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Abstract

Utilizing concepts of protein building blocks, we propose a de novo computational algorithm that is similar
to combinatorial shuffling experiments. Our goal is to engineer new naturally occurring folds with low
homology to existing proteins. A selected protein is first partitioned into its building blocks based on their
compactness, degree of isolation from the rest of the structure, and hydrophobicity. Next, the protein
building blocks are substituted by fragments taken from other proteins with overall low sequence identity,
but with a similar hydrophobic/hydrophilic pattern and a high structural similarity. These criteria ensure that
the designed protein has a similar fold, low sequence identity, and a good hydrophobic core compared with
its native counterpart. Here, we have selected two proteins for engineering, protein G Bl domain and
ubiquitin. The two engineered proteins share ~20% and ~25% amino acid sequence identities with their
native counterparts, respectively. The stabilities of the engineered proteins are tested by explicit water
molecular dynamics simulations. The algorithm implements a strategy of designing a protein using rela-
tively stable fragments, with a high population time. Here, we have selected the fragments by searching for
local minima along the polypeptide chain using the protein building block model. Such an approach
provides a new method for engineering new proteins with similar folds and low homology.

Keywords: protein building block; computational protein design; combinatorial assembly; protein G; ubig-
uitin; molecular dynamics simulation
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Protein folding is not a random search process (Levinthal
1968; Wolynes et al. 1995; Dill and Chan 1997; Dobson et
al. 1998). Currently, the new view of protein folding with a
funnel shape energy landscape (Wolynes et al. 1995; Dill
and Chan 1997; Onuchic et al. 1997; Brooks et al. 1998)
appears to most appropriately describe the observed protein
folding processes. Nevertheless, some experiments (Bai et
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al. 1995) have shown that folding can be considered to
occur as a sequential process rather than in numerous dif-
ferent pathways. The building block folding model (Lesk
and Rose 1981; Baldwin and Rose 1999a,b; Tsai and Nussi-
nov 2001b; Tsai et al. 2002), which states that protein fold-
ing is a process of combinational assembly of building
blocks, is a “practical” folding model along the guidelines
of the views of funnel energy landscape. An arbitrary frag-
ment in a protein is considered as a building block if one or
some preferred conformations are more stable (or with a
higher population time) than other alternative conforma-
tions (Tsai et al. 2000, 2002; Tsai and Nussinov 2001a).
Based on concepts of hierarchical protein folding, the build-
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ing block model defines a protein building block by means
of compactness, degree of isolation, and hydrophobicity of
candidate building blocks (Tsai et al. 2000). The results are
consistent with limited proteolysis experiments (Tsai et al.
2002). In this model, proteins in the same family yield very
similar building blocks. However, because a building block
fragment is a conformationally independent entity, building
blocks from different protein families can also share similar
building block structures (Haspel et al. 2003a). This sug-
gests that building blocks may be useful in designing pro-
teins. To test this idea, we use a new computational algo-
rithm to engineer proteins with naturally occurring folds;
however, with low sequence homology. The sequence iden-
tity is kept as low as possible to avoid a homology-based
bias.

The computational procedures are outlined in Figure 1:
Briefly,

(A) In a given protein, its 3D topology is partitioned into
building blocks based on a building block cutting al-
gorithm and a scoring function (Tsai et al. 2000).

(B) Each building block is searched against the Protein
Data Bank to find candidates of substitute fragments. A
candidate should have low root-mean-squared devia-
tion (RMSD), here <2.5 A), similar hydrophobicity and
low sequence identity (<25%). Several candidates can
be found, depending on the topology and sequence of
each building block.

(C) The “best” candidate is selected from the pool. Its to-
pology is superimposed onto the building block in the
original native protein. These procedures (A, B, and C)
are repeated for each building block. Then, the engi-
neered protein is built by combinatorial assembly.

(D) Finally, the stability of the engineered protein is ex-
amined by explicit water molecular dynamics simula-
tions.

In our algorithm, the criterion of hydrophobicity will en-
sure that the candidates will have similar hydrophobic/hy-
drophilic pattern as the original building blocks. On the
other hand, the small RMSD criterion constrains the candi-
dates to those with similar topology as the original building
blocks. In the combinatorial assembly procedure, candidates
are superimposed onto their corresponding building blocks
in the native protein. Thus, this procedure ensures that the
engineered protein will have a fold similar to the original
native protein, similar hydrophobic and hydrophilic pattern,
but low sequence identity. The minor nonequilibrium en-
ergy, which may exist in the original engineered proteins, is
removed by force field energy minimization.

The algorithm proposed here is very similar to experi-
ments of protein domain swapping and combinatorial shuf-
fling of polypeptide segments except that the “domain” is
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Figure 1. Graphic outline of the computational protein engineering algo-
rithm. (A) A given native protein 3D structure is partitioned into building
blocks using a computational cutting algorithm and a fragment length
independent scoring function (Tsai et al. 2000). (B) Using the structure and
sequence of building blocks from step A, candidate substitution fragments
are searched against the PDB. The goal is a C,-RMSD smaller than 2.5 A
and sequence identity lower than 25%. At the same time, candidate build-
ing blocks should have a similar hydrophobic/hydrophilic pattern. (C) By
superimposing the selected substitution fragments onto the native protein,
the new engineered protein is constructed by combinatorial assembly. (D)
Finally, the stability of the engineered proteins are examined by explicit
water MD simulations. This algorithm ensures the engineered protein has
the similar fold as its parent protein, but with low sequence identity.

defined by building blocks in our algorithm. In the compu-
tational and experimental domain swapping design study,
Voigt et al. (2002) defined the protein building blocks by
minimum disturbance of the integrity of the protein 3D
structure using concepts of schema theory of genetic algo-
rithms. Building blocks defined either by minimum distur-
bance or by fold independence can be regarded as relatively
stable protein fragments in a given protein. Mayo and Ar-
nold (Meyer et al. 2003) have further constructed a combi-
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natorial library to estimate the disruption caused upon sub-
stitution of schemas due to altered interactions in the 3D
structures upon schema shuffling. Other fragment-based ap-
proaches include protein design by phage display libraries.
This strategy has been employed to computationally and
experimentally design a four-helix bundle protein (Chu et
al. 2002), coupling phage display and proteolysis. Interest-
ingly, the authors find that the positions of the cutting sites
of the protease may significantly influence the selection of
structures. Pioneering studies of limited proteolysis by Fon-
tana et al. (1997, 1999) have long shown that fragments
obtained through a limited proteolysis strategy can be com-
bined to yield the native protein. This suggests that frag-
ments obtained through such applications can be used both
for studies of protein folding pathways and for protein de-
sign. The number of potential combinations in protein de-
sign is huge, as shown in the first pioneering completely
automated zinc finger redesign by Mayo and his colleagues
(Dahiyat and Mayo 1997; Dahiyat et al. 1997). Fragment-
based approaches reduce the number of combinations in a
designed protein. An alternate algorithm to reduce the huge
number of degrees of freedom involves a statistical compu-
tationally assisted design strategy. This method has recently
successfully designed water-soluble analogs of a potassium
channel (Slovic et al. 2004) and a monomeric helical di-
nuclear metalloprotein (Calhoun et al. 2003). Still another
promising strategy involves an application of the Rosetta
Design algorithm (Dantas et al. 2003). Additionally, new
protein engineering techniques using multiple stabilizing
substitutions were recently employed by Peng and cowork-
ers (Cammett et al. 2003). These techniques were shown to
yield remarkable results, enhancing the stability of cyclin-
dependent kinase inhibitor and renovating Cdk4 binding
activity of several flawed cancer-associated mutant proteins.

Recombination is a powerful tool for the engineering and
optimization of proteins in vitro (Crameri et al. 1998; Riech-
mann and Winter 2000). It enhances design through com-
bination of fragments from different proteins to form a new
protein with a potential new function. Here, rather than
substituting a single residue at each location, our approach
substitutes fragments. Importantly the fragment size varies,
depending on its identification as a local minimum along the
polypeptide chain. The minimum size is 15 amino acids,
and the maximum can be any size. A fragment-based ap-
proach reduces the computational cost dramatically. At the
same time, criteria such as those defined above ensure that
the topology and hydrophobic/hydrophilic patterns of engi-
neered protein are similar to the native protein. The simi-
larity between an engineered protein and its parent native
protein will likely ensure that the engineered protein has
good opportunity to be stable.

Two proteins, protein G Bl domain (PDB code: 2gbl)
and ubiquitin (PDB code: lubq), were selected for engi-
neering. These two engineered proteins share ~20% and

A Native Protein G B Engineered (Protein G like)

C source of Building Block-I

5

Figure 2. The structures and building blocks of the native protein G B1
domain and the engineered protein. The sources used in engineering pro-
tein are also shown. Building block-I (BB-I) is shown in red and building
blocks-1I (BB-II) is highlighted in green. The unassigned and unused resi-
dues are in yellow. (A) The two building blocks of the native protein G B1
domain. Building block-I (BB-I, residues 2-36) consists of a 3-hairpin and
an a-helix. Building block-II (BB-II, residues 37-56) is a B-hairpin. (B)
The two building blocks of the engineered protein (protein G-like; eng-
2gbl). Similar to BB-I in nat-2gb1, BB-I of eng-2gbl also consists of a
B-hairpin and an a-helix, whereas BB-II is a B-hairpin. (C) The structure
of the Protein L B1 Domain, the source protein used for the engineered
protein. The fragment used for engineering eng-2gb1 is highlighted in red.
(D) The structure of diisopropylfluorophosphatase, the source protein of
BB-II in eng-2gb1. The fragment used in engineering eng-2gb1 is denoted
in green.

~25% amino acid identity, respectively. Like native pro-
teins, the engineered proteins also have a hydrophobic core
and the hydrophilic side chains are exposed to the protein
surface. In addition, the engineered proteins have similar
folds as their corresponding native proteins. On the other
hand, two “nonproteins” with inverted polar/nonpolar resi-
due patterns (with no or poor hydrophobic cores) based on
the topologies of protein G Bl domain and ubiquitin were
also engineered for control. The stabilities of the engineered
and control proteins were tested by explicit water molecular
dynamics simulations. Employing this computational algo-
rithm, we are able to engineer new, similar fold, low ho-
mology proteins based on a selected native protein, and to
examine the idea whether the building blocks are stand-
alone fragments. The computational methods developed
here may assist in combinatorial design of new functional
proteins.

www.proteinscience.org 2755
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Computational algorithm

There are three major procedures in computational algo-
rithm of protein engineering: (1) building block (BB) cut-
ting algorithm, (2) candidate BB searching and in silico
protein engineering algorithms, and (3) stability tests by
molecular dynamics simulations. The tertiary structure of
selected native protein is partitioned into a set of building
blocks by estimating their compactness, degree of isolation,
and hydrophobilicity. The building blocks are regarded as
relatively stable and highly populated fragments. Based on
the structure, sequence, and the hydrophobilicity pattern of
the building blocks, candidate BBs with similar structure,
low sequence identity, and similar hydrophobic/hydrophilic
pattern are searched against the Protein Data Bank (Berman
et al. 2000). The best candidate BBs are superimposed onto
the corresponding BBs’ C, architectures. Finally, the sta-
bility of the engineered protein is examined by molecular
simulations. The three procedures are described as below.

Building block cutting algorithm

The detailed description of the building block cutting
algorithm has been published elsewhere (Tsai et al. 2000),
and is only briefly outlined here. A scoring function esti-
mates the relative stability of a candidate building block.
The scoring function is expressed as:

-7) (H-H,,) (,,—1)
Score®? (Z,H,I)= ( 2 +( Have ( avg
Zdev Hdcv Idcv
( avg Z) + (H uv(g) ( avg ~ )
Zjev Hdev Ijev

(1

where Z, H, and [ are the compactness, hydrophobicity, and
degree of isolation, respectively. The hydrophobicity score

(H) is defined as the fraction of the buried nonpolar surface
area over the total nonpolar surface area,

H= NonASABuried/(NonASABuried + NODASASurf) (2)

where N"ASAp ieq and N"ASAg,,, are the buried and the
exposed nonpolar surface area (Tsai et al. 2000). The sub-
scripts avg and dev are the arithmetic average and the stan-
dard deviation, respectively, obtained from a nonredundant
data set of 930 representative single chain proteins. Quan-
tities with superscripts 1 and 2 are calculated with respect to
fragment size and a function of the fraction of fragment size
to the entire protein, respectively. The selected candidate
BB has a high stability score as estimated from equation 1,
which represents the minimum deviation from the averaged
values. Fragments with various lengths (minimum 15) are
estimated for their stability scores. The procedure is carried
out iteratively until the building blocks can no longer be cut.
The resulting spanning tree delineates the most likely pro-
tein folding pathways.

Candidate BB search and in silico
protein engineering algorithms

Once a native target protein has been cut into its building
blocks, the structures and sequences of its BBs are used to
search the PDB for substitute fragments. Four criteria are
used in the candidate BBs search:

(1) Low C_-RMSD: The C_-RMSD (original vs. candidate
BB) is expected to be as small as possible (<2.5 A).

(2) Low sequence identity: To avoid selection of a homolo-
gous protein, the candidate BB should have sequence

Table 1. This table lists the detailed information of engineered protein (eng-2gbl) and native protein G Bl domain (nat-2gbl)

PDB Residue RMSD Sequence Binary Hydrophobicity
Source code number?® (A)° identity pattern pattern®
BB-I Protein L B1 domain 1k53(A) 5-39 2.43 20.0% 74.3% 0.83
BB-II Diisopropylfluorophosphatase lela(A) 70-89 1.74 15.0% 75.0% 0.41
eng-2gb1¢ — — — 2.21 19.6% 75.0% 0.67
Amino acid sequence information
- == === — = BB-1--—-—-—-—-—-—-—-—-———— [ ———=—-=- = BB-11-----—-- |
Residue #: . 1 . 2 3 4 . 5 —
Binary pattern: kK k ok k — ok — k — k K k k k k — k — — k Kk k — Kk Kk k k — k %k — X %k k Kk k k k — k k k *k k k k — — k k k— k — %
nat-2gbl: MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
eng-2gbl: MTIKANLIFANASTQTAEFKGTFEKATSEAYAYADTGGIPAGC QCDRDANQLFVAD

Sequence identity:  *

“The numbers shown here are the residue numbers in their original corresponding PDB files.
"The RMSDs are calculated against native structure and are based on C, atoms only.

“Hydrophobicity patterns are calculated from equation 3.

“The unassigned fragment (residue 1) is included in computing the information of engineered protein (eng-2gb1). The RMSDs are calculated based on the
C,, atoms of initial assembled structure against nat-2gb1. Other information of eng-2gb1, sequence identity, binary pattern, and hydrophobicity pattern, is

calculated against nat-2gbl.
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identity lower than 25%. No residue insertion or dele-
tion is considered.

(3) Similar hydrophobic/hydrophilic pattern: Binary and
hydrophobilicity patterns are used in the candidate BB
search. The binary pattern is calculated by comparing
the sequence hydrophobic and hydrophibilic similari-
ties. Candidate BB with a higher binary pattern is se-
lected (usually higher than 70%). In contrast to the bi-
nary pattern, we introduce another quantity called hy-
drophobilicity pattern, calculated from the experimental
hydrophobicity scale (EHS; Fauchere and Pliska 1983)
difference between the original and candidate building
blocks. This criterion selects candidates with similar
side-chain environments as the original building blocks.
The hydrophobilicity pattern is defined as:

Hydrophobilicity Pattern

N
El EHS?B _ EHSiC‘ztndia'ate

i=1

3)

N {expectation value)

where N is the number of residues and the {expectation
value) is the expected value of the experimental hydro-
phobicity scale (EHS) difference between the 20 amino
acids. The experimental hydrophobicity scales are taken
from Fauchere and Pliska’s work, and the expectation
value is 1.151 based on this scale (Fauchere and Pliska
1983). Therefore, for a candidate without any similarity
to the original BB, we expect its hydrophobilicity pat-
tern to be equal to a unit. A selected candidate has a
smaller hydrophobilicity pattern.

(4) No disulfide bond or cofactor is considered. Either di-
sulfide bond or cofactor can stabilize the proteins,
which may not allow us to examine the performance of
our algorithm fairly. Thus, fragments with disulfide
bond or cofactor are excluded.

In this study, 19,294 protein structures with a total of
36,653 chains (when chain length >15) deposited in the
Protein Data Bank were searched. Finally, the engineered
protein is assembled by superimposing the candidate BBs
onto the native protein architecture. To ensure that two con-
nected BBs are covalently joined properly, larger (10 times)
weighting factors are used for the N- and C-terminal C,
atoms of each candidate BB in the superimposition and
assembly procedures. The unassigned fragments (i.e., those
between BBs) are kept in the engineered protein. These
criteria and procedures ensure that the engineered protein
will have a similar fold as the native protein. On the other
hand, it will have low sequence identity. Additionally, it
will also own a good hydrophobic core.

Stability test by MD simulations

The stability of the engineered proteins is tested by mo-
lecular dynamics (MD) simulations. To assess whether a
protein is stable and folded by computer simulations is a
challenging task. It is not only limited by the accuracy of the
theory (e.g., force field), but also restricted by the computer
power (i.e., simulation time). Protein folding is on the mil-
liseconds to microseconds to seconds time scale. Current
computers are incapable of routinely offering such long
time simulations. The engineered proteins constructed
based on the algorithms proposed above are assumed to
have structures similar to their native structures. Namely,
the original engineered protein may have a structure similar
to its native one. Therefore, explicit water MD simulation
on an order of nanosecond simulation time might be long
enough to serve as a first test in examining the stability of
the engineered proteins.
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Figure 3. The distribution of candidate fragments for engineering of the
native protein G. The distribution of candidate fragments are projected on
two coordinates, sequence identity, and hydrophobicity scale difference
when their C_-RMSD is smaller than 2.5 A. (A) The candidate fragment
distribution for building block-I of the native protein G. (B) The candidate
fragment distribution for building block-II of the native protein G. Frag-
ments with lower sequence identity and smaller hydrophobicity scale dif-
ference are used for engineering protein G.
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Table 2. This table lists the detailed information of nonprotein (non-2gb1)

PDB Residue RMSD Sequence Binary Hydrophobicity
Source code number?* (AP identity pattern pattern®
BB-1I Acetate kinase 1g99(A) 38-72 2.46 5.7% 48.6% 1.13
BB-II Thioredoxin reductase 1tdf 80-99 2.09 0.0% 50.0% 1.29
non-2gb1¢ — — — 2.34 5.4% 50.0% 1.17
Amino acid sequence information
[ - === - === BB-1--—-——-—-—-——————— |- —===-= = BB-11----—-—-- |
Residue #: . 1 . 2 . 3 . 4 . 5 L
Binarypattern: * ok ok — Kk — — Kk k — Kk k k Kk — Kk kK — KK — kK — — — kK — — — — — — — * K — kK — kK — kX kK X X — kK — kK — %k — — — — — L
native-2gbl: MTYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
non-2gb1: MNSITITQKKFDGKKLEKLTDLPTHKDALEEVVKALTIFDHINKVDLQNRPFRLNGD
Sequence identity: * — - — —— — — — — — — K mmm — m— — — — o — — o — K —m— — — o — — — — — o — - - o

“The numbers shown here are the residue numbers in their original corresponding PDB files.

"The RMSDs are calculated against native structure and are based on C, atoms only.

“Hydrophobicity patterns are calculated from equation 3.

IThe unassigned fragment (residue 1) is included in computing the information of nonprotein (non-2gb1). The RMSDs are calculated based on the C, atoms
of initial assembled structure against nat-2gb1. Other information of non-2gbl, sequence identity, binary pattern, and hydrophobicity pattern, is calculated
against nat-2gb1.

A Native Ubiquitin B Engineered (Ubiquitin like)

Figure 4. The structure and three building blocks of the native ubiquitin and the engineered ubiquitin. The sources used for engineering
eng-lubq are also shown. BB-I is shown in red, BB-II is shown in green, and BB-III is highlighted in blue. The unassigned and unused
fragments are shown in yellow. (A) The native ubiquitin: Building block-I (BB-I, residues 1-20) consists of a B-hairpin. Building
block-II (BB-II, residues 21-41) is an a-helix rich fragment. Building block-III (BB-IIL, residues 42-68) is a loop. (B) The structure
and building blocks of eng-1ubq. Similar to the BB-I in nat-1ubq, BB-I of eng-1lubq is a -hairpin. BB-II is an a-helix rich fragment.
BB-III is a loop. (C) The structure of Escherichia coli topoisomerase I, the source protein of BB-I of eng-1ubq. The residues used as
BB-I of eng-1lubq are shown in red. (D) The structure of urinate isomerase, the source protein of BB-II of eng-1lubq. The residues used
for BB-II of eng-2gbl are shown in green. (E) The structure of Sumo-I, the source protein of BB-III of eng-1ubq. The residues used
as BB-III of eng-lubq are shown in blue.
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All simulations were performed with CHARMM (Brooks
et al. 1983). The system was treated explicitly with the all
atom model using CHARMM-22 force field (MacKerell et
al. 1998). A series of MD simulations were performed for
the native, engineered, and nonproteins at room temperature
with the explicit water TIP3P model (Jorgensen et al. 1983).
The proteins were solvated with explicit water molecules in
a cubic box. The size of box depends on the size of the
protein to preserve infinite dilution. All simulations were
performed using the NVT ensemble under periodic bound-
ary conditions with the minimum image convention. The
systems were energy-minimized by the Adopted Basis
Newton-Raphson (ABNR) prior to the MD simulations. A
group based distance cutoff was applied at 12 A and 13 A
when generating the list of pairs. The force switching func-
tion was used to smooth the electrostatic potential energy
(pair-wise distances between 8—12 A), whereas the van der
Waals shift function was used to smooth the van der Waals
potential energy (Steinbach and Brooks 1994). The non-
bonded neighboring list was updated every 20 steps. In the
simulations, the C_-RMSD of the native proteins was ex-
pected to be lower than that of the engineered proteins,
which was used as the low bound reference. In contrast, in
the absence of compact hydrophobic core, the C -RMSD of
nonproteins was expected to be higher. Thus, the C -RMSD
of a nonprotein was employed as the upper bound reference.

Results

Two proteins are engineered. Their corresponding parent
native proteins are protein G B1 domain (PDB code: 2gbl)
and ubiquitin (PDB code: lubq). For convenience, these
two native proteins are abbreviated as nat-2gbl and nat-
lubg. The proteins engineered based on nat-2gbl and nat-
lubq have good hydrophobic cores are denoted as eng-2gb1
and eng-lubq, respectively. In contrast to the engineered
proteins, two proteins are also assembled with small or in-
verted polar/nonpolar residue patterns (called nonproteins).
The candidate building blocks selected for assembling the
nonproteins own a larger hydrophobilicity pattern (>1.00).
They are labeled as non-2gb1 and non-1lubq, respectively.

Protein G Bl domain

Protein G B1 domain consists of 56 residues with two build-
ing blocks (Fig. 2A). Building block-I (BB-I) has 38 resi-
dues (residues 2-39) and building block-II (BB-II) has 20
residues (residues 37-56). Residue 1 in the N terminus is
unassigned and is kept in the engineered protein. For con-
venience, the three overlapped residues (37-39) between
building blocks-I and -II are assigned to BB-II only. There-
fore, the adjusted BB-I has 35 residues (from 2 to 36) and
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Figure 5. The distribution of candidate fragments for engineering of na-
tive ubiquitin. The distribution of candidate fragments is projected in two
coordinates, sequence identity, and hydrophobicity scale difference when
their C,-RNSDs are smaller than 2.5 A (2.8 A for BB-II). (A) The can-
didate fragment distribution for building block-I, (B) for building block-II,
and (C) for building block-III of native ubiquitin. Fragments with lower
sequence identity as well as the smaller hydrophobicity scale difference are
used for engineering ubiquitin.
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BB-II has its original 20 residues (from 37 to 56). The
sequence of native-2gbl is shown in Table 1.

To engineer a new protein based on our criteria and pro-
cedures, the BBs in the native protein are searched against
the PDB. More than one candidate is usually found. The
candidate distribution for the nat-2gbl BBs is shown in
Figure 3. The distribution is separated into two groups: one
with higher sequence identity, and a smaller hydrophobicity
scale, the second one with lower sequence identity, but with
a higher hydrophobicity scale. Candidates with low se-
quence identity and low hydrophobicity scale are selected.
Even though there is usually more than one candidate that
fulfills these criteria, only the best one is selected for the
assembly. For the engineered protein based on protein G
(Fig. 2B; eng-2gbl), BB-I is adopted from protein L Bl
domain (Fig. 2C, PDB code: 1k53[A]) with an RMSD of 2.4
A compared to the native BB-I (in nat-2gb1). BB-II is tai-
lored from diisorpropylfluorophosphatase (Fig. 2D; PDB
code: lela[A]) with an RMSD of 1.7 A compared to the
BB-II in the native protein. With respect to the whole native
protein, the initial structure of the engineered eng-2gbl has
an overall RMSD of 2.2 A, sequence identity of 19.6%,
binary pattern of 73.2%, and hydrophobicity pattern of 0.67.
Therefore, eng-2gbl has similar fold and low homology to
nat-2gb1. Sequence and structural information of eng-2gbl
and nat-2gb1 are given in Table 1.

The nonprotein (non-2gbl) is assembled with inverted
polar/nonpolar residue pattern. Its BB-I is adopted from
acetate kinase (PDB code: 1g99[A]) and BB-II is from
thioredoxin reductase (PDB code: 1tdf). In contrast to eng-
2gb1, the building blocks of non-2gbl have a larger hydro-
phobicity pattern. Overall, due to the inverted pattern re-
quirement, the nonprotein is less similar to nat-2gb1. The
RMSD of the initial structure of the non-2gbl is 2.3 A; the
sequence identity is only 5.3%; the binary pattern is 50%;
and the hydrophobicity pattern is 1.17. The non-2gb1 infor-
mation is in Table 2.

The binary pattern of nat-2gbl, eng-2gb1, and non-2gbl
in their 3D structures are shown in Figure S1 (in the Supple-
mental Material). Clearly, nat-2gbl and eng-2gbl have
larger hydrophobic cores, and the hydrophilic residues are
located on the surface. In contrast, the hydrophobic core of
the nonprotein is relatively smaller. The computed hydro-
phobicity also shows that nat-2gbl and eng-2gbl have
higher hydrophobicity scores (H; equation 2). In contrast,
the hydrophobicity score of non-2gbl is low. The hydro-
phobicity scores of nat-2gbl, eng-2gbl, and non-2gbl are
summarized in Table S (in the Supplemental Material).

Ubiquitin
Ubiquitin has 76 residues with three building blocks, BB-I
(residues 1-21), BB-II (residues 21-41), and BB-III (resi-

Table 3. This table shows the detailed information of engineered ubiquitin (eng-1ubq) and native ubiquitin (nat-lubq)

PDB Residue RMSD Sequence Binary Hydrophobicity
Source code number” (AP identity pattern pattern®
BB-I L-Amino acid oxidase 1£8r(A) 271-290 1.11 15.0% 95.0% 0.40
BB-II 2c¢-Methyl-D-erythritol 1jnl(A) 108-128 1.53 23.8% 71.4% 0.44
2,4-Cyclodiphosphate synthase
BB-III Ubiquitin-like protein SMT3 leuv(B) 64-90 0.86 14.8% 85.2% 0.51
eng-lubq® — — — 1.51 26.3% 85.5% 0.41
Amino acid sequence information

|- = === BB-1-----—-- | - == === == BB-11------- |
Residue #: . 1 . 2 3 4 _
Binary pattern: K ok ok ok ok ok ok ok ok ok ok ok ok Kk ok ok ok ok ok — — k ok k — >k k k k k — k Kk — % k — k k ¥ —
nat-lubq: MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQ
eng-lubg: VTVVYETLSKETPSVTADYVPHIDAMRAKIAEDLQCDIEQYV
Sequence identity: - — — — — — B i A + - - - -ttt - = = = = = = = = + —

[ - — == = BB-II1-----—-—-- - - |
Residue #: . 5 . 6 7 —
Binary pattern: K ok ok ok — ok — k k k — k %k k k k k k k %k k %k k k — *k *k k %k k k *k % *k %
nat-lubq: RLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
eng-lubq: RFLYDGIRIQADQTPEDLDMEDNDIIELVLRLRGG

Sequence identity:

————— PR R EEEE:

“The numbers shown here are the residue numbers in their original corresponding PDB files.
"The RMSDs are calculated against native structure and are based on C, atoms only.

“Hydrophobicity patterns are calculated from equation 3.

IThe unassigned fragment (residues 69-76) is included in computing the information of engineered protein (eng-1ubq). The RMSDs are calculated based
on the C, atoms of initial assembled structure against nat-lubq. Other information of eng-lubq, sequence identity, binary pattern, and hydrophobicity

pattern, is calculated against nat-lubgq.
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dues 42-68). For simplicity, the overlapped residue 21 is
assigned to BB-II. Residues 69-76 in the C terminus are
unassigned. BB-I is a (B-hairpin; BB-II is an a-helix-rich
fragment; BB-III is a large loop. The structure of native
ubiquitin (nat-lubq) along with its three building block
sources is shown in Figure 4.

The candidate distribution of nat-1ubq’s BBs is shown in
Figure 5. The candidates of BB-I and BB-II of nat-1ubq are
shown when their RMSDs are smaller than 2.5 A. The
RMSD criterion used for BB-III is 2.8 A. Only one candi-
date has an RMSD smaller than 2.5 A for the BB-III loop.
The best candidate for each building block that fulfills the
criteria of low sequence identity and small hydrophobicity
scale difference, is used for engineering the protein. For
eng-lubq (Fig. 4B), BB-I is taken from L-Amino Acid Oxi-
dase (Fig. 4C, PDB code: 1f8r[A]); BB-II from 2c-Methyl-
D-Erythritol 2,4-Cyclodiphosphate Synthase (Fig. 4D, PDB
code: 1jnl1[A]); and BB-III is adopted from the ubiquitin-
like protein SMT3 (Fig. 4E, PDB code: leuv[B]). Although
BB-III is adopted from an ubiquitin-like protein, the se-
quence identity is still under 25%. Overall, the sequence
identity of eng-lubq is 26.3%. The RMSD, binary pattern,
and hydrophobilicity pattern of entire eng-1lubq are 1.51 A,
85.5%, and 0.41, respectively. The sequence information of
eng-1lubq along with nat-1ubq is given in Table 3.

The nonprotein (non-1ubq) is assembled with an inverted
polar/nonpolar residue pattern. Its BB-I is adopted from

horse plasma gelsolin (PDB code: 1dOn[A]; BB-II from
thymidylate synthase (PDB code: 1vza); BB-III is from
phosphotransferase (PDB code: 2hid). The RMSD of BB-III
is relatively higher (3.4 A). Because BB-III is a larger loop,
there is no good candidate with RMSD under 2.5 A. In
contrast to the eng-lubq, the hydrophobicity patterns of
building blocks of non-1ubq are larger than 1.00. In non-
lubqg, some residues in the inner protein core are hydro-
philic. The RMSD of non-lubq is 2.9 A, the sequence iden-
tity is only 14.7%, the binary pattern is 42.1%, and the
hydrophobicity pattern is 1.19. Details of non-lubq are
summarized in Table 4.

The binary patterns of the nat-1ubq, eng-1ubq, and non-
lubq are shown in Figure S2, with 3D structures (in the
Supplemental Material). Nat-1ubq and eng-1ubq have large
hydrophobic cores and the hydrophilic residues are exposed
on the surface, unlike non-1ubgq. The calculations also show
the nat-lubq and eng-lubq have higher hydrophobicity
score (0.79 and 0.75, respectively). In contrast, the hydro-
phobicity score of non-1ubq is low (0.69) (see Table S in the
Supplemental Material).

Discussion

Here, we propose a de novo protein engineering method
based on substitution of stand-alone protein fragments. We
largely focus on whether the engineered proteins are stable

Table 4. This table shows the detailed information of non-ubiquitin (non-1ubgq)

PDB Residue RMSD Sequence Binary Hydrophobicity
Source code number?® AP identity pattern pattern®
BB-1 Horse plasma gelsolin 1dOn(A) 70-89 2.47 10.0% 35.0% 1.32
BB-II Thymidylate synthase Ivza 53-73 2.38 4.8% 33.3% 1.44
BB-III Phosphotransferase 2hid 35-61 3.43 0.0% 37.0% 1.25
non-1ubg* — — — 2.89 14.7% 42.1% 1.19
Amino acid sequence information

| - === === BB-1----—-- - [ - === === BB-11---—---- |
Residue #: . 1 . 2 3 4 _
Binary pattern: K = — — ok ok — — ok ok — — — Kk — — — >k — — — — %k — — — %k — — %k k — — >k Kk ——— — % —
nat-lubq: MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQ
non-1lubgq: ILKTVQLRNGILQYDLHYWLPFGLIKSDLLWFLHGDTNIRF
Sequence identity: — — — — %k — — — — % — — — — — — — — — — — — — — — — — — — — — — — — K ——— — — —

- === = BB-T1T11-----—-—-—-—-- |
Residue #: : 5 . 6 7 —
Binarypattern: — — — — %k %k k — — — %k kK — — %k — — %k — kX — — %k k — — — X kX X %k X X X X
nat-lubq: RLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
non-lubgq: LEYNGKTVNLKSIMGVVSLGIAKGAEILVLRLRGG

Sequence identity:

————— X K ok ok ok K K K

“The numbers shown here are the residue numbers in their original corresponding PDB files.
"The RMSDs are calculated against native structure and are based on C, atoms only.

“Hydrophobicity patterns are calculated from equation 3.

“The unassigned fragment (residues 69-76) is included in computing the information of nonprotein (non-1ubq). The RMSDs are calculated based on the
C,, atoms of initial assembled structure against nat-1ubq. Other information of non-lubq, sequence identity, binary pattern, and hydrophobicity pattern, is
calculated against nat-1ubq.
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and folded. To computationally test these questions are still
out of current computational power. The ideal strategy in-
volves iterative modifications of the computationally engi-
neered proteins and their experimental stability tests (D.
Raleigh, pers. comm.). Here, explicit water MD simula-
tions are employed to examine the stability of the engi-
neered proteins and to evaluate the advantages and dis-
advantages of this engineering method. To examine the
stability of the engineered proteins, the RMSDs of the na-
tive proteins and of “nonproteins” are used as lower and
upper bound references. We assume that during the simu-
lations, the native protein will have smaller and the nonpro-
teins larger C_,-RMSDs versus their energy minimized
structures.

The C,-RMSDs of nat-2gbl, eng-2gb1, and non-2gbl in
8.0-nsec explicit water MD simulations are shown in Figure
6. The C-RMSD of nat-2gbl fluctuates around 1.0 A dur-
ing the entire course of the simulation (Fig. 6A). In contrast,
the C,-RMSD of non-2gbl with an inverted hydrophobic
core increases with the simulation time indicating that its
energy-minimized structure cannot be maintained. For the
engineered protein (eng-2gbl), its structure fluctuates
around its energy-minimized structure (with a compact
core) with a C,-RMSD of ~2.5 A during the simulation. As
expected, the C,-RMSD of the engineered protein (eng-

2gbl) locates between the low bound C,-RMSD of the
native protein (nat-2gb1) and the upper bound C_,-RMSD of
the nonprotein (non-2gbl), suggesting that the engineered
protein is potentially stable in vitro. Figure 6B shows the
averaged C_-RMSD of nat-2gbl, eng-2gb1, and non-2gbl
as a function of their residue position. Again, the C-RMSD
of eng-2gbl lies between those of nat-2gbl and non-2gbl.
To further analyze the stabilities of each building block in
individual proteins, their C,-RMSDs as a function of time
are calculated (Fig. 6C,D). The C,-RMSDs of building
block-I of nonprotein increases with simulation time,
whereas the others are stable. Surprisingly, building block-
II of nonprotein is also stable in the simulation, indicating
that this fragment can be a stand-alone building block, and
the mutual stabilization from other fragments may not be
important.

Figure 7 shows the C_-RMSDs of nat-1ubq, eng-lubq,
and non-lubq in 9-nsec explicit water MD simulations.
Similar to the behavior of eng-2gbl, the C,-RMSDs of
eng-lubq lies between the non-1ubq and nat-1ubq. Never-
theless, its C,-RMSD is only slightly lower than that of
non-lubgq, indicating that the engineered protein cannot be
very stable. To further investigate why the eng-1lubq is not
very stable, the C,-RMSDs of each building block as a
function of time were calculated. The C_,-RMSDs of the
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Figure 6. The RMSDs of nat-2gbl, eng-2gbl, and non-2gb1 in 8.0-nsec explicit water MD simulations. The units of RMSDs are
shown in A. (A) The RMSDs of the whole proteins (nat-2gbl, eng-2gbl, and non-2gbl) as a function of simulation time. (B) The
RMSDs of nat-2gbl, eng-2gbl, and non-2gb1 as a function of C, atoms. (C) The RMSDs of building block-I of nat-2gbl, eng-2gbl,
and non-2gb1 as a function of simulation time. (D) The RMSDs of building block-II of nat-2gb1, eng-2gb1, and non-2gb1 as a function

of simulation time.
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Figure 7. The RMSDs of nat-lubq, eng-lubq, and non-lubq in 9.0-nsec explicit water MD simulations. The units of RMSDs
are shown in A. (A) The RMSDs of the whole proteins (nat-lubg, eng-lubq, and non-lubq) as a function of simulation time.
(B) The RMSDs of nat-lubq, eng-lubq, and non-lubq atoms. (C) The RMSDs of building block-I of nat-lubq, eng-lubq, and
non-lubq as a function of simulation time. (D) The RMSDs of building block-II of nat-1ubq, eng-lubq, and non-lubq as a func-
tion of simulation time. (E) The RMSDs of building block-III of nat-lubq, eng-lubq, and non-lubq as a function of simulation

time.

whole proteins as a function of the residue number were
also computed. The results are as expected: The C_-RMSD
of building block-II of eng-lubq is stable, nearly overlap-
ping that of nat-1ubq. The C_-RMSD of building block-I of
eng-lubq fluctuates, but with relatively low magnitude. In
contrast, the C,-RMSD of building block-IIT of eng-lubq
increases rapidly with simulation time. The BB-III large
loop is much more flexible than the helical and (3-stranded
structures. In addition, few qualified candidates can be
found for this loop building block (see Fig. 5) resulting in a
less stable structure.

Hence, the fold of eng-2gb1 is maintained during the MD
simulations. The RMSD of eng-2gbl is larger than the
lower bound RMSD of nat-2gb1 and smaller than the upper
bound RMSD of nonproteins (non-2gbl). In contrast, the
engineered ubiquitin is less stable. This is due to the flexible
loop (BB-III), suggesting that it is not easy to engineer long
loop structures. Such a conclusion is consistent with in-
sights obtained from limited proteolysis experiments (Fon-
tana et al. 1997, 1999).

Conclusions and future work

In this study, a de novo computational algorithm is proposed
to engineer proteins in terms of protein building blocks.
This approach is similar to combinatorial experiments,
where protein building blocks are used as “shuffling do-
mains.” Here, BBs are defined as fragments that form local
minima along the polypeptide chain. As such, they have
relatively high population times. Because protein building
blocks are conformationally independent entities (Haspel et
al. 2003a,b), we test the feasibility of partitioning proteins
into building blocks and exchanging between BBs with
similar conformations and hydrophobic/hydrophilic patterns
taken from different proteins. This approach is similar to
combinatorial experiments, where protein building blocks
are used as “shuffling domains.” The sequence identities of
the selected fragments are chosen to be as low as possible
(<25%) to avoid a homology bias. Based on these criteria, a
new protein can be assembled with a similar fold and low
sequence identity compared to the selected native protein.
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Two proteins (protein G B1 domain and ubiquitin) are se-
lected to illustrate this engineering algorithm. The stability
of engineered proteins is tested by simulations. The MD
simulations show that the fold of one engineered protein
(protein G B1 domain denoted as eng-2gb1) is kept during
the 8-nsec explicit water simulations. The RMSD of eng-
2gbl is in between the lower bound RMSD of the native
protein and the upper bound RMSD of the “nonprotein”
(with inverted hydrophobic core). However, the newly en-
gineered ubiquitin is much less stable because BB-III con-
tains a large flexible loop. Our searches of the PDB found
only a few candidate large loop BBs with a similar static
conformations. Because a crystal structure is an average
structure and large loops are particularly flexible, it is quite
possible that the structure we have captured by picking the
crystal coordinates does not represent the optimal confor-
mation for this building block. We conclude that in a frag-
ment-based engineering strategy, engineering large loops is
very challenging. Overall, our study suggests that it is po-
tentially feasible to engineer proteins in terms of protein
building blocks.

Here, we have demonstrated that proteins can be engi-
neered in terms of protein building blocks in silico. The next
essential step is to experimentally synthesize the engineered
proteins and validate their stability by in vitro experiments.
The scoring function used to select the candidate fragments
should also be improved to enhance the stability of engi-
neered proteins. For example, deletion and insertion of resi-
dues might be included in the candidate fragment search in
an attempt to find additional, possibly better candidates. The
volume of amino acids may further be considered in the
matching, even though the volume of amino acids has been
implemented in the scoring function by hydrophobicity
scale difference. Moreover, the packing of hydrophobic
core may be further optimized (Lazar and Handel 1998;
Malakauskas and Mayo 1998). Computationally engineered
proteins and their experimental stability tests should best be
performed iteratively.
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