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Abstract

Conservation of function is the basic tenet of protein evolution. Conservation of key electrostatic properties
is a frequently employed mechanism that leads to conserved function. In a previous report, we identified
several conserved electrostatic properties in four protein families and one functionally diverse enzyme
superfamily. In this report, we demonstrate the evolutionary and catalytic importance of electrostatic
networks in three ubiquitous metabolic enzymes: triosephosphate isomerase, enolase, and transaldolase.
Evolutionary importance is demonstrated using phylogenetic motifs (sequence fragments that parallel the
overall familial phylogeny). Phylogenetic motifs frequently correspond to both catalytic residues and con-
served interactions that fine-tune catalytic residue pKa values. Further, in the case of triosephosphate
isomerase, quantitative differences in the catalytic Glul69 pKa values parallel subfamily differentiation.
Finally, phylogenetic motifs are shown to structurally cluster around the active sites of eight different
TIM-barrel families. Depending upon the mechanistic requisites of each reaction catalyzed, interruptions to
the canonical fold may or may not be identified as phylogenetic motifs.
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Conservation of function is the ultimate evolutionary driv-
ing force (Gu 2003). Closely related enzymes generally
catalyze the same, or very similar, reactions. Grouping
closely related proteins into protein families and superfami-
lies is a natural extension of this observation. For example,
enzymes within a given protein family generally catalyze
the same reaction, whereas members of the same superfam-
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ily generally catalyze different, albeit related, reactions.
From a cursory analysis, however, the similarity within su-
perfamily reactions is not always immediately obvious. For
example, members of the enolase superfamily catalyze a
diverse array of reactions from throughout the metabolic
chart (Babbitt et al. 1996). Despite little global similarity in
the reactions catalyzed, the reactions conserve a common
mechanistic strategy. All members of the enolase superfam-
ily catalyze reactions that involve the formation of an enolic
intermediate by abstraction of an a-carbon proton from a
carboxylate substrate (Babbitt et al. 1995). Several other
functionally diverse enzyme superfamilies have been iden-
tified after defining a common mechanistic strategy (Gerlt
and Babbitt 1998).

We recently demonstrated that several conserved electro-
static properties are responsible for maintaining function
across four closely related protein families and the func-
tionally diverse enolase superfamily (Livesay et al. 2003).
Using pairwise distance probability density functions, con-
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TIM-barrel electrostatic networks

servation within the spatial distribution of charge around
active-site regions is demonstrated. In the case of the cop-
per, zinc superoxide dismutase (CuZnSOD) family, the con-
served charge distribution leads to qualitatively conserved
electrostatic potential maps and quantitatively conserved
calculated Brownian dynamics rate constants. Further, phy-
logenetic trees of only the electrostatically relevant residues
within the CuZnSOD and enolase superfamily active sites
are shown to reproduce the complete familial tree. This
result confirms that conservation of electrostatics is an im-
portant mechanism leading to conservation of function.

Subsequently, we reversed the former scenario and later
demonstrated that sequence fragments approximating the
complete familial tree (termed phylogenetic motifs) repre-
sent good functional-site predictions (La et al. 2005). We
briefly highlight the key results of our previous report here
(see Materials and Methods for a technical description of
the approach). Across a structurally and functionally diverse
protein family data set, phylogenetic motifs (PMs) consis-
tently correspond to functional sites defined by surface
loops, active site clefts, and partially buried regions inter-
acting with prosthetic groups. In all instances, the functional
importance of the identified PMs is verified through struc-
tural comparisons. PMs structurally cluster around known
functionality despite little overall sequence proximity. Simi-
larity between traditional and phylogenetic motifs is gener-
ally observed. However, there are instances when PMs are
not (overall) well conserved in sequence. This point is in-
triguing because it implies that PMs are able to functionally
annotate regions where traditional motifs fail. Tree signifi-
cance, especially in the PM regions, has also been demon-
strated using bootstrapping. The PM approach is similar in
spirit to the evolutionary trace (Lichtarge et al. 1996, 1997,
2003) method, and as expected, the results from the two
methods are consistent. Ostensibly, PMs identify sequence
clusters of evolutionary trace residues, which generally im-
proves functional-site prediction. Additionally, the general
use of the evolutionary trace method is to map the tree-
determinant positions onto protein structure (Yao et al.
2003). However, no structural information is used in PM
identification, making PMs a valuable postgenomic tech-
nology.

