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P rimordial enzymes presumably evolved from
pools of random sequences, but it is not known
how these molecules achieved catalytic function

(1). Recent insight into enzyme evolution has been ob-
tained by resurrecting extant proteins from ancient or-
ganisms (2, 3) and by engineering novel functions into
known protein scaffolds (4–6). Both approaches pro-
vide evidence for how enzymes evolve new types of
catalytic function but fail to describe how the first pro-
genitor enzymes came into being. Because the paleo-
biological record has long since been erased (7, 8), any
understanding of the chemical constraints that led to
protein biocatalysis must now be inferred using syn-
thetic methods that mimic events that happened over
3 billion years ago when primordial proteins first ap-
peared on the primitive Earth (9). Here we report the dis-
covery that a synthetic ATP binding protein, evolved de
novo from a random pool of protein sequences, medi-
ates the regiospecific hydrolysis of ATP to ADP when
crystallized with stoichiometric amounts of ATP.

The original in vitro selection experiment randomly
sampled different regions of protein sequence space for
polypeptides that folded themselves into three-
dimensional structures that were capable of binding
ATP (10). Starting from a pool of 6 � 1012 unique protein
sequences, each containing 80 contiguous random
amino acid residues, four families of proteins were iden-
tified that bound ATP. None of the four proteins identi-
fied in this selection shared any significant sequence
similarity with one another or any known protein in the
NCBI protein sequence database. Using directed evolu-
tion, we optimized the highest affinity variant (clone 18-
19) of the Family B group of related protein sequences
for improved folding stability and solved the X-ray crys-
tal structure of this protein to a resolution limit of 1.65 Å
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ABSTRACT How primitive enzymes emerged from a primordial pool remains a
fundamental unanswered question with important practical implications in syn-
thetic biology. Here we show that a de novo evolved ATP binding protein, selected
solely on the basis of its ability to bind ATP, mediates the regiospecific hydrolysis
of ATP to ADP when crystallized with 1 equiv of ATP. Structural insights into this re-
action were obtained by growing protein crystals under saturating ATP condi-
tions. The resulting crystal structure refined to 1.8 Å resolution reveals that this
man-made protein binds ATP in an unusual bent conformation that is metal-
independent and held in place by a key bridging water molecule. Removal of this
interaction using a null mutant results in a variant that binds ATP in a normal lin-
ear geometry and is incapable of ATP hydrolysis. Biochemical analysis, including
high-resolution mass spectrometry performed on dissolved protein crystals, con-
firms that the reaction is accelerated in the crystalline environment. This observa-
tion suggests that proteins with weak chemical reactivity can emerge from high af-
finity ligand binding sites and that constrained ligand-binding geometries could
have helped to facilitate the emergence of early protein enzymes.
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(11). The evolutionary optimized version of the Family
B protein differed from its synthetic progenitor by two
amino acid substitutions and was given the name
double mutant protein (DX). Our lab and another lab in-
dependently solved the X-ray crystal structure of protein
18-19, the evolutionary progenitor to protein DX, to reso-
lution limits of 2.8 and 1.9 Å, respectively (11, 12). To-
gether, the three structures reveal a novel zinc-
nucleated �/� fold with a topology that has not yet
been observed in nature.

Perhaps even more striking than the fold was the ob-
servation that each of these protein crystal structures
contained electron density that was consistent with the
presence of ADP in the ligand-binding pocket even
though 1 molar equiv of ATP was present in the crystal-
lization liquor (11, 12). Since the half-life of ATP for

spontaneous hydrolysis is no shorter than �12 months
(13) and protein crystals were obtained after 3 days of
growth, it was unclear how ADP became bound to the
protein. We reasoned that the presence of ADP in the
protein crystal structure could be explained by one of
three possible scenarios: (i) the �-phosphate of the ATP
molecule is highly disordered and therefore the third
phosphate of ATP is simply not visible in any of the elec-
tron density maps; (ii) the Family B protein binds prefer-
entially to ADP, which is present as a minor contami-
nant from the disproportionation of ATP to ADP and
adenosine tetraphosphate (14); or (iii) the Family B pro-
tein binds the ATP ligand in such a way that it is able
to lower the activation barrier (�8.5 kcal mol�1) and al-
low ATP hydrolysis to proceed at a rate that is faster than
the uncatalyzed reaction. Intrigued by the possibility

