paths. The probabilistic roadmap(PRM) technique proceeds by generating a set of random configurations.
Configuration in collision are discarded. The remaining configurations represent vertices in a so-called
roadmap. Edges between neighboring vertices are added into the roadmap when no obstacle exists between
them. The resulting graph contains an approximation of the connectivity of free configuration space.
When covalent bonds between atoms are represented as joints, and atoms are represented as links, an
amino acid sequence matches the definition of a robot [1]. The configuration of the robot is equivalent to
the conformation of the protein. In the case of proteins, obstacles correspond to high energy conformations.
A path through the conformation space of a protein that reaches the native state by only passing through
low-energy regions can be viewed as a folding trajectory.
The application of probabilistic roadmap (PRM) techniques to proteins has been explored in the literature. A PRM planner was used as a way to capture information pertaining to pathways in the folding
landscape [1, 52]. The use of the probabilistic roadmap has been extended to the Stochastic Roadmap Simulation (SRS). This technique analyzes all folding pathways concurrently [2, 3, 4]. This allows SRS to
capture ensemble properties of the folding landscape.
PRM planners have also been used to generate unfolding paths of proteins [1, 52]. The native state has to
be known for this method to be applicable. A roadmap of unfolding paths is computed with denser sampling
in the vicinity of the native state. Knowing the native state, computational resources can be directed towards
those regions of conformation space that are most likely to be important for unfolding. The ability of this
algorithm to produce a large set of unrelated folding pathways provided insight into aspects of folding
kinetics that could not be captured by other theoretical techniques [1].
Probabilistic roadmap methods applied to the protein folding domain have significantly improved our
ability to computationally examine folding kinetics. However, roadmap strategies do not find the native state
and waste significant computation time examining pathways through high energy regions.
In another line of research [11], techniques from active learning [13, 43] have been applied to robot
motion planning. Much like the proposed method presented in Section 3, the goal of active learning is to
exploit structure in the search space to guide incremental exploration.

2.5

Adaptive Sampling

Adaptive sampling in statistics is motived by the desire to sample rare, clustered populations. Adaptive
sampling is also referred to as Sampling-Importance Resampling (SIR) [44, 50, 55]. To properly estimate
the population size of a rare item, increased sampling density occurs in regions where the item has been
located. This metaphor can also be applied to protein structure prediction: Low energy conformations in
the molecular energy landscape can be considered rare items and are likely to contain other minima in close
proximity. Hence, the area around low-energy conformation should be sampled more densely. Model-based
search, the method proposed in this report, can be viewed as a adaptive sampling strategy whose goal it is to
locate the lowest possible energy conformations, which are rare in conformation space.

3 Model-Based Search
The global search for an extremum of an arbitrary function has been proven to require an exponential number
of samples [53] and consequently is intractable in high-dimensional spaces. In addition, we have seen that
local approaches have no performance guarantee. Because local methods do not maintain the information
obtained during search, they have no way of guiding exploration other than by purely local criteria and
consequently these methods waste computational resources in local minima and by repeatedly exploring a
particular region of the search space.
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Model-based search is a sampling-based search method for finding extrema in high-dimensional search
spaces. It is motivated by the fact that in many applications the problem domain itself as well as the information obtained during search can provide valuable insight into the relevance of regions with respect to the
search task. Information from the problem domain, for example, may rule out certain portions of the search
space as candidates for containing an extremum of interest. These regions should not be searched by the
search method. Similarly, making only moderate assumptions about the continuity of the function we are
searching, information obtained during the search can rule out the presence of the desired extremum in a
particular region of the search space. As a consequence, additional exploration should be focused on other
regions. Therefore, the general objective of model-based search is to exploit information from the problem domain and the problem instance to guide search space exploration in the most effective manner. To
accomplish this, a model is used to compactly represent relevant information. During search, the model is
used to direct further exploration. In this report we will only address the use of information obtained during
the search process. Future work will be concerned with the inclusion of information from the problem domain. The proposed method can be viewed as an active learning technique [13, 43] that exploits biological
knowledge to build a nonparametric model [5].
Model-based search proceeds by interleaving exploration of the search space with incremental updates
to a model that represents the information obtained so far. The model is used to guide exploration during
each iteration. Figure 1 is a graphical illustration of the search for a global minimum in an arbitrary function
using model-based search. In the following we will provide additional details about each of the steps shown
in that figure.
1. Initially, the model (shown with dashed lines in the figure) contains no information about the function we are searching. If we were to incorporate information from the problem domain, it would be
reflected in the model already at this stage and could provide guidance as to where to expend computational resources. The initialization of the model from domain information will be the subject of
future work.
2. As the model does not provide any bias towards regions of the search space, the function is sampled
uniformly at random. The resulting samples contain information about the search space. The model
has to be updated to incorporate this information.
3. The model used for this illustration attempts to approximate the function at a very coarse level. Local minima among sets of neighboring samples are identified and used to approximate the function.
While this is a very imprecise model of the original function, we will see later that the information
suffices to significantly improve the overall search. It should be noted that the choice of the underlying
representation for the model is critical in model-based search. The model has to be expressive enough
to be able to guide the search, but cannot require much memory for storage, as memory limitations
would quickly become prohibitive in high-dimensional space. Also, the model has to allow for a
computationally efficient assessment of where future explorations should be performed.
4. Using the information contained in the model, additional samples are place in regions likely to contain a local minimum. Other regions have been eliminated from the search and will not be explored
any further. Depending on the quality of the initial model, however, the ruled out regions may actually contain the desired global minimum. Therefore, an inaccurate model may prevent model-based
search from finding the global minimum, implying that model-based search is an incomplete search
technique. This is by design, since we know that complete search is intractable. The observation
emphasizes that the quality of the model is highly relevant to the quality of the resulting search.
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Figure 1: Model-based search: iterative refinement of an approximate model to find a global minimum.
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5. Based on the additional samples, the model is updated. In our example, unnecessary samples from
previous iterations are discarded, reducing the memory requirements of the model representation and
rendering it computationally efficient. Note that the number of local minima represented by the model
depends on the samples placed during each iteration. The granularity of the model is adapted automatically.
6. Again, the model is used to guide further exploration of the search space.
7. The model is updated with the information obtained by exploration. If local minima represented in
the model are assumed not to contain the global minimum, they are pruned from the model.
8. The global minimum has been identified.
From this description of model-based search, it is apparent that the quality of the model critically determines the quality of the resulting search. Figure 2 illustrates that the quality of the model also depends
on the placement of samples. In Figure 2(a), samples are placed in such a way that the constructed model
does not represent the underlying function at all. This is addressed by including the application of gradient
descent methods into the process of placing samples. After a sample has been placed randomly, gradient
descent is used to find the closest local minimum. The local minimum is used to construct the model, rather
than the original sample. This procedure significantly improves the accuracy of the model, as illustrated in
Figure 2(b).

(a) Bad placement of samples

(b) Good placement of samples

Figure 2: Sampling only locally low energy conformations minimizes the chance that a high energy sample
from a low energy region will misinform the model.

4 Application of Model-Based Search to Molecular Energy Landscapes
Protein structure prediction can be viewed as search for the global minimum in a molecular energy landscape. The molecular energy landscape of a protein is assumed to be shaped like a high-dimensional funnel
with the native state of the protein situated at the global minimum of the funnel [10, 12, 59]. An illustration
of a three-dimensional funnel is shown in Figure 3. The energy landscape contains many local minima and
consequently does not lend itself well to search using purely local methods. In this section we will describe how model-based search can be applied to protein structure prediction by searching molecular energy
landscapes for global minima.
To perform protein structure prediction, an extensive software infrastructure is required. Since the focus of our work is on the search for minima in high-dimensional conformation spaces, we integrated an
implementation of model-based search with Rosetta [42].
8

Figure 3: An illustration of the molecular energy landscape of a protein. The native state is represented by
the global minimum of this funnel-like landscape. The walls of the funnel exhibit numerous local minima.
The process of protein folding can be viewed as gradient descent in the molecular energy landscape, the
process of protein structure prediction can bee seen as the search for the global minimum of the landscape.
This image is from a paper by Hue Sun Chan and Ken A. Dill [12].

4.1

Rosetta

The name Rosetta [42] refers to a large suite of software tools related to protein structure and protein folding.
Here, we will only refer to the Rosetta protein structure prediction software. More specifically, we will only
be concerned with ab initio protein structure prediction, i.e., without the use of homology information. Over
the last several years, Rosetta has repeatedly been demonstrated to outperform other computational methods
of protein structure prediction in this category [36].
One of the fundamental building blocks of Rosetta is the energy function. Designed to approximate the
true energy function of proteins, it computes an estimate of the energy for a particular protein conformation
based on knowledge about interactions between portions of the backbone, side chains, and solvent. The
design of this function was guided by observations from experimentally determined native structures [42].
During the search process performed by Rosetta, this energy function is used to evaluate the quality of generated conformations. The conformations that are considered prediction candidates for the native structure
of the protein are called decoys.
The search for the global minimum in the energy landscape, described by Rosetta’s approximate energy
function, begins with an arbitrarily initialized protein structure. This structure is incrementally refined using
a Monte Carlo insertion strategy to replace the angles of short fragments from the decoy with ones retrieved
from a fragment library. The fragment library contains fragments of other proteins for which the structure
has been determined experimentally. For fragment replacement, preference is given to low energy fragments
with similar sequence, therefore increasing the likelihood of an insertion resulting in an overall low energy
protein structure. Because the candidate fragments for replacement occur in nature, it is assumed that they
represent an energetically favorable conformation.
As search progresses the size of the fragments to be replaced is reduced, Monte Carlo becomes increasingly restrictive in the acceptance of states that increase the energy, and a more complete and precise energy
function is used. As a result, the step size of the Monte Carlo algorithm is reduced in low energy regions.
Rosetta distinguishes the candidate native state from other states using a clustering procedure. We do
not investigate this aspect of Rosetta since our interests lie in the improvement of the search strategy.
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4.2

Integration of Model-Based Search with Rosetta

We modified Rosetta to devise a protein structure predictor based on model-based search. To do so, the
search used in Rosetta was replaced with a model-based search algorithm. Other elements of Rosetta, such
as the energy function, remained unchanged. In this section we will detail how the general description of
model-based search given in Section 3 was instantiated to yield a practical implementation. We will describe
the underlying model used to represent information obtained during the search and we will explain how this
information is used to guide future exploration through the process of sampling.
As we discussed before, the model used in model-based search will critically impact the quality of the
overall search. In the preliminary implementation of model-based search described in this report, we chose
a very simple model. This model maintains information about regions of the search space that might contain
the global minimum. These regions are determined based on samples taken from conformation space. Each
of these samples corresponds to a particular conformation with an energy value determined by Rosetta’s
energy function. If a sample has lower energy than its nearest neighbors, we consider the associated regions
to contain a local, if not the global minimum.
Each of these regions is represented by the sample of locally minimal energy and its nearest neighbors. To guide future exploration of the search space, we associate a score with each region. This score
is determined by the energy of the sample with locally minimal energy and by an estimate of the size of
the local minimum, determined by the distance to its neighbors. This score will be used to determine how
much exploration should be dedicated to a particular region during the ongoing search process. It biases
exploration towards larger regions, because they are relatively unexplored, and towards regions with lower
energy, because they are more likely to contain the global minimum. The scoring function used for the
experiments described in Section 5 weighs the well size more heavily to bias exploration towards regions
underrepresented in the model. While we have not explored the parameter space of our scoring function,
this intuitively motivated choice performs well in practice.
During the search process, the information represented in the model is used to guide exploration. Since
exploration is performed by sampling, the number of samples generated in each region during a particular
iteration of the model-based search algorithm is proportional to the score of that region. These samples
should be generated inside the region specified by the model.
In the case of protein structure prediction, the process of generating samples is rather difficult. If samples are generated randomly, the probability of sampling a low-energy conformation are almost zero. Nearly
all samples will contain steric clashes that result in very high energy values. Therefore, we carry out sampling based on the fragment replacement strategy employed by Rosetta in its first phase of the search. The
fragment replacement routine is initialized with the conformation of locally minimal energy stored in the
model. A series of random segment replacements then generates an alternative conformation in proximity
to the initial conformation. The result is used as a sample to refine the model. By using Rosetta’s fragment replacement strategy, the negative effects of placing locally bad samples shown in Figure 2(a) can be
avoided.

4.3

Step-By-Step Description of Model-Based Search

This section illustrates how the components of model-based search described in this section are combined to
result in an efficient search method for molecular energy landscapes. The description of model-based search
given below refers to the graphical illustration of the method shown in Figure 4.
1. Starting with an arbitrary conformation for the protein, Rosetta’s fragment replacement procedure is
used to generate a set of initial samples. The Monte Carlo fragment insertion strategy used by Rosetta
places samples only in local minima, which ensures maximum accuracy of the model.
10

1. Initial samples are generated using Rosetta’s
method for fragment replacement.
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Figure 4: An implementation of model-based search in a molecular energy landscape of a protein for protein
structure prediction. The implementation integrates model-based search with Rosetta [42].
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2. Nearest neighborhood relations for the samples are computed.
3. After conformations with locally minimal energy have been identified, an approximate model of the
energy function is computed. This model encodes the conformations of locally minimal energy and
an estimate of the size of the associated well in the function. The size is estimated based on proximity
and energy level its neighbors. For each well represented in the model, a score based on the size and
energy level of the well is computed.
4. To reduce the memory requirements of model-based search, the model is pruned. Only wells with
high scores are maintained.
5. The model is refined so as to be able to guide future exploration in the most efficient manner. This
is accomplished by reducing the size of the wells, resulting in an exploration of the area around the
conformation of locally minimum energy.
6. Rosetta’s fragment replacement approach is initialized with the conformation of locally minimal energy. The conformations generated after repeated fragment replacements are used as samples.
7. The steps described here are repeated until no progress towards lower-energy states can be made, or
until the allotted computational resources have been exhausted.
This iterative process interleaves model refinement based on information obtained from exploration with
sampling based on information contained in the model; it focuses computational resources on regions likely
to contain the global minimum. Model-based search avoids global, exhaustive search of the search space by
exploiting information obtained during the search process itself. It avoids the computational requirements
associated with global methods, and eliminates the shortfalls of purely local methods.

5 Experimental Results
The predictions from the implementation of model-based search (MBS) described in Section 4 were compared with predictions obtained using Rosetta [42]. We used nine proteins, varying in size from 60 to 414
amino acids. The experimentally determined native structure of these proteins is used in the comparison.
For each prediction both algorithms produced 500 decoys (conformations of the protein considered
candidates for the predicted native state). To generate these decoys, both algorithms were given an equal
amount of computational resources. The results presented here show that MBS consistently outperforms
the search strategy implemented by Rosetta, producing decoys with much lower energy (where the energy
is determined using Rosetta’s energy function). As dimensionality increases, the performance advantage of
MBS becomes increasingly pronounced (Figures 5 and 8).
While decoys generated using MBS were consistently much lower in energy than the ones generated
with the local search method used by Rosetta, this did not translate to the decoys being significantly closer
to the experimentally determined native structure of the protein (Figure 7). This is reflected in the fact that
the predictions using MBS do not achieve a significant reduction in RMSD. This can be attributed to two
factors:
1. The energy function provided by Rosetta only represents an approximation to the true energy function
of the protein. This is confirmed by the fact that for proteins with 60-216 amino acids MBS was able
to find states with lower energy than the native state. Since it is generally assumed that the native
state corresponds to the global minimum of nature’s energy function, Rosetta’s energy function must
be inaccurate.
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2. RMSD is not an accurate similarity measure between decoys. For example, two decoys with shared
substructures that are hinged at one joint causing them to become shifted in space would be considered
rather dissimilar, whereas two completely dissimilar decoys that spatially occupy a small region would
be considered similar. In the future, we intend to explore the use of alternate similarity measures for
proteins, such as VAST [20], DALI [19], CE [48], ProSup [14], or LGA [67].
Due to above arguments, the results presented here should be interpreted only along the dimension of
energy. This dimension suffices to demonstrate the effectiveness of MBS, since we are only concerned
with finding states of low energy within the energy landscape. By using more accurate energy functions
(admittedly a tremendous challenge by itself), MBS will be able to make predictions closer to the native
state.

Figure 5: A comparison of the average energy of decoys produced by MBS and Rosetta for proteins of
different sizes. It can be seen that model-based search outperforms the Monte Carlo method implemented
by Rosetta by a large margin. The performance advantage increases as the length of the proteins increases.
The trend lines indicate that this performance gap continues to widen for longer proteins.
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Figure 6: A comparison of the average energy of decoys produced by MBS and Rosetta, and the energy of the
experimentally determined native structure as determined by the energy function used for these experiments.
For short proteins, model-based search finds lower-energy decoys than the energy of the native structure.
This points to inaccuracies in the energy function, since the native state should represent the global minimum
of the energy function.
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Figure 7: A comparison of RMSD to the native structure for decoys produced by MBS and Rosetta. Only the
decoys produced by MBS for long proteins have significantly lower RMSD that those produced by Rosetta.
This points to inaccuracies in the energy function and shows that RMSD may not be the correct metric to
evaluate similarity between protein structures.
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Figure 8: These graphs compare the 500 near native decoys produced by model-based search with those
produced by Rosetta. Starting in the upper left with the smallest protein, it is easily visible that decoys
produced using MBS are lower in energy then those found by Rosetta.
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5.1

2PTL Protein

2PTL represents the smallest protein in this study. Figure 8(a) shows that samples generated by MBS are
significantly lower in energy then those produced by Rosetta. MBS decoys appear to be more ordered than
those of Rosetta (Figure 9(b), 9(c)). MBS generates two low-energy clusters at 5 and 8 RMSD to the native
structure. In these clusters, the β-sheet is located on opposite sides of the α-helix. Note how the two MBS
decoys are almost mirror image of one another, with exception of a reversal of the top two strands of the
β-sheet(Figure 9(b)).

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 9: 2PTL is a 60 amino acid binding protein from the Immunoglobulin L Chain. The native state was
determined by Wilkstroem et al. using NMR [63].
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5.2

256B and 1APC Proteins

Similar to 2PTL, the energy levels of decoys produced by MBS are significantly lower then those produced
by Rosetta. However, this does not translate into decoys significantly closer to the native state. We claim this
is caused by inaccuracies in the energy function. The native states of 256B and 1APC have energy levels of
-70.0 and -33.1 , while the lowest energy decoys found by MBS are -115.5 and -111.3. One possible reason
for this is that the energy function may favor interactions local to the α-helix over global interactions. The
low-energy decoys produced by MBS seem to have longer α-helices with less alignment between them than
the native state (Figure 10, 11).

(a) Native

(b) Model-Based
Search

(c) Rosetta

Figure 10: Protein 256B is a 105 amino acid protein form of cytochrome B562. The native state of 256B
was determined by Lederer et al using x-ray crystallography [26].

(a) Native

(b) Model-Based
Search

(c) Rosetta

Figure 11: Protein 1APC is a 106 amino acid protein form of cytochrome B562. The native state of 1APC
was determined by Wand et al. [60].
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5.3

1CBI and 1BLR Proteins

The native state for both 1CBI and 1BLR has a β-sheet domain attached to a smaller α-helix domain (Figure
12(a), 13(a)). As with 256B and 1APC, the native state is much higher in energy then the decoys generated
by MBS. The native states of 1CBI and 1BLR have energy levels of -188.5 and -123.1, while the lowest
energy decoys found by MBS are -250.9 and -245.2 The low energy decoys for both proteins incorrectly
associate some of the β-sheets with the α- helix (Figures 12(b), 13(b)). Low energy decoys produced by
MBS for both 1CBI and 1BLR have very similar structure, while those produced by Rosetta have diverse
structure that appears disordered (Figure 12(b), 12(c), 13(b) and 13(c)). Combining these insights indicates
that there is likely a systematic error in the energy function that rates interactions between α-helices and
β-sheets too strongly.

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 12: Protein 1CBI is a 136 amino acid retinoic acid binding proteins. The native state was determined
by Thompson et al. [54].

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 13: Protein 1BLR is a 137 amino acid retinoic acid binding proteins. The native state was determined
by Wang et al. [61].
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5.4

1J3G and 1QY6 Proteins

As the dimensionality of the proteins continues to increase, it becomes harder to visually distinguish inaccuracies in the fold. Decoys produced by MBS appear to have more compact cores than those of Rosetta
(Figure 14(b), 14(c), 15(b) and 15(c)). Increased dimensionality also results in almost all MBS decoys to be
of lower energy than any Rosetta decoy (Figure8(f), 8(g)).

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 14: Protein 1J3G is a 187 amino acid hydrolase. The native state was determined by Liepinish et
al. [31].

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 15: Protein 1QY6 is a 216 amino acid protease from Staphylococcus Aureus. The native state was
determined by Prasad et al. [39].
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5.5

1R9Q and 1O0U Proteins

For the largest proteins in our study (1R9Q and 1O0U), the highest energy MBS decoy is lower in energy
then the lowest energy Rosetta decoy. (Figure 8(h), 8(i)). Through visual inspection it is hard to say much
about the final structures of the proteins, but cores of the MBS decoy look more compact.
For 1R9Q and 1O0U the native state is lower in energy than most if not all the decoys. If we assume the
trends from smaller proteins apply here, then most likely many conformations exist with much lower energy
then native. Since these low energy states are not being found, MBS is not fully searching the space.

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 16: The native state of, the 309 amino acid protein, 1R9Q was determined by Scheifner et al. [47].

(a) Native

(b) Model-Based Search

(c) Rosetta

Figure 17: The largest protein in our study, 414 amino acid 1O0U, had it’s native state determined by a
research group at the Joint Center For Structural Genomics center [21].

21

5.6

The Effect of the Model in Model-Based Search

The underlying model used to represent the information obtained during search is of critical importance
to the quality and efficiency of model-based search. This is demonstrated by experiments with different
underlying models. We compared the model described in Section 4 with a model that only maintains the
minimal energy samples, and a model that only maintains the radius of the relevant regions, but not its
energy level. A model solely based on energy level causes MBS to degenerate to a form of adaptive beam
search, whereas a model based on the radius effectively performs uniform sampling in relevant regions by
adapting the number of samples to the size of the region. The comparison of the decoys generated by MBS
with the respective models is shown in Figure 18. Not surprisingly, the most expressive model results in the
lowest-energy decoys. This result provides motivation to explore alternative models in the future.

RMSD to native

Comparison of RMSD vs Energy Level: protein 1J3G
21
MBS
Radius−biased
20
Energy−biased
19
18
17
16
15
14

−130

−110
−90
−70
−50
Energy as determined by Rosetta

Figure 18: This graph shows that model-based search is sensitive to the model chosen to represent local
features of the energy function. A model that incorporates both the energy level of a region as well as
an approximation to the size of the region achieves the best results (labeled MBS). A model based solely
on energy level causes MBS to degenerate to a form of adaptive beam search (labeled energy-biased) and
results in susceptibility to local minima. Biasing the search in the favor of samples with high radius (labeled
radius-based) does not focus computation on the most promising regions of the energy function.

6 Conclusions and Future Work
Search for the global extremum in a high-dimensional space will always be a challenging problem. We feel
the best solution will require the integration of all possible sources of information from the problem domain
and the particular problem instance to reduce the amount of search space that has to be explored. Modelbased search (MBS) lays out a method for the integration of domain knowledge with information generated
during search. In this report we only demonstrated how model-based search can exploit the information
obtained during search, i.e., the particular problem instance. By exploiting this information, MBS was
significantly better at finding low energy states in a molecular energy landscape than the Monte Carlo-based
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technique implemented in Rosetta, currently considered to be the leading protein structure predictor. This
was demonstrated by predicting the structure of nine proteins, ranging in size between 60 and 414 amino
acids, for which the native structure had been determined experimentally.
The results also indicate that the performance of MBS degrades in higher-dimensional search spaces.
While this degradation occurs much slower than with other search methods, it is apparent that a near-optimal
extremum cannot be found in those spaces. We attribute this to the fact that the amount of information
obtained during the search process is not sufficient to focus search on relevant regions. We will therefore
explore the inclusion of domain information to initialize the model. This additional information should
result in an additional reduction of the search space and consequently significantly improve the performance
of model-based search.
Furthermore, we have shown that the expressiveness of the model used in model-based search can have
a significant effect on the quality and efficiency of the search. We will investigate various models, including models that apply dimensionality reduction techniques, to improve the performance of the proposed
implementation of model-based search.
Model-based search identifies structures with energy levels far below the energy level of the native
structure (energies have been determined based on the energy function of Rosetta). The conclusion of these
findings must be that the energy function is not accurate. We would like to use model-based search to evaluate the quality of several energy functions in order to investigate and potentially reduce their inaccuracies.
Another outcome of our experiments was the insight that RMSD is a rather bad indicator of structure
similarity in proteins. This affects the quality of the model built by MBS during search. Future work will
explore whether better distance metrics can increase the quality of information used for building the model.
Candidates for this investigation are: VAST [20], DALI [19], CE [48], ProSup [14], or LGA [67].
In addition, we intend to explore the application of model-based search to other high-dimensional problem domains, such as structure learning in Bayesian Networks [16]. In these different applications, we
foresee difficulty in the creation of good distance metrics to determine nearest neighbors. Distance metrics
other than Euclidean distance will have to be explored, as determining the nearest neighbor in Euclidean
space becomes increasingly meaningless in high-dimensional spaces [7].
In the future, we expect search methods for practical problems in high-dimensional spaces to include various sources of information to reduce the amount of search required. Model-based search can be viewed as a
general framework for accomplishing this objective. The empirical evidence presented in this report shows
that even simple models can have a significant effect on the performance of search in high-dimensional
spaces.
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[65] K. Wüthrich. Biological crystallography. Acta Cristallographica Section D, 51:249, 1995.
[66] H. Xu and B. J. Berne. Mulitcanonical jump walking: A method for efficiently sampling rouch energy
landscapes. Journal of Chemical Physics, 110(21):10299–10306, 1999.
[67] A. Zemla. LGA: a method for finding 3d similarities in protein structure. Nucleic Acid REsearch,
2003.

27