Defining what constitutes a functional site is not trivial.
In our previous work (La et al. 2005), this determination
was made simply through structural proximity to known
catalytic residues and substrate binding sites. As discussed
previously (La et al. 2005), the catalytic Glu of triosephos-
phate isomerase and all residues interacting with the sub-
strate analog correspond to PM residues. Additionally, eno-
lase PMs are structurally clustered at the active site, with
regions from both the triosephosphate isomerase (TIM)-bar-
rel and N-terminal domains predicted as PMs.

The aim of this report is to delve deeper into the catalytic
specifics of three TIM-barrel families. We demonstrate con-

gruence between PM predictions and calculated electro-
static interactions within active site residues. In both the
triosephosphate isomerase and enolase examples, the cata-
lytic residues and many of the electrostatic interactions re-
sponsible for maintaining functional pKa values correspond
to PMs. Through stabilizing and destabilizing interactions,
the electrostatic interactions fine-tune the catalytic pKa val-
ues. In the case of triosephosphate isomerase, subfamily
phylogenetic differences parallel quantitative differences in
the calculated pKa values. In the case of transaldolase, the
catalytic Lys, which forms a Schiff base, is not identified as
a PM residue. Nevertheless, four of the five strongest inter-
actions with it are, again confirming the evolutionary im-
portance of electrostatic networks vis-a-vis conservation of
function. Further, we show in this report that PMs are struc-
turally clustered at the active sites of eight different TIM-
barrel protein families.

Results and Discussion

Triosephosphate isomerase

The TIM-barrel fold is the most ubiquitous in nature
(Wierenga 2001). All TIM-barrel active sites are defined by
loop regions at the C-terminal end of the a/f3 barrel. Com-
pared to the enzyme’s core, active-site loops are hypermut-
able without affecting the integrity of the fold. Therefore,
evolutionary selected mutations within the active-site loops
largely depend on the mechanistic requisites of each reac-
tion catalyzed. This architecture is a classic example of a
molecular scaffold upon which a wide variety of enzymes
can be based (for an excellent review, see Nagano et al.
2002). In fact, TIM barrels are known to span five of the six
enzyme commission (EC) classifications. Despite global
conservation of the active site at the C-terminal end of the
barrel, the exact position and identity of the catalytic resi-
due(s) are variable. Most TIM barrels are multimeric with
large, well defined protein-protein interfaces. Frequently,
the canonical TIM-barrel fold is interrupted by inserted do-
mains that expand the catalytic possibilities of the enzyme.
The enolase superfamily is one such example. In this case,
a globular a+f N-terminal domain provides several addi-
tional substrate binding interactions. TIM-barrel sequences
are not as conserved as one might expect, based on their
remarkably similar fold topologies (Nagano et al. 2002). In
fact, the similarity between most interfamily TIM-barrel
proteins is firmly within the “twilight zone” (Chung and
Subbiah 1996). The observed sequence similarity, or dis-
similarity for that matter, has led to a debate regarding
TIM-barrel evolution. Whether TIM barrels have resulted
from convergent or divergent evolution remains an open
question; however, the general consensus (Reardon and Far-
ber 1995; Copley and Bork 2000) is that TIM barrels are
divergently evolved from some ancestral protein.
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Triosephosphate isomerase (TIM) is the namesake of the
TIM-barrel fold because it was the first example in which
the fold was observed (Wierenga 2001). TIM is a ubiquitous
glycolytic enzyme that interconverts dihydroxyacetone phos-
phate (DHAP) and glyceraldehyde-3-phosphate. Glul69
(using a common sequence alignment numbering scheme
throughout) acts as a general base (Knowles 1991) that first
abstracts a proton from the a-carbon of DHAP, and later
abstracts a proton from the a-hydroxyl group of the enediol
intermediate (Fig. 1). Polarization of the (a-, 3-) carbonyl
group, followed by stabilization of the oxyanion in the (for-
ward, reverse) reaction by an oxyanion hole (Kursula et al.
2001) makes breaking the C-H bond energetically feasible.
The residues responsible for polarization in the forward and
reverse reaction are Lys11 and His97, and Asn9 and His97,
respectively. Subtle rearrangements of the catalytic residues
and substrate along the reaction pathway have been identi-
fied (Kursula et al. 2001). Further conformational changes
occur within loop 6 of the protein (Joseph et al. 1990;
Wierenga et al. 1992; Rozovsky and McDermott 2001;
Rozovsky et al. 2001). On substrate binding, the flexible
“lid” (loop 6) closes over the active site. Despite these con-

DHAP o H H ‘_) ? H

formational changes, the reaction catalyzed by TIM is very
fast; in fact it approaches the diffusion limit (Stroppolo et al.
2001). Our previous report (La et al. 2005) demonstrates
that all electrostatic (H-bond and salt bridge) interactions
between TIM and substrate, as well as the flexible “lid,” are
identified as PMs. Furthermore, the best-scoring PM covers
the entire Prosite (Hulo et al. 2004) definition of the family.
In this report we demonstrate that PMs also identify most of
the conserved electrostatic interactions that maintain the
catalytic pKa value of Glul69.

The TIM family is largely composed of three distinct
subfamilies (Fig. 2A). Sequence fragments with two or
three positions (from a window width = 5) that approxi-
mate the complete tree are identified as PMs. The remaining
positions within those fragments are generally well con-
served, which leads to the observed similarity between tra-
ditional and phylogenetic motifs. Very few highly variable
positions within high scoring windows are observed. Se-
quence logos (Crooks et al. 2004), shown in Figure 3, high-
light this point. In addition to the catalytic Glul69, two of
the three oxyanion hole residues correspond to PM residues;
these three residues are 100% conserved within the multiple
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Figure 1. The TIM reaction cycle (Kursula et al. 2001). Residue numbering reflects our multiple sequence alignment. Two different
oxyanion holes stabilize the intermediate anionic oxygen. Along the reaction pathway, the catalytic Glu alternates between a general
base and acid. The evolutionary importance of the catalytic Lys11, His97, and Glu169 is demonstrated as all correspond to phylogenetic
motif residues. Asn9 is not predicted as a phylogenetic motif residue, but is immediately adjacent to one. Most of the residues that
mediate the pKa value of Glul69 also correspond to phylogenetic motifs.
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Figure 2. Unrooted phylogenetic trees of the (A) triosephosphate isomerase and (B) enolase families. As highlighted, the triosephos-
phate isomerase alignment can be divided into three different subfamilies, whereas the enolase alignment can be divided into two (plus
two outlier sequences). Triosephosphate isomerase subfamily #1 is demonstrated to have several distinguishing electrostatic features
compared to subfamilies #2 and #3. In spite of these subtle, yet significant differences, the catalytic mechanism of the family is
expected to be conserved. Sequences with known structure are indicated by the arrows. The order of structures (from top to bottom)
is the same as in Table 1 (triosephosphate isomerase) and Table 3 (enolase).

sequence alignment. The third oxyanion hole residue
(Asn9), which is conserved better than 90% in the sequence
alignment, is immediately adjacent to the first PM (the
structure alignment is shown in Fig. 4A). Because Asn9 is
so well conserved, it fails to contribute any new phyloge-
netic information. This is why, in this case, the conserved
position occurs just outside the identified PM. In other in-
stances, conserved positions frequently occur within PMs
because they are between tree-determinant positions.

As implied in Figure 1, a dynamic pKa of Glul69 is
necessary for catalysis to occur. At the beginning of the
reaction cycle, Glul69 must be deprotonated (i.e., a low
pKa value) in order for it to act as a general base. However,
if the pKa is too low, then it is unlikely it will be able to
accept a proton. Next, Glul69 must give up its proton to
form the enediol intermediate. This acid/base cycle is re-
peated in the second half of the mechanism, finally resulting
in G3P formation. Calculated pKa values of the 12 apo and
seven substrate-bound structures are provided in Table 1.

The Glul69 pKa values in the apo structures can be clus-
tered into two groups (one from subfamily #1 and one from
subfamilies #2 and #3). The pKa of the P. woesei catalytic
residue is significantly higher (2.37) than that of the remain-
ing structures (-1 to +1). Despite the quantitative difference
in pKa values, differences in the percent deprotonated (cal-
culated using the Henderson-Hasselbach equation at opti-
mal growth pH) are marginal. For example, the P. woesei
ortholog is calculated to be 99.98% deprotonated, whereas
the S. cerevisiae ortholog is 100% deprotonated, meaning
that a negatively charged Glul69 is ensured at the beginning
of each reaction cycle.

Eight PMs are identified within the TIM family (Table 2).
Figure 4A provides the sequence alignment of the 12 TIM
structures investigated; the identified PMs are highlighted.
Titrating residues calculated to be strongly (more than +0.5
kcal/mol) electrostatically interacting with the catalytic Glu
are also indicated. The electrostatic calculations identify
four conserved stabilizing and four conserved destabilizing
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(A) Triosephosphate Isomerase

.
=
o~
I
-
V—

ey
b SS
C 5 X,mn%

9£2
[ ez
Sogqote
—— locZ
B.vee

Ax 72

O3
0o

wbhogo tarkeie 200

4
3

ﬂ_a

A oe}
\ tua
.”.v..st:NM
g W{Nsie
gz
SERELT
i iziz

‘ -A w-:«

O

. c_rnr
<l a?m

H ,ve_mt
Ny

@& = M“UKF

:ut
oesn

c

s
-
wrbiage brkeie i

sHEL

141

L

ol
-

s M N - O

sHq

(B) Enolase

watingo kel b

aetioga berkes s o

mbicge bubale sy

(C) Transaldolase

oo babae s sdu

wablago bakels sy

sestloge bakele o

~elogo babale s s

etloge bubsles sdy

Figure 3. (Legend on next page)
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interactions. Seven of the eight interactions correspond to
PM residues; the remaining residue is weakly stabilizing.
The average interaction energy of the three stabilizing PM
interactions is —0.90, —1.95, and —0.70 kcal/mol, whereas
the average of the non-PM interaction is —0.76 kcal/mol.
Because the catalytic Glu is exposed on the surface of the
protein (making desolvation effects irrelevant), the residues
electrostatically interacting with it are uniquely responsible
for keeping the pKa values so low. These interactions are
generally conserved throughout all 12 structures. As ex-
pected, the most common and striking differences occur in
the P. woesei ortholog. The observed differences between
the P. woesei structure and the others are consistent with
differences seen in the complete familial alignment. Figure
5A provides a structural representation of these results.

Taken together, the PM and electrostatic results indicate
subtle evolutionary variability within the catalytic residues
of TIM. Regardless of the observed pKa value differences,
it is unlikely that catalysis and/or reaction rates are substan-
tially affected, because Glul69 is essentially 100% depro-
tonated in all cases. However, such a low pKa value con-
flicts with the later steps of the reaction. In the second and
fourth steps of the reaction, the Glu169 must become pro-
tonated. The calculated pKa values are so small that their
ability to become protonated is negligible. This quandary is
resolved upon substrate binding, which shifts all 12 Glu169
pKa values similarly to the above seven, making proton-
ation feasible. Less subfamily discrimination is observed in
the calculated pKa values of the substrate-bound structures.
Therefore, the low pKa value within the apo structures, in
spite of the observed variability, ensures that the catalytic
Glu is completely deprotonated, which is necessary for the
reaction to begin. On substrate binding, the pKa is raised
such that protonation becomes energetically feasible. In the
case of S. cerevisiae, the catalytic Glu goes from 100%
deprotonated to 96.94% protonated. Although not explicitly
modeled here, the conformational rearrangements within
the active site (Kursula et al. 2001) are expected to continu-
ally shift the pKa values, as needed, throughout the reaction
pathway.

The electrostatic interactions highlighted in Figures 4A
and 5A are from the apo structures. It should be pointed out
that quantitatively similar pairwise values are calculated for
the substrate-bound structures. In fact, the correlation coef-
ficient between corresponding Glul69:X pairs, where X
equals all other residues, in the apo and substrate-bound
structures is greater than 0.9. Due to the technical manner in
which the multiple-site titration procedure calculates pKa val-

ues, this initially surprising result should actually be ex-
pected. First, a so-called intrinsic pKa is calculated that
accounts for solvent accessibility and neutral dipoles (note:
substrate binding does not appreciably affect Glu169 acces-
sibility). Next, the apparent pKa is calculated from the in-
trinsic value plus all pairwise electrostatic effects. There-
fore, the electrostatic interaction, ®, between Glul69 and
X is not influenced by the substrate because it is assumed to
be neutral when ®Dg;,160.x 18 calculated, meaning that
DG1u169:subsirate 18 the only significant effect leading to the
large pKa shift of Glul169.

All-to-all phylogenetic comparisons of TIM sequence
windows reveal interesting results (Fig. 6). As expected,
high-similarity regions correspond to PMs, only this time
they are identified without recourse to complete familial
tree comparisons. This result highlights intrafamily co-evo-
Iution within functional portions of the protein. Of course, a
robust evolutionary description of any family should in-
clude both PM and non-PM regions. Nevertheless, the im-
portance of conservation of function in protein family evo-
lution is confirmed once more. Further, many conserved
functionally important electrostatic interactions correspond
to high-similarity regions. For example, the interactions me-
diating the pKa value of Glul69 are in the most phyloge-
netically similar regions. Many other conserved electro-
static interactions do not correspond to PMs. However, most
of these interactions are structural, not catalytic. Note: In
this study we define catalytic residues as the ones involved
in the discussed electrostatic networks.

Enolase

Enolase, also a ubiquitous glycolytic enzyme, catalyzes the
penultimate reaction of the pathway. Enolase catalyzes the
reversible dehydration reaction converting 2-phosphoglyc-
erate (2PG) to phosphenolpyruvate. As discussed above,
enolase is a multidomain TIM-barrel protein. Both the TIM-
barrel and N-terminal domains contribute active-site resi-
dues. Catalysis requires a general base to abstract the a-car-
bon proton from 2PG. In order for the reaction to proceed,
several divalent metal ions (generally Mg>* or Mn>*) are
required at the active site (Wold and Ballou 1957), presum-
ably to stabilize the carbanion intermediate. The catalytic
residues of enolase have not been unequivocally deter-
mined; however, the conserved Lys357 (again using align-
ment numbering) is a likely candidate (Babbitt et al. 1996).
In the forward reaction, Glu216 is thought to provide a
proton to the leaving hydroxyl group (Cohn et al. 1970).

Figure 3. Sequence logo (Crooks et al. 2004) representations of (A) the eight triosephosphate isomerase, (B) the 12 enolase, and (C) the seven transaldolase
phylogenetic motifs. In all cases, the numbering is that of the multiple sequence alignment used during phylogenetic motif identification (not to be confused
with the alignments shown in Fig. 4). Most of the conserved electrostatic interactions calculated correspond to invariant (or nearly so) positions within the
alignment. In these instances, proximal alignment positions reproduce the overall tree. However, there are a few instances (e.g., Asp34, which is strongly
interacting with the catalytic Lys138 of transaldolase) where significant familial variability within the electrostatic network is observed.
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TRIOSEPHOSPHATE ISOMERASE

MSYYHHHHHHLESTSLYKAGLTRKFFVGGNWEMNGDYASVDGIVTFLNASADN---SSVDVVVAPPAPYLAYAKSKLK----AG-VLVAAQNCYKVPK

---------------------- RKYFVAANWKCNGTLESIKSLTNSENNLDFD--PSKLDVVVFPVSVHYDHTRKLLQ-----SKFSTGIQNVSKFGN
_____________________ ARTFFVGGNFKLNGSKQSIKEIVERLNTASIP---ENVEVVIEPPATYLDYSVSLVK-~--KPQVTVGAQNAYLKAS
___________________ MGAGKFVVGGNWKCNGTLASIETLTKGVAASVDAELAKKVEVIVGVPFIYIPKVQQILAGEANGANILVSAENAWTKS -
-------------------- AKPQPIAAANWKCNGTTASIEKLVQVFNEHT---ISHDVQCVVAPTEVHIPLVQAKLR----NPKYVISAQNAIAKS-
= -- ---KPQPIAAANWKCNGSESLLVPLIETLNAAT---FDHDVQCVVAPTFLHIPMTKARLT----NPKFQIAAQNAITRS -
- -- --SKPQPIAAANWKCNGSQQOSLSELIDLENSTS---INHDVQCVVASTFVHLAMTKERLS----HPKFVIAAQNAIAKS -

GSHTGHVLPEAVKEAGAVGTLLNSS'NRMILADLEAAIRR--—-AEEVGLMTMV:SNNP ——————————————— AVSAAVAALNP----- DYVAVEPP
GAFTGEISPLMLQEIGVEYVIVGHSHRRRIFKEDDEFINRKVKAVLEKGMTPI GETLEEREKGLTFCVVEKQVREGFYGLDKEEAKRVVIA
GAYTGEVSPVMLKDLGVTYVILGHS®HRROMFAETDETVNKKVLAAFTRGLIPI I} ESLEEREAGQTNAVVASQVEKALAGLT PEQVKQAVIA;
GSYTGEVSAEIAKDLNIEYVIIGHFHERRKYFHETDEDVREKLQASLKNNLKAVVEFGESLEQREQNKT IEVITKQVKAFVDLIDN--FDNVIL
GAFTGEISPAMIKDLGLEWVILGESZERRHVFGESDALIAEKTVHALEAGIKVVFEIGEKLEEREAGHTKDVNFRQLQAIVDKGVS--WENIVIA
GAFTGENSVDQIKDVGAKWVILG?S RRSYFHEDDKFIADKTKFALGQGVGVILEIGETLEEKKAGKTLDVVERQLNAVLEEVKD--WTNVVVA
GAYTGEVHVGMLVDCQVPYVILGHSHRRQIFHESNEQVAEKVKVAIDAGLKVIAGIGETEAQRIANQTEEVVAAQLKAINNAISKEAWKNIILA
GAFTGEVSMPILKDIGVHWVILGHSHRRTYYGETDEIVAQKVSEACKQGFMVIAZIGETLQQREANQTAKVVLSQTSAIAAKLTKDAWNQVVLA;
GAFTGEVSLQILKDYGISWVVLGHSHRRLYYGETNEIVAEKVAQACAAGFHVI GETNEEREAGRTAAVVLTQLAAVAQKLSKEAWSRVVIA
GAFTGEVSLPILKDFGVNWIVLGHESERRAYYGETNEIVADKVAAAVASGFMVIAGIGETLQERESGRTAVVVLTQIAATAKKLKKADWAKVVIA
GAFTGETSAAMLKDIGAQYIIIGHSERRTYHKESDELIAKKFAVLKEQGLTPVLEIGETEAENEAGKTEEVEARQIDAVLKTQGARAFEGAVIA
GAFTGDMSPAMLKEFGATHIIIGHSERREYHAESDEFVAKKFAFLKENGLTPVLEIGESDAQNEAGETMAVEARQLDAVINTQGVEALEGAIIA

IGAGISTGEDVKKAIELGTVGVLLASGVTKAKDPEKATWDLVSGI-————
GSIKPDNFLGLIVQKDIDGGLVGGAS LK-ESFIELARIMRGVIS -~~~
GSVKPDNIRDFLAQQQIDGPLVGGAS LEPASFLQLVEAGRHE-----~
GSVNTENCSSLIQQEDIDGFLVGNAS LKE-SFVDI IKSAM-——=--=-
GSVTADNAAELGKKPDIDGFLVGGASLKP-DFVKI INARSTALSCTCH
GSANGSNAVTFKDKADVDGFLVGGASLKP-EFVDI INSRN--------
GSVNPANCNELAKKADTDGFLVGGAS LDAAKFKTIINSVSEKL-----
GSVNAANAATLYAKPDINGFLVGGASLKP-EFRDIIDATR-—----=~
WAIGTGKVATPQQAQEVHELLRRWVRSKLGTDIAAQLRILYGGSVTAKNARTLYOMRDINGFLVGGAS LKP-EFVEI IEATK==== ===~
WATGTGKVATPQOAQEAHATISSWVSSKIGADVAGELRILEGGSVNGKNARTLYQQRDVNGFLVGGAS LKP-EFVDI IKATQ-~—-———-
WAIGTGKSATPAQAQAVHKFIRDHIAK-VDANIAEQVIIQYGGSVNASNAAELFAQPDIDGALVGGAS LKADAFAVI VKAAEARKQA- -
WAIGTGKAATAEDAQRIHAQIRAHIAE-KSEAVAKNVVIQ¥GGSVKPENAAAYFAQPDIDGALVGGAALDAKS FAATAKAAAEAKA -~~~

ELIGTGIPVSKAKPEVITNTV------ ELVKKVNPEVKVL
WAIGTGRVATPQQOAQEVHAFIRKLLSEMYDEETAGSIRIL
WAIGTGKSSTPEDANSV%GHIRSVVSRLFGPEAAEAIRIQ
WAIGTGKTATPEQAQLVHKEIRKIVKDTCGEKQANQIRIL
WAIGTGKTASGEQAQEVHEWIRAFLKEKVSPAVADATRII
WAIGTGLAATPEDAQDIHASIRKFLASKLGDKAASELRIL
WAIGTGKTATPDQOAQEVHQYIRKWMTENISKEVAEATRIQ
WAIGTGKVATPEQAQEVHLLLRKWVSENIGTDVAAKLRIL

ENOLASE

GSHMTIQKVHGREVLDSRGNPTVEVEVTTEKGVF-RSAVPSGASTGVYEACELRDGDKKRYVGKGCLQAVKNVNEVIGPALIGR--DELKQEELD
----AVSKVYARSVYDSRGNPTVEVELTTEKGVF-RSIVPSGASTGVHEALEMRDGDKSKWMGKGVLHAVKNVNDVIAPAFVKANIDVKDQKAVD
--MSIITDVYAREILDSRGNPTIEVEVYTESGAFGRGMVPSGASTGEYEAVELRDGDKARYGGKGVTKAVDNVNNIIAEAIIGY--DVRDQOMAID
---SKIVKIIGREIIDSRGNPTVEAEVHLEGGFVGMAAAPSGASTGSREALELRDGDKSRFLGKGVTKAVAAVNGPIAQALIGK—DAKDQAGID

TLMLRLDGTPNKGKLGANAILGCSMAISKAAAAAKGVPLYRYLASLAG--TKELRLPVPCFNVINGGKHAGNALPFQEFMIAPVKATSFSEALRM
DFLISLDGTANKSKLGANAILGVSLAASRAAAAEKNVPLYKHLADLSKSKTSPYVLPVPFLNVLNGGSHAGGALALQEFMIAPTGAKTFAEALRI
KAMIALDGTPNKGKLGANAILGVSIAVARAAADYLEVPLYHYLGGEN----- TKVLPTPMMNIINGGSHADNSIDFQEFMIMPVGAPTFKEALRM
KIMIDLDGTENKSKFGANAILAVSLANAKAAAAAKGMPLYEHIAELNGT-PGKYSMPVPMMNIINGGEHADNNVDIQEFMIQPVGAKTVKEAIRM

GSEVYHSLKGIIKKKYGQDAVNVGDEGGFAPPIKDINEPLPILMEAIEEAGHR-GK-FAICMDCAASETYDEKKQQYNLTFKSP---EPTWVTAE
GSEVYHNLKSLTKKRYGASAGNVGDEGGVAPNIQTAEEALDLIVDAIKAAGHD-GK-VKIGLDCASSEFFKDGK--YDLDFKNPNSDKSKWLTGP
GAEVFHALAAILKSR--GLATSVGDEGGFAPNLGSNEEGFEVI IEATEKAGYVPGKDVVLAMBAASSEFYDKEKGVYVLADSGE---—— GEKTTD
GSEVFHHLAKVLKAK--GMNTAVGDEGGYAPNLGSNAEALAVIAEAVKAAGYELGKDITLAMDCAASEFYKD--GKYVLAGEGN---~-~- KAFTSE

QLRETYCKWAHDYPIVSIEDPYDQDDFAGFAGITEALKGKTQIVGDDLTVTNTERIKMAIEKKACNSLLLKINQIGT ISEAIASSKLCMENGWSV
QLADLYHSLMKRYPIVSIEDPFAEDDWEAWSHFFKTAG--IQIVADDLTVTNPKRIATAIEKKAADALLLKVNQIGT LSESIKAAQDSFAAGWGV
EMIKFYEELVSKYPIISIEDGLDENDWDGFKKLTDVLGDKVQLVGDDLFVTINTQKLSEGIEKGIANSILIKVNQIGTLTETFEAIEMAKEAGYTA
EFTHFLEELTKQYPIVSIgﬁGLDESDWDGFAYQTKVLGDKIQLVGDDLFVTNTKILKEGIEKGIANSILIKFNQIGSLTETLAAIKMAKDAGYTA

MVSHRSGETEDTFIADLVVGLRTGQIKTGAPARSERLAKLNQLLRIEