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Abstract

Molecular dockingisa popular way to screen for novel drug compounds. The method involves
aligning small moleculesto a protein structure and estimating their binding affinity. To do this
rapidly for tens of thousands of moleculesrequires an effective representation of the binding
region of the target protein. Thispaper presentsan algorithm for representing a protein's
binding sitein away that is specifically suited to molecular docking applications. Initially, the
protein'ssurfaceis coated with a collection of molecular fragmentsthat could potentially
interact with the protein. Each fragment, or probe, serves as a potential alignment point for
atomsin aligand, and is scored to represent that probe's affinity for the protein. Probesare then
clustered by accumulating their affinities, where high affinity clustersareidentified asbeing the
" stickiest" portions of the protein surface. The stickiest cluster isused as a computational
binding " pocket" for docking. This method of siteidentification wastested on a number of
ligand-protein complexes; in each case the pocket constructed by the algorithm coincided with
the known ligand binding site. Successful docking experiments demonstrated the effectiveness of
the probe representation.
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I ntroduction

Computational screening has become a popular tool in the search for drug leads, and hasthe
potential to amplify other capabilities such as high throughput screening. The approach involves
"docking" potential ligands from a database of tens of thousands of small molecules against a 3D
protein structureto identify those molecules that may bind to the protein, thus modulating its
biological activity.

The effectiveness of a molecular docking program depends greatly on the computational
representation of the intended binding site. Thisrepresentation, referred to as a pocket, should
reflect only those protein featuresimplicated in the desired binding; inclusion of excess features
multiplies runtimes needlessly, wher eas missing featur es may make matching a ligand difficult



or impossible. Binding pockets ar e typically created manually, since thisonly needsto be done
once per screening run, and since thereisoften apriori knowledge of a protein's active site or
favorable ligand binding motifs. However, an automatic method to identify binding sitesand
create pockets can eliminate human biases and oversights and offersa rigor ous way to select
protein featuresfor docking. For example, one can automatically enumerate distinct variants of
pockets, or one can explore known protein structuresfor unknown or secondary binding sites.
Thiscan beimportant in designing a small molecule mimetic of a lar ge peptide or protein
hormone, where it may be necessary to modulate receptor activity at sitesdistinct from the
native hormone binding site.

There are several requirementsfor an effective algorithm for representing and identifying
binding sites (a pocket-finder). The overriding goal isto narrow the search space of possible
alignments explored during docking. This demands the selection of a minimal set of protein
featuresto which ligandswill be aligned. The pocket-finder must also choose a sticky region of
the protein, onethat has significant " binding opportunity” so that a docked ligand might
achieve a high affinity for the protein. The pockets produced should be well-connected. It should
be possible to fit a single ligand molecule into the pocket, ruling out pocketsthat have multiple
disconnected components (separ ated by protein) or narrow constrictions.

This paper describes a pocket-finding algorithm that satisfiesthese requirements. The protein
surfaceischaracterized by a set of probesthat indicate potential hydrogen bonds (or salt
bridges) and favor able hydrophobic interactions with the protein. There areonly threetypes of
probes. a steric (hydrophobic) probe consists of a lone hydrogen atom; a hydrogen bond donor
probe consists of N-H; a hydrogen bond acceptor probeis C=0. Together, the set of probesforms
asort of " protein complement,” filling much of the void in and around the protein, with donor
probes surrounding hydrogen bond acceptor atoms on the protein, and viceversa. See Figure 1
for an illustration.




Fig. 1 Intermediate stage of probe placement around a small " protein”. For clarity, a small
molecule (p-amidinobenzoic acid) isstanding in for protein. Small spheresrepresent steric
probes (i.e.,, an H atom), and tubesrepresent polar probes (i.e.,, N-H isa hydrogen bond donor,
C=0 isahydrogen bond acceptor). The probe set has been thresholded by discarding low-
scoring probes. The density will be further reduced with several filtering steps.

The probes are used directly for generating ligand alignmentsin docking. For efficiency, the
number of probes should be minimized. The algorithm isquite stringent in thisregard: probes
ar e car efully positioned using a scoring function (Jain, 1996) to optimize their interaction with
the protein, and then only the few best probes per protein atom are kept. When docking,
conformational constraints may disallow exact ligand alignment to these probes, but the
assumption isthat the best ligand confor mation contains near-optimal atomic interactions, and
hence can be found by arobust docking program using the probe-based alignmentsasa starting
point.

The algorithm usesthe probesto compute a measure of " local protein stickiness' to identify the
regions of strongest potential binding. The set of probesin each region is collected as a sticky
spot. An example of a sticky spot isshown in Figure 2.

Fig. 2 Highest scoring sticky spot for streptavidin (not shown). Biotin, the natural ligand of
streptavidin, isoverlaid in yellow for reference. Many polar probesare closaly aligned with
hydr ogen-bonding moieties on the ligand.

Next, the geometry of the protein void is analyzed and a pocket is grown around each sticky spot.
A pocket isa superset of the probesin the corresponding sticky spot. Figure 2.



Fig. 3 Highest scoring pocket for streptavidin, derived from the sticky spot shown in Figure 2.
Ligand biotin isoverlaid in yellow. I nset shows closeup of some hydrogen bond donor probes
and the Asp 128 they interact with on the protein.

When used for docking, the sticky spot can serveasthe" core" of the pocket. For instance, the
Hammer head docker (Welch et al., 1996) requires each ligand alignment to use at least one of
the sticky spot probes. Theremainder of the pocket allowsfor alternate alignments of therest of
theligand. The user may select the desired maximum pocket size; larger pockets ar e useful for
docking larger ligands.

A detailed description of the algorithm isgiven in Methods.

The pocket-finder wastested on a number of proteinsand ligand-protein complexes. After
removing the ligands from the 3D structures, a pocket was automatically generated for each
protein. In every case, the pocket coincided with the known ligand's binding site and had probes
aligned with many of the ligand's atoms. The pockets were used successfully to re-dock the
ligandstothe proteins (Welch et al., 1996).

Results
This section evaluates the per formance of the pocket-finder in several respects. the degree of

similarity between the pocket probes and the ligand atoms, which isan indication of how useful
the pocketswill befor docking; the overlap of the sticky spots with the ligands, which indicates



the pocket-finder's success at identifying the binding sites; and the extent to which the polar
probes mimic the position and dir ectionality of ligand-protein hydrogen bonds.

The performance of the pocket-finder issummarized in Table 1, which liststhe protein test
cases, the number of pocketsidentified on each protein, and the index of the pocket containing
theligand binding site.

Table 1. Test cases and top-scoring pockets
Index of
FDB Number ligand-binding Scores Probes total,

Protein Ligand reference of pockets pocket #1, #2 sticky, pocket
Streptavidin Biotin 1STP I #1 142, — 1,968, 62, 136
DHFR Methotrexate 4DFR g #1 110, 82 2,055, 52,227
Thrombin NAPAP | DWW 5 #l 75, 70 3,428, 37, 205
Trypsin Benzamidine IPTB l #1 B6, — 2,398, 41, 140
Carboxypeptidase ZFVP(O)F TCPA 5 #1 B9, 75 3,137, 40, 108
HIY protease LT00.417 4PHY 7 #1 125, 82 2,462, 60, 263
Thermolysin ZFPLA 4TMN & #1 L16, 79 3,262, 58, 281
Cytochrome P45(0 Metyrapone IPHG 2 #1 100, 59 4,441, 43, 69
Endothiapepsin H-256 2ERG ] #1 L15, 75 3,349, 60, 381
Chymotrypsin —* 4CHA 3 1 12 2,590, 36, 145
Streptavidin tetramer — —b 4 #1-4 106, 84° 5,397, 48-52, 85-109

*Uncomplexed (no bound ligand in crystal).

"Unpublished structure of non-liganded streptavidin tetramer is due to Brad Katz.

*Lowest-scoring binding site pocket (#4) vs. #3,

Table 1. Test cases and top-scoring pockets

It also liststhe scores of the two top-scoring pockets, to compar e the algorithm's assessment of
the actual binding site versus other regions of the protein. Thelast column liststhe number of
probesfor the whole protein, the top-scoring sticky spot, and the resulting pocket. The pocket-
finder identified from oneto seven pockets on each protein, and ranked the pockets according to
the score of their sticky spots. In each case, the top-scoring pocket was centered on the known
ligand binding site. 5 show pockets produced for threetest cases, overlaid with the
corresponding ligandsfor reference.




Fig. 5 Highest scoring pocket for DHFR, with ligand methotrexate overlaid for reference. Probes
greater than 3 A from theligand are shown in pink.

Test cases

Eleven different X-ray crystallographic 3D protein structureswere used in developing the



algorithm. 1996). The last two test cases (chymotrypsin and streptavidin tetramer) are
uncomplexed structures (no ligandsin the crystal). Any water molecules present in the
structur es wer e removed.

The protein test cases had a wide variety of binding pockets, as evidenced by the variety of
ligands. The streptavidin, DHFR, and trypsin cases will be discussed in some detail, asthey
reasonably represent the diversity of the full test set. Since the pocket identified in each case
coincideswith the binding site of a known ligand, the pockets will be evaluated by comparison
with the bound confor mations of the known ligands (biotin, methotrexate, and benzamidine,
respectively). Close alignment of polar probesin a pocket with similar polar moieties on the
ligand indicatesthat the algorithm has accur ately selected favorable interactionswith the
protein. Tothe extent that the known ligand has a shape complementary to the protein, the
steric probesin the pocket should be dlightly insidethe Van der Waals surface of theligand. In
broad terms, a good pocket for docking should " look like a ligand,” meaning it hassimilar probe
density and probetypes, and an overall shape that can accommodate a ligand. A pocket with too
few features cannot effectively distinguish different potential ligands, and a pocket with too
many featureswill generate many unproductive alignments during docking.

Probe proximity and sticky spot location

Table 2 containsthe data used in evaluating the perfor mance of the pocket-finder. It
summarizesthe distances between probes and bound ligand atoms of the same type (steric,
hydrogen bond donor, or acceptor), for each of the ninetest casesin which a bound ligand was
present in the crystal structure.

Table 2. Distribution of distances between probes and ligand atoms of similar types

Ligand to pocket distances (A)? Sticky spot to ligand distances (A)

PDB code Min/Avg/Max Within 1.5 A Min/Avg/Max Within 1.5 A
1STP 0.27/1.00/1.63 26 of 31 0.27/1.28/4.05 23 of 31
4DFR 0.27/1.79/4.65 22 of 53 0.34/1.95/5.71 9 of 53
1IDWD 0.25/1.57/3.47 38 of 69 0.33/1.47/3.06 14 of 69
1PTB 0.24/1.07/1.85 14 of 18 0.24/1.55/5.66 14 of 18
TCPA 0.38/1.79/4.90 30 of 74 0.38/2.22/8.81 12 of 74
4PHV 0.39/1.47/4.87 50 of 88 0.39/1.60/4.06 23 of 88
4TMN 0.13/1.39/3.04 42 of 68 0.13/1.56/5.24 23 of 68
1PHG 0.23/1.12/4.21 26 of 31 0.23/1.27/2.85" 21 of 31
2ER6 0.25/1.91/7.65 52 of 127 0.25/1.49/3.43 27 of 127

*Hydrogen atoms have been added to all ligands,
"The maximum distance in the 1PHG case excludes 2 hydrogen bond donor probes not matching any atoms on the ligand.

Table 2. Distribution of distances between probes and ligand atoms of similar types

For each ligand atom, the distance is computed to the nearest probe of the sametypein thefull
pocket. The second column in 1996), RM S deviations of up to 2.0 A can be pulled back into a



near -optimal alignment by the scoring function, so the probesin each pocket can effectively
serve asligand alignment pointsfor molecular docking. For small ligands, the aver age distance
iscloseto 1.0 A; larger averagesresult in cases wherethe pocket does not fully cover alarge
ligand. Thethird column counts how many of the ligand atoms have a probe of the same type
within 1.5 A, and indicates that large portions of each ligand are represented with near by
probes.

Thefourth column summarizesthe analogous distances from the probes on each sticky spot
(subset of a pocket) to atoms of a similar type on the corresponding ligand. This verifiesthat
each sticky spot has a large overlap with the ligand, and hence has successfully identified the
binding site. Thefifth column countsthe number of ligand atoms with near by probes of like
type, and comparison with thethird column shows that although the sticky spots are generally
much smaller than the entire pockets, they still represent from 9 to 27 of each ligand's atoms.

For thetwo unliganded proteinsin Table 1, thetop-scoring sticky spots wer e visually deter mined
to coincide with the known ligand binding site.

Hydrogen bondsin the crystal structureswere also examined. The collection of test cases was
deter mined to have 49 high-quality hydrogen bonds between ligands and proteins. Of these, 47
(94%) wer e found to have a corresponding probe within 1.5 A of the participating ligand atom,
whose direction was within 60 degrees of the hydrogen bond's direction. The average orientation
discrepancy was 23.3 degr ees.

Streptavidin test case
Figure 2 from which it was derived.

The carbonyl on the lower left of biotin isknown to make three hydrogen bondswith protein
side chains (Weber et al., 1992). Five C=0 probesrepresent interactions with different
combinations of the protein'sdonor atoms. The neighboring N-Hs also make hydrogen bonds of
nearly optimal geometry; notethe nearly coincident N-H probes. Theinset at the bottom
illustrates how the Asp 128 side chain givesriseto several donor probesrepresenting potential
hydrogen bonds, one of which exactly smulatestheinteraction biotin makes. The other polar
moieties on the ligand (the thioether and the carboxylic acid) are represented by the
corresponding types of polar probes. Theremaining hydrophobic portion of the ligand iswell-
suggested by steric probes. These probes are not expected to align precisely with ligand atoms,
dueto the non-directional nature of Van der Waalsinteractions. Instead the steric probes may
be viewed asrepresentative points on a hydrophobic surface. M ost of the lipophilic hydr ogens of
biotin areseen to liein thissurface. A few more distant steric probesindicate small crevicesin
the protein not completely filled by biotin.

A comparison of Figure 3 showsthat the pocket extends well beyond the sticky spot at the top,
near the " tail" of biotin, out into solvent on the exterior of the protein.

Trypsin test case

The pocket produced for thetrypsin test caseisshown in Figure 4, overlaid with benzamidine
for reference. The sticky spot (not shown) contained all the probes proximal to the ligand, and



the pocket-finder added the probes above and to the left of the ligand, interacting with the
exterior surface of the protein, aswell asafew probes at the bottom center of thefigure. The set
of probes near theligand bearsaresemblanceto theligand itself: each polar N-H on theligand
has one or more corresponding N-H probes near by, and the phenyl group isalmost entirely
enclosed by steric probes.

The pocket reaches approximately 10 A further out onto the exterior of the protein. This pocket
would be quite suitable for docking of larger ligands, although smaller pockets may be obtained
by adjusting the pocket size parameter. The few probesin the bottom center residein a crevice
in the protein.

DHFR test case

The pocket for the DHFR test caseisshown in Figure 5. Methotrexate (MTX) isoverlaid for
reference. The pocket was grown from a sticky spot (not shown) centered on the location of the
pteridinering system on the left side of the ligand. Probes further than 3.0 A from theligand are
shown in pink toillustrate the overall topography of the pocket. The probes on the upper right
areon the exterior of the protein. Unlikethe streptavidin case, theinternal cavity of DHFR
includes additional branches not occupied by theligand: a large void reaching upwards (the
probes on the upper left), and a thinner tunnel reaching out towar ds the viewer (probesalong
the bottom right).

In the region of the pocket wher e the ligand binds, the probes correspond closely with the ligand:
each polar N-H on the pteridine system has a corresponding N-H probe, and many of the polar
moieties at the other end of MTX arerepresented by polar probes. The central hydrophobic
portion isentirely represented by steric probes.

Thelargevoid above MTX isthebinding site of NADPH (a co-factor of DHFR (Bolin et al.,
Table 1, scoring 110 and 82, were both centered on the MTX pteridinering system. Thethird
best sticky spot scored 81, and covered a portion of the NADPH binding site. The portions of the
pocket that extend beyond MTX allow the exploration of different binding modes during ligand
docking.

Pocket-finder specificity and utility

The scores column of Table 1 indicates the difference in scor e between the two best pockets as
identified by the algorithm. Thisillustratesthe algorithm's ability to separate the stickiest spot
on the protein from other regions. Therelatively large separation in all cases (except thrombin)
indicatesthat the algorithm isrelatively insensitive to its parameter settings. Thus, non-default
settings can be used (for example, to produce larger or smaller pockets), without affecting the
algorithm's selectivity towar ds the known binding sites.

Thefinal column in Table 1 givesthe number of probesin the entire set for the protein, in the
top-scoring sticky spot, and in theresulting pocket. A basic check on the efficacy of the
algorithm isto notethat, in each test case, the pocket-finder selected a very small subset of the
input probes, correctly located on the known binding site. The full probe sets contained from
1968 to 4441 probes, (5397 for the streptavidin tetramer case), the number of probes being



roughly proportional to the protein's surface area, or size. The pockets generated wer e derived
from sticky spotsthat contained only 36-62 probes, e.g., about 1% to 3% of theinput probes.

The pockets of streptavidin, DHFR, and trypsin that wer e discussed earlier all yield rapid and
accur ate dockings of the respective ligands using the Hammer head program of Welch et al.
(1996). The pocket-finder has also been used in successful computational screensfor novel
ligands of streptavidin and thymidilate synthase. The results of these experimentswill bethe
subject of future publications.

Characterization of binding sites

Thealgorithm's successin identifying and char acterizing known binding sites highlights two
general properties shared by binding sites, at least for the studied cases involving small-molecule
ligands binding largely in theinterior of proteins. These binding sites are largely hydrophobicin
naturerelativeto other parts of the protein, as evidenced by the increased weighting of
hydrophobic scoresrequired in the algorithm below. Also, at least a portion of every binding site
was found to have a local score density well abovetherest of the protein, asmeasured during the
identification of sticky spots. Often, asin the cases of trypsin-like proteases and the streptavidin
pockets, the local score density was associated with accessible polar moieties. However, in cases
like chymotrypsin, hydrophaobic scor e density was the dominant factor .

It isnot clear whether theresults of this paper will apply to protein-protein binding inter actions,
or to binding siteson the exterior of proteins. The sizes, shapes, and characteristics of such
binding sites may differ from those of the cases studied in this paper, all of which involved
internal protein cavities. Studies ar e ongoing to deter mine whether the algorithm performswell
in these cases. Alternate parameter settings may berequired that, for example, apply lesser
weight to hydrophobicity or accept sticky spotsthat arelesslocalized.

Discussion

Demar cation of a protein binding site and itsrepresentation as a pocket are critical
preprocessing steps for molecular docking. The pocket-finder algorithm presented here provides
arigorous and robust way to automate these steps. It characterizesa protein with a spar se set of
probes, small molecular fragmentsthat represent potential ligand interactions with the protein.
A novel techniqueisused to select the " stickiest" spot on the protein. The surrounding protein
cavity isthen analyzed geometrically to produce a reasonably shaped pocket for docking.

For rapid screening of lar ge databases of compounds, the pocket must be a concise but accur ate
characterization of the protein features. To thisend, only threetypes of probeswere used: steric,
hydrogen-bond donor, and hydrogen-bond acceptor. Formally charged interactionswere
represented by the hydrogen-bonding probes. The set of probesisas sparse as possible to reduce
the docking sear ch space by limiting the set of ligand alignmentsto be tested. A high degree of
specificity was obtained by using an empirically tuned scoring function to optimally placethe
probes.

Thealgorithm wastested on a variety of protein and ligand-protein crystal structures. In each
case, it successfully identified the known ligand binding site asthe stickiest spot on the protein.



Many of the probesin each pocket coincided with similar moieties on the known ligands, which
isan ideal situation for docking. Theresulting pockets ar e accur ate enough to be successful in
docking known ligandsto protein binding sites, and the pockets ar e spar se enough that rapid
docking is possible.

The pocket-finder isarigorous and effective alter native to manual preprocessing for molecular
docking. Coupled with a scoring function and a docking engine, it gives a completely automated
method for end-to-end computational screening. The pocket-finder iscurrently in usein lead
discovery for both enzyme and receptor targets.

Relation to previous work

Many techniques have been previously published on analysis of protein surfacesasa
preparatory step for computational docking or other applications, although automatic
identification and demar cation of binding sites appearsto be novel.

Most of the previouswork on docking uses protein descriptorsthat arerelated to the pocket-
finder'sprobes. The general strategy for protein characterization used in the DOCK program of
Shoichet & Kuntz (1994), which increases the computational cost.

The GRID program developed by Goodford (1995) one of four typesisassigned to each protein
atom itself.

A purely geometric approach to molecular surface description isreported by Lin et al. (1994).
" Critical points' are selected for faces on the Connolly surface, for instance " pits' which liein
the crotches between three atoms.

The pocket-finder's probes are most closely related to a series of approachesthat utilize
interaction points or molecular fragments as descriptors. The descriptor approach istypified by
thework of Rarey et al. (1994) combines grid and descriptor methods, computing six potential
fieldsover agrid, then selecting grid points which arelocal maxima of interaction energy to be
used as" match centers."

M ethods

This section presentsthe pocket-finder algorithm in detail. There arethree main stepsin the
pocket-finder: probe placement, sticky spot identification, and pocket accretion. First, three
types of probes are placed densely around the protein to complement its surface. The set of
probesisfiltered, retaining only those representing the strongest interactions with the protein.
Sticky spots are then located by selecting probe subsets which have the potential to make strong
cumulative interactionswith the protein in a small volume. Then a set of protein-free spheresare
"inflated" in the protein void. These spheres guide an accr etion process that growsthe sticky
spotsinto pockets. Finally the pockets are scored, and the top-ranked pocket is output.

Brief review of scoring function and Hammerhead molecular docking program

The pocket-finder is part of a computational screening system that also includes a scoring



function and the Hammerhead program for flexible molecular docking. They are discussed in
detail in Welch et al. (1996); the featur es of those componentsthat pertain to the pocket-finder
arereviewed here. The scoring function estimates the binding affinity between two moleculesin
a given alignment. It was tuned empirically on alarge set of complexed ligand-protein crystal
structures, and achieves an expected error of 1.0 log units. The function is continuous and
differentiable with respect to the alignment, enabling optimization of the alignment via gradient
descent. In the pocket-finder, the scoring function calculates each probe's affinity to the protein,
and these affinities deter mine the strongest-inter acting probes and the local " stickiness" of the
protein surface. The optimization capability of the scoring function is used to optimize the
alignments of the probes.

The Hammerhead docking program flexibly aligns small moleculesto a known protein structure
and uses the scoring function to predict their binding affinities. It screensa compound in a few
seconds, a large database in a few days. Hammer head operates directly on a set of probes
produced by the pocket-finder, by aligning subsets of a ligand's atomsto the probes.

Probes for protein characterization/pocket representation

Thefirst step in building a pocket isto locally characterize the protein surface by surrounding it
with a set of probes. Each protein atom isclassified as polar if it can make a hydrogen bond (or
salt-bridge), or hydrophobic otherwise. Each atom isthen densely surrounded by probes of the
appropriate type. For instance, a protein atom that is negatively charged or isa hydrogen bond
acceptor (e.g., the O from a protein's C=0) issurrounded by N-H donor probes. See 1996) are
not represented by probes.

Next, each probe's position and orientation are adjusted to maximizeitsinteraction with all
protein atoms by following the gradient of the scoring function (Jain, Figure 1 showsthe
situation at this point, after removal of the low-scoring probes. Notice that the only steric probes
remaining are those that can interact with morethan one protein atom; hencethe steric probes
tend to crowd into the" crevices' between atoms.

Since the Hammerhead docking program oper ates by matching sets of ligand atoms against
probes, the set of probes should be as spar se as possible (to keep docking time down) while still
allowing discovery of desirable dockings. Thus, the next step reducesthe probe density via a
series of filters. Only a small number of probes making the best interaction with each protein
atom will be kept. First, isolated probes are eliminated. Next, redundant probes are eliminated.
For steric probes, any probethat iswithin 1.0 A of a higher scoring steric probeis discarded.
For polar probes, any probethat iswithin 1.5 A and whose dir ection iswithin 60 degr ees of
another higher scoring polar probe of the same sign isdiscarded (unless otherwise specified, the
position of a probeis considered to bethe center of the atom at its head: the O of C=0, or theH
of N-H). Thefiltering stepsremove about 75% of the (thresholded) probes. Thefinal set of
probeswill have an atom density closeto that of a realistic ligand, somewhat higher in regions
wher e several distinct forms of hydrogen bonds can be made with the protein.

Finding sticky spots

Each probe has an associated scores, produced by the scoring function (Jain, 1996). The scores



represent each probe's estimated (additive) contribution to the ligand-protein binding affinity. A
region containing many high-scoring probesisthusa™" sticky" part of the protein--a place where
part of a hypothetical ligand might bind with high affinity.

The search for sticky spotsisbiased to prefer hydrophobic regionsin theinterior of the protein.
Such pockets, when they exist, offer great potential for strong ligand binding, and many known
protein-ligand binding complexes ar e of thistype. The biastowards hydrophobicity isin general
agreement with the observation that ligand-protein binding affinity islargely dueto
hydrophobic interactions (Jain, 1996). This bias is accomplished by multiplicatively weighting
the scores of steric probes, yielding weighted scoresw, = 4*s for steric probes, and w; = s for

polar probes. The value of 4 was not chosen systematically.

Sticky spots are those pointswith the highest local score density, computed at a point x as

Summationiwi, wher e the summation isover all probeswithin 4.0 A of x. Thelocal score density

iIscomputed at each probe. For each probewhose local score density isat least 80% of the best,
the probeswithin 4.0 A are collected together into a probe group. Each of these groupsis
considered to be a sticky spot.

Thenext step isto merge redundant sticky spots, by combining groups. Given the score-sorted
list of probe groups, each group isrepeatedly merged with better scoring overlapping groups,
unlessthe resulting set of probeswould have aradiuslarger than afixed limit Fo: The default

valueis ro="55 A. Thislimit is chosen to bias pocket sizes towards what might be reasonably

occupied by a small molecule ligand. After merging, each sticky spot's scoreis set to the sum of
its probes scores. Figure 2 showsthe probesin the top-scoring sticky spot computed for
streptavidin using the default parameter settings. For reference, biotin isshown in itsbound
confor mation.

Onetechnical detail concerning the above method isthat it may produce a sticky spot that isnot
connected: onethat containsa pair of probesthat are completely separated by protein. Thiscan
occur becausethe protein isnot taken into account while deter mining sticky spots. A
disconnected sticky spot leadsto a disconnected pocket, which isundesirable for docking. The
simplefix used for this problem wasto do a preliminary accretion step (described in a later
section), for connectivity analysis of the sticky spot. It deter mines which subsets of the probesin
the sticky spot are connected, and the sticky spot is pruned to consist of only the lar gest
connected subset.

Protein-free spheres

A set of spheresisused to represent the void around the protein, and allows efficient
determination of the connected regions of the protein-free space suitable for ligand placement.
|deally, the set of sphereswould be a minimal set that covers most of the protein-fr ee space.
However, a sufficient approximation is achieved with the following smple scheme. Spheresare
placed with centerson a 1.0 A cubical grid, and each sphereisgrown until it reachesthe Van der
Waals surface of a protein atom. Spheresinsidethe protein's surface or with radii lessthan 0.5 A
arediscarded. Thisset of protein-free spheresforms an approximate negative image of the
protein. Figure6 illustratestheidea of protein-free spheresin 2D.



Fig. 6 2D illustration of protein-free spheres. Only the two bold spheresare” spannable’ with >2
A interpenetration.

Figure 7 showsthe protein-free spheres computed for a portion of streptavidin.

Fig. 7 Protein-free spheresfor a portion of streptavidin including biotin binding site. Bound
position of biotin isoverlaid in dotted yellow. Note protein cavity " constriction” below biotin.

The cavity containing the biotin binding siteisin the center (the bound position of biotin is



indicated by the overlaid dotted yellow lines). The figure has been simplified by trimming large
radii to 2 A. At thetop, near the carboxylic acid tail of biotin, the cavity opens out into solvent.
Below biotin, thereisathin constriction in the cavity, about 2 A wide, below which the cavity
again opensinto solvent. Theregular pattern of spheresat the very bottom results from the edge
of a bounding box containing the protein.

Accretion

The next step in the algorithm isto enlarge the sticky spots into pockets of the desired size by
adding any near by accessible probes. Thisis done via a process of accretion on the set of protein-
free spheres. Some of the issuesinvolved in pocket construction areillustrated in Figure 7. For
instance, a large pocket that includes the biotin binding site might also extend out into solvent
and the protein exterior if it wereto be used for the docking of molecules larger than biotin.
However, it would be undesirable for the pocket to includetheisolated voids, or to extend
through thethin constriction at the bottom, since no single small-molecule ligand could
simultaneously dock into disconnected portions of the pocket.

A pocket's extent will be a set of overlapping spheres. Each pair of spheresisclassified as
spannable, reachable, or disconnected, depending on the amount of interpenetration. A pair of
spheresis said to be spannableif their protein-free spheresinterpenetrate at least 2.0 A, as
shown in Figure 6. An interpenetration greater than 0.7 A is considered reachable, and pairs
with a smaller inter penetration are disconnected. Spannable pairs of spherestend to have large
clearancesto the protein, sufficient for aligand moleculeto " span" that region of space.
Reachable pairs, by contrast, are closer tothe protein, and indicate that a small ligand moiety
may be accommodated.

More precisely, the inter penetr ation of two sphereshaving radii r, and r,, with centersat a
distanced, isr1 +r,- d. Since all spherescentersareat least 1.0 A apart, the2.0 A
inter penetration required of spannable pairsof spheresmeansthatr, +r,>3.0 A, so at least one

of the spheres must have aradius larger than 1.5 A. Thisguaranteesthat the protein cavity will
have a diameter of at least 3.0 A locally. (Typically, the cavity must be slightly wider than thisto
be consider ed spannable, depending on the orientation and alignment of the spheresrelative to
the protein.) A sequence of spannable spheresisintended to reflect the thinnest passage in the
protein void that can be spanned by athin ligand such as a methylene chain.

For each probein the sticky spot, the sphere with the nearest center islabeled asbeingin the
pocket. From the labeled spheres, any spheresthat are spannable arelabeled, and this processis
repeated up to some maximum distance d1 from the sticky spot. Thisyields a skeletal pocket that

spans a well-accessible portion of the protein void. Thisskeletal pocket is" fattened” dlightly by
repeatedly labeling any spheresthat arereachable, out to a distance d2 from the spannable

points. Fattening helpsto deal with " edge effects’ from the approximation of the protein
surface. The values d1 =9.0A and d2 = 1.5 A werefound to work well over therange of proteins

studied. Sincer j isthe sticky spot radius, the maximum pocket radiusisry+d, +d,. Larger or
smaller pockets are most effectively generated by varying the value of d1' To convert the set of