Figure 1. Adenosine binding site of protein DX crystallized in the presence of a high molar excess of ATP.
a) Ribbon representation of the X-ray crystal structure of protein DX with translucent surface rendering. A
bound zinc ion (green sphere) is shown at �8.4 Å from the adenine nucleobase of the bound nucleotide
(atom colors: magenta, carbon; red, oxygen; blue, nitrogen; and orange, phosphate). Inset is the structure
of the ligand binding pocket of protein DX bound to ATP. Depicted beneath the surface are important side
chains (atom colors: yellow, carbon; red, oxygen; and blue, nitrogen) that directly interact with the ad-
enosine nucleotide. Polar contacts are drawn with red dashes, and an important structural water is shown
as a red sphere. b) Stereoview of the ligand-binding site of DX with 2Fo � Fc electron density contoured at
1.6 �. Stick representations of select ligand binding site residues are shown with atom coloring of protein
residues (gray, carbon; red, oxygen; and blue, nitrogen). Also shown are Lys34, Arg41, Tyr43, Phe50, and
His64.
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that a protein selected entirely on the basis of its abil-
ity to bind ATP might also function as a primitive cata-
lyst, we initiated a series of structural and biochemical
experiments designed to explain the presence of ADP in
our protein crystal structures.

RESULTS AND DISCUSSION
Structural Analysis of Protein DX. We began by crys-

tallizing protein DX in the presence of saturating concen-
trations of free ATP ligand to determine whether the
�-phosphate of ATP might become visible in electron
density maps obtained under conditions that favored

ATP binding. We determined the structure of protein DX
by X-ray crystallography (Figure 1, panel a and Table 1)
and refined the atomic models against diffraction data
extending to 1.8 Å resolution. As expected, the protein
adopts the same zinc-nucleated �/� fold previously ob-
served for this class of synthetic ATP binding proteins
(11, 12). However, unlike the earlier structures, this new
structure now contains definitive electron density in the
ligand-binding pocket that maps to an entire ATP mol-
ecule (Figure 1, panel b). Close analysis of the protein re-
veals that ATP is bound in an unusual bent conforma-
tion (Figure 1, panel a, inset) that allows the phosphate

TABLE 1. Summary of X-ray crystallization dataa

Protein

DX Y43F DX

Ligand (crystal drop) ATP ATP ADP
Protein:ligand 1:100 1:10 1:100
Ligand (observed) ATP ATP ADP

Data collection

Experimental station ASU-XRD ASU-XRD ASU-XRD
Wavelength (Å) 1.54 1.54 1.54
Exposure time (s) 180 180 180
Oscillation range (deg) 0.5 0.5 0.5
Cell dimensions (Å) a � b � 73.70, c � 54.76 a � b � 71.74, c � 55.49 a � b � 72.38, c � 54.77
Space group P3221 P3221 P3221
Resolution (Å) 25�1.8 25�2.5 25�2.85
Total observations 208646 33143 13692
Unique reflections 16214 5940 4018
Multiplicity 12.9 (12.5) 5.6 (5.2) 3.4 (3.3)
I/� 15.5 18.9 6.2
Rsym (%)b 6.9 (44.5) 8.4 (62.5) 22.5 (59.1)
Completeness (%) 100 99.7 (100) 98.6 (100)

Refinement

Rcryst (%)c/Rfree (%)d 17.18/20.00 18.39/23.05 18.14/26.66
rmsd bonds (Å)e 0.011 0.024 0.021
rmsd angles (deg)e 1.423 2.298 1.986
Residues modeled 5�73 5�73 5�73
Average B-factor (Å2) 24.36 42.52 24.2

aThe numerical values in parentheses refer to the highest-resolution shells. bRsym � 	h	i(|Ii(h) � 
I(h)�|)/	h	iIi(h), where Ii(h) is the ith
intensity measurement and 
I(h)� is the weighted mean of all measurements of I(h). cRcryst� 	h||Fobs| � |Fcalc||/	h|Fobs|, where Rcryst is
evaluated by the summation of all reflections used in refinement, and |Fobs| and |Fcalc| are the observed and calculated structure fac-
tor amplitudes. dRfree� 	h||Fobs| � |Fcalc||/	h|Fobs|, where Rfree is evaluated by randomly choosing 5% of the diffraction data not included
in refinement. ermsd � root-mean-square deviation from ideal values.
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backbone to form a strong intramolecular hydrogen
bond (2.4 Å) between the �-phosphate and 2=-OH on
the sugar ring. Because of the unusual geometry of this
ligand, we compared the bent ATP conformation to all
ATP-bound proteins whose structures are available in
the protein databank (PDB). This analysis revealed that
the bound conformation differs significantly from the
typical linear conformation observed in most natural
proteins that bind ATP (15). Only a few structures, such
as aspartyl-tRNA synthetase, contain an ATP molecule in
a bent conformation that bears a resemblance to our
bent ATP ligand (16). However, these structures require
divalent metal ions and numerous hydrophobic and
electrostatic contacts to constrain ATP in a bent
geometry.

In contrast to natural ATP binding proteins, protein
DX binds ATP in a conformation that exposes the sugar-
phosphate backbone to bulk solvent. A key structural

feature of this unusual ligand geometry (Figure 1) is the
presence of a bound water molecule that forms a tight
polar contact to the �-phosphate of ATP and is stabilized
with hydrogen bonds to amino acid side chains Tyr43,
Lys34, and Arg41. This feature suggests a possible in-
volvement of the coordinated water molecule in organiz-
ing and maintaining the bent ATP geometry. To test the
hypothesis that removal of this interaction would allow
us to obtain an ATP bound structure under conditions
that previously yielded ADP in the ligand binding pocket,
we mutated Tyr43 to phenylalanine (Y43F mutant) and
crystallized the mutant protein in the presence of low
concentrations of ATP. Protein crystals were obtained
that diffracted to a resolution limit of 2.5 Å (Table 1). The
structural model (Figure 2) contained electron density
in the ligand-binding pocket consistent with a tradi-
tional linear conformation of ATP with all three phos-
phates clearly visible in the electron density map. This

Figure 2. Adenosine binding site of the Y43F variant. a) Ribbon representation of the X-ray crystal structure
of Y43F with translucent surface rendering. The bound zinc ion (green sphere) is shown at �8.4 Å from the
adenine nucleobase of the bound nucleotide (atom colors: magenta, carbon; red, oxygen; blue, nitrogen;
and orange, phosphate). Inset is the structure of the ligand binding pocket of the protein. Depicted beneath
the surface are important side chains (atom colors: yellow, carbon; red, oxygen; and blue, nitrogen) that
directly interact with the adenosine nucleotide. Polar contacts are drawn with red dashes. b) Stereoview of
the ligand-binding site of DX with 2Fo � Fc electron density contoured at 1.0 �. Stick representations of se-
lect ligand binding site residues are shown with atom coloring of protein residues (gray, carbon; red, oxy-
gen; and blue, nitrogen). Also shown are Lys34, Arg41, Phe43, Phe50, and His64.
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result demonstrates that the Y43F mutation in protein
DX produces a null mutant that is unable to bind ATP in
the bent geometry and is incapable of ATP hydrolysis.

Mass Spectrometry Analysis of Protein DX Crystals.
We used high-resolution mass spectrometry to demon-
strate that ADP is produced when protein DX is crystal-
lized with 1 equiv of ATP. Crystals of protein DX were
grown for 3 days in the presence of 1 equiv of ATP,
washed with mother liquor, dissolved in water, and ana-
lyzed by MALDI-TOF mass spectrometry. The resulting
mass spectrum (Figure 3) shows a strong molecular ion
peak for ADP, which demonstrates that ADP is pro-
duced when protein DX is crystallized with 1 equiv of
ATP. In addition to the ADP product, a small amount of
ATP is also observed in the spectrum, which might rep-
resent the fraction of unreacted ATP or the portion of ATP
that remains in the solvent channels of the crystals.
While it is difficult to distinguish these two possibili-
ties, the high occupancy of ADP in the crystal structures
of proteins 18-19 and DX indicate that ADP is the domi-
nant ligand bound to the protein (11, 12). We also ana-
lyzed the high mass portion of the spectrum, which re-
veals that protein DX remains unmodified after
crystallization. This demonstrates that the �-phosphate
is not transferred to a side chain in the ATP binding
pocket of protein DX. To eliminate the possibility that
ATP hydrolysis was an artifact of ionization or the crystal-
lization process, control experiments were performed
in which the Y43F null mutant was crystallized in the
presence of 1 equiv of pure ATP and protein DX was crys-
tallized with 1 equiv of pure ADP. The resulting spectra
show that both proteins remain bound to ATP and ADP,
respectively (Figure 3). The absence of any significant
ADP in the mass spectrum of the Y43F mutant supports
the hypothesis that the null mutant is incapable of ATP
hydrolysis.

We crystallized protein DX bound to pure ADP and
solved its three-dimensional structure by Fourier synthe-
sis (Table 1). As expected, the electron density of the
bound ADP ligand is consistent with the presence of
ADP in the ligand binding pocket (Figure 4, left panel)
and the entire ligand is clearly visible in the electron
density map. We then compared the ligand binding
mode that results when pure ADP is bound to protein
DX with the ADP conformation that is obtained when
protein DX is crystallized with 1 equiv of ATP. The ADP
molecule observed in the pure ADP bound structure
adopts the same conformation and forms the same hy-

drophobic and electrostatic contacts to the protein as
the ADP bound structure obtained when protein DX is
crystallized with low concentrations of ATP (Figure 4,
right panel). This comparison demonstrates that the two

Figure 3. High-resolution MALDI-TOF mass spectrometry analysis of dis-
solved protein crystals. Protein DX co-crystals obtained in the pres-
ence of 1 molar equiv of pure ADP (top) and pure ATP (middle) and Y43F
crystallized with pure ATP (bottom) were dissolved and analyzed by
MALDI-TOF mass spectrometry. The middle panel shows that a sub-
stantial amount of ADP (calculated MH�, 426.022) is present in the pro-
tein crystal when protein DX is crystallized with 1 equiv of ATP (calcu-
lated MH�, 505.988). The ratio of ATP to ADP in this experiment is not
1:1 as a result of differences in the ionization potential of ATP and ADP.
The presence of a small amount of ADP in the Y43F control is consis-
tent with a small amount of ADP contaminant in pure ATP solutions,
and a no protein control reveals a comparable amount of ADP in the
mass spectrum.
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ADP molecules are indistinguishable by protein X-ray
crystallography.

Solution Binding Affinity and Specificity. To exam-
ine the possibility that the ADP-bound crystal struc-
tures were a result of preferential binding of protein DX
to ADP, we determined the ligand binding preferences of
our synthetic proteins for ATP and ADP. Using equilib-
rium filtration (17), we measured the solution binding af-
finity (Kd) of proteins 18-19, DX, and DX (Y43F) as mal-
tose binding protein fusions (Table 2). We have used
this technique previously to evaluate the binding affin-
ity of other de novo evolved ATP binding proteins (11,
18). Proteins 18-19 and DX bind ATP with Kd values of
1200 and 250 nM, respectively, and both proteins fa-
vor ATP over ADP by up to 2.5-fold in specificity. This re-
sult shows that unless a large amount of ADP is pro-
duced during the crystallization period, it is unlikely that
the resulting ADP bound structure is due to preferential
binding of ADP by either protein.

Comparative ligand binding experiments performed
on protein DX (Y43F) in which the critically important ty-
rosine residue is replaced with a phenylalanine side
chain indicate that the null mutant has high affinity and
good selectivity for ATP. Protein DX (Y43F) binds ATP

with a Kd of 180 nM and discriminates
against ADP by 23-fold (Table 2). The
higher affinity and selectivity of the Y43F
mutant protein is due to the linear con-
formation of the ATP molecule in the li-
gand binding site (Figure 2), which in ad-
dition to several new contacts to the
�-phosphate, maintains all of the elec-
trostatic contacts previously observed

for ADP. Thus, the specificity observed for the Y43F mu-
tant protein is due entirely to the presence of new elec-
trostatic contacts formed between the protein and the
�-phosphate of ATP.

Solution Activity. To examine whether protein DX
could engage ATP in a hydrolysis reaction in solution,
we incubated trace amounts of �-P32-labeled ATP in
crystallization buffer that contained protein DX. A no
protein control was performed in parallel to examine
the composition of the ATP molecule under the condi-
tions and time required for protein crystallization. After
3 days, aliquots were removed from each reaction mix-
ture, and the contents were analyzed by thin-layer chro-
matography (TLC). The resulting image (Figure 5) shows
that ATP obtained from the no protein control migrates
as a single spot with the expected mobility of free ATP

Figure 4. Protein DX crystallized in the presence of pure ADP yields a crys-
tal structure identical to the same protein crystallized in the presence of
low ATP. The bound ADP (atom colors: magenta, carbon; red, oxygen; blue,
nitrogen; orange, phosphate) is shown. Depicted beneath the translucent
gray surface of the protein are important side chains (atom colors: yellow,
carbon; red, oxygen; blue, nitrogen) that are critical for ADP binding. Rel-
evant polar interactions with the ligand are shown by red dashes. The right
panel shows the original DX structure (PDB accession code 2P09) for pur-
poses of comparison.

TABLE 2. Selectivity of binding and disso-
ciation constants (Kd) of Family B
variants

Kd (nM)a

Variant ATP ADP Selectivityb

18-19 1200 � 200 1400 � 180 1.2
DX 250 � 9 620 � 81 2.5
DX (Y43F) 180 � 30 4200 � 760 23

aStandard deviation was calculated using three or more
measurements. bCalculated using the ratio of Kd for ADP
versus ATP.

Figure 5. Analysis of ATP by thin-layer chromatography.
Thin-layer chromatography analysis of �-P32-labeled ATP
incubated for 3 days in protein crystallization buffer
(100 mM Na2HPO4 (pH 8.5), 250 mM sodium citrate,
300 mM NaCl, and 19–24% PEG-400). P32-labeled ATP was
incubated in the absence (lane 1) and presence of protein
DX (lanes 2 and 3). In lane 2, the reaction mixture was
spotted directly onto the TLC plate. In lane 3, the reaction
mixture was incubated with 1 mM cold ATP prior to spot-
ting on the plate. The absence of ADP in the TLC indicates
that ADP is not an artifact of a nonenzymatic or dispropor-
tionation reaction.
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(lane 1). In contrast, ATP that was incubated with the
protein produces two spots on the TLC plate. The more
polar spot exhibits a mobility that is similar to the free
ATP spot, while the less polar spot migrates more slowly
(lane 2). When an aliquot from this mixture is com-
bined with excess nonradioactive ATP, the slower mov-
ing spot disappears and the free ATP spot increases in
abundance (lane 3). We determined that the slower
moving spot was ATP bound to the protein by analyz-
ing the spot by mass spectrometry. This experiment vali-
dates the mass spectroscopy data obtained on dis-
solved protein crystals by demonstrating that the ADP
ligand observed in the crystal structure of protein DX
was not the result of nonenzymatic hydrolysis or dispro-
portionation of ATP since ADP was not observed under
the conditions used to crystallize the protein.

The contrasting behavior of the protein when it is in
solution versus when it is in the crystalline form sug-
gests that the protein’s environment plays an impor-
tant role in the hydrolysis reaction. Close inspection of
the crystal lattice reveals that the ATP ligand is located
in the solvent channels, which suggests that the pack-
ing interactions between neighboring proteins are not
responsible for ATP hydrolysis. One interpretation of this
result is that, in solution, ATP is able to adopt multiple
conformations when bound to protein DX, one of which
is the bent conformation whose lifetime is short relative
to the time required for hydrolysis. During protein crys-
tallization, the equilibrium between the different bound
states shifts to favor the bent conformation, which is ob-
served in the crystal structure of protein DX obtained in
the presence of saturating amounts of ATP. Since the
bent conformation is believed to be essential for hy-
drolysis, it is possible that this reaction is limited to the
crystalline environment where the bent conformation is
stabilized by a network of well-ordered water molecules.
Because the reaction is very slow relative to natural en-
zymes, it is difficult to detect ADP when the protein is
crystallized in the presence of higher ATP concentra-
tions, as any ADP product formed would be displaced
by excess free ATP present in the mother liquor.

Significance of ATP Hydrolysis. In vitro selection ex-
periments provide a powerful method for reconstruct-
ing scenarios that describe the evolutionary path that
enabled primordial proteins to achieve catalytic func-
tion. Up until now, most studies have focused on the
role of conformational diversity and functional promis-
cuity in the evolution of divergent functions from exist-

ing protein scaffolds (19, 20). By applying the prin-
ciples of Darwinian evolution to large pools of random
sequences it is possible to survey the functional land-
scape of the protein universe in a way that is unbiased
by biology and therefore better able to answer questions
about what exists outside of nature (21). While the im-
mensity of protein sequence space (20L, where L is the
chain length) suggests that the emergence of a func-
tional protein from a stochastic pool of sequences is a
highly improbable event, the de novo evolution of this
ATP binding protein demonstrates that folded proteins
with desired functions occur more frequently than previ-
ously thought (10). Through a combination of directed
evolution and structure determination, we have used
this class of synthetic proteins as a model for studying
the diversity of folds that are available in the protein uni-
verse, and the role that subtle mutations play in improv-
ing protein folding stability and solubility (11, 18, 22).
These studies led to the observation that ADP is ob-
served in our crystal structures whenever equivalent
amounts of ATP were added to the mother liquor (11).

In the present study, we provide structural and bio-
chemical evidence that suggests that the bound ADP
molecule is a result of the protein’s ability to bind ATP
in a bent conformation in which the terminal phosphate
is within van der Waals contact of the adenosine ring.
Surprisingly, this conformation is maintained by a key
water molecule that bridges the �-phosphate of ATP with
the amino acid residues Tyr43, Lys34, and Arg41 lo-
cated in the ligand binding pocket of the protein. We
demonstrate that the bent conformation is important
for hydrolysis and show that a null mutant, which re-
moves the bridging water interaction from the structure
is incapable of ATP hydrolysis. We speculate that the
bent conformation causes the �-phosphate to be more
electrophilic than normal, which makes ATP susceptible
to attack by a nearby water molecule. While many addi-
tional experiments are needed to determine the pre-
cise reaction mechanism, a superposition of the linear
and bent ATP conformations suggests that protein DX
binds ATP in a constrained geometry.

The crystal structure of protein DX showing ATP
bound to the protein in an unusual bent conformation
(Figure 6, panel a, left) suggests that constrained ligand
binding geometries might represent one of the sim-
plest ways that primordial enzymes could have
achieved primitive catalytic function. Indeed, many
natural proteins bind their substrates in high-energy
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conformations that differ significantly from their ground
state conformations (23). Critical to this hypothesis is
the observation that the hydrolysis step proceeds with-
out assistance from a divalent metal ion cofactor, which
to our knowledge are always required of modern en-
zymes that hydrolyze ATP (24, 25). This suggests that
early enzymes may have utilized water molecules to at-
tain primitive catalytic functions that were later super-
seded by more complex metal-dependent mechanisms.
Modern ATP binding motifs, such as the common P-loop
motif (Figure 6, panel a, right), bind ATP in a metal-
dependent linear conformation that is often buried in-
side a hydrophobic cleft. In contrast, our synthetic pro-
tein binds ATP in a bent geometry using an intricate
network of water molecules (Figure 6, panel b) to con-
strain the ligand outside the confines of a hydrophobic
cleft and without the aid of divalent metal ions. These
features highlight some of the possible structural
changes that early proteins might have undergone in
their evolution to contemporary biological catalysts
(26).

It is interesting to note that the ligand binding motif
observed in the structure of protein DX is qualitatively

similar to the ATP bind-
ing motif found in the
Sassanfar aptamer (27,
28). This is an RNA
aptamer that was
evolved from a similar
size pool of random se-
quences to bind ATP.
Both structures bind ATP
in a conformation that
buries the nucleobase in-
side a hydrophobic
pocket and exposes the
sugar and phosphate
moieties to bulk solvent.
The parallel between the
evolutionary history and
ligand binding motifs of
these two structures indi-
cate that early macromo-
lecular structures likely
adopted very simple
folds with very simple
functions. Then, over the
course of time these

small scaffolds were able to recombine in different
ways to create larger, more elegant structures with very
sophisticated functional properties. Evidence to support
such a progression can be found in the large number
of protein structures available in the PDB that derive
from a small set of unique single-domain protein folds
(29).

One implication of the current study is that within
the context of sequence space and the fitness land-
scape certain catalytic functions might not be that much
harder for an amino acid sequence to achieve than bind-
ing. This hypothesis is consistent with the general his-
tory of nucleic acid selections, which have shown that ri-
bozymes with relatively undemanding functions occur
in pools of sequences with frequencies that are similar
to many aptamers (30, 31). Because we were able to
identify a protein with weak chemical reactivity from a
selection in which no intentional selective pressure was
applied for catalysis, it is possible that proteins that
fold into structures with catalytic activity might be as
common or nearly as common as proteins that fold into
structures with ligand binding activity. However, the
challenges of developing efficient selection strategies

Figure 6. Comparison of the ATP binding site of protein DX with a modern P-loop motif.
a) Surface rendering of the solvent-exposed ligand binding pocket of protein DX (left) com-
pared with the canonical P-loop ATP binding domain of human thymidylate kinase (right;
PDB accession 1E2Q). In contrast to modern ATP processing enzymes, protein DX main-
tains a solvent-exposed binding site devoid of divalent metal ions. Also shown is the hexa-
coordinated magnesium ion (teal), chelated by ligand, protein, and water (red spheres)
interactions (red dashes). b) Stereoview of solvent shell surrounding the bent ATP con-
former (atom colors: magenta, carbon; red, oxygen; blue, nitrogen; orange, phosphate)
with main and side chains represented with atom coloring (gray, carbon), and relevant po-
lar interactions indicated with yellow dashes. Structural solvent molecules are shown (red
spheres). Loop regions containing the ligand binding residues are shown as a cartoon
representation.
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needed to isolate these catalysts emphasizes the mag-
nitude of the problem for those attempting to evolve
protein enzymes de novo.

Conclusion. The combination of de novo protein evo-
lution with structure determination provides a powerful
approach to establishing an unbiased view of the struc-
tural and chemical diversity available in the protein uni-
verse. Our characterization of a synthetic protein that
derives entirely from random-sequence origin demon-
strates that design-free methods can be used to gener-
ate proteins with novel functions. We show that a pro-
tein selected solely on the basis of its ability to bind ATP
emerged with the ability to hydrolyze ATP. This achieve-

ment suggests that relatively undemanding catalytic re-
actions may not have been that much harder for primor-
dial proteins to attain than ligand binding. This indicates
that it should be possible to evolve proteins with simple
catalytic functions from large pools of random se-
quences in a manner similar to the way in which RNA en-
zymes are selected today (32). Initial progress toward
this goal has already been achieved with the success-
ful evolution of an RNA ligase from a nonfunctional, zinc-
finger protein scaffold (4). Further experiments to exam-
ine the generality of this observation provide exciting
opportunities to search protein sequence space for new
protein folds and catalysts.

METHODS
Expression, Purification, and Crystallization. Protein DX was

purified from E. coli as described previously (11). The Y43F
point mutation was introduced using a QuikChange site-directed
mutagenesis kit (Stratagene). Pure DX protein was concen-
trated using a centricon filter device (Millipore) to a final vol-
ume of �250–300 
L, which gave a final concentration of
�20 mg mL�1. Synthetic ATP binding proteins were crystallized
using the sitting drop vapor diffusion method by combining
1.5 
L of protein solution with an equivalent volume of reser-
voir solution containing 0.1 M sodium phosphate pH 8.5, 0.25 M
sodium citrate, 0.3 M sodium chloride, and 19–24% polyethyl-
ene glycol 400. Co-crystals of protein DX and ATP were obtained
by crystallizing the protein in drops containing 100 mM ATP. Co-
crystals of protein DX and ADP were obtained by crystallizing
the protein in drops containing 100 mM ADP. Co-crystals of pro-
tein Y43F with ATP were obtained by crystallizing Y43F with
10 mM ATP. Small hexagonal crystals appeared within hours
and grew to full size (0.075 mm � 0.075 mm) within 72 h.

Crystallographic Data Collection and Refinement. Data collec-
tion was performed at the Arizona State University X-ray Diffrac-
tion Facility home source on an RAXIS IV detector at the Cu K�
wavelength of 1.54 Å. The crystals were determined to be iso-
morphic with the DX protein crystals described previously and
belong to the space group P3221 (11). All data were processed
using the HKL package (33). Data quality statistics are summa-
rized in Table 1. All protein structures were determined by Fou-
rier synthesis with model building performed in Coot (34), with
alternating rounds of refinement using the CCP4 suite of pro-
grams (35). Coordinates and structure factors have been depos-
ited at the RCSB for immediate release upon publication. Pro-
tein DX crystallized with ATP and pure ADP were assigned the
PDB codes 3DGL and 3DGN. Protein Y43F crystallized with ATP
was assigned the PDB code and 3DGO.

Mass Spectrometry. Proteins DX and Y43F were crystallized
with 1 mM ATP. Protein DX was also crystallized with 1 mM
ADP. Drops that contained a uniform shower of crystals were se-
lected. All mother liquor was removed from the drop, and the
crystals were washed three times with 3 
L of mother liquor de-
void of ATP and dissolved in water and spotted using 2,5-
dihydroxybenzoic acid as the matrix. Linear mass spectra were
acquired in negative reflectron mode in the low molecular weight
regime and positive reflectron mode in the high mass (protein)
regime using an Ultraflex III TOF/TOF MS instrument (Bruker Dal-

tonics, Billerica, MA). The resulting mass spectra were analyzed
using Flex Analysis software (Bruker Daltonics).

Determination of Equilibrium Dissociation Constants. Equilib-
rium dissociation constants (Kd) for purified MBP fusion pro-
teins were measured by equilibrium ultrafiltration as described
previously (11). Apparent Kd’s were measured using trace
amounts of �-[32P]-ATP (Amersham Biosciences) and a series of
concentrations of MBP fusion protein spanning the Kd app. Appar-
ent Kd’s for ADP were measured using trace amounts of �-[32P]-
ADP produced by incubating �-[32P]-ATP with T4 polynucleotide
kinase and DNA for 1 h at 37 °C. The �-[32P]-ADP product was
separated from the reaction mixture by passing the solution
through a microcon spin filter with a 2 kDa membrane. Quanti-
tative conversion of ATP to ADP was verified by TLC.

Thin-Layer Chromatography Analysis. Solution-based activity
was measured under standard crystallographic conditions in
5 
L of buffer that contained 0.2 
L of �-[32P]-ATP, 100 mM so-
dium phosphate (pH 8.5), 250 mM sodium citrate, 250 mM
NaCl, 20% PEG-400, and protein DX (20 mg mL�1). A no pro-
tein control was performed in the absence of protein DX to ex-
amine possible nonenzymatic hydrolysis or disproportionation.
After 3 days, an aliquot (1 
L) was removed from both reaction
mixtures and diluted 10-fold in water, and 1 
L of this solution
was spotted onto silica gel TLC plates (Sorbent Technologies).
An additional aliquot (1 
L) was removed from the protein DX re-
action and diluted 10-fold in water containing 1 mM cold ATP,
and 1 
L of this solution was spotted onto the TLC plate. ATP
was analyzed by running the TLC in 55% n-propanol, 10% am-
monium hydroxide and 35% water, drying the plate at room tem-
perature, and visualizing the image by phosphorimaging (GE
Healthcare).
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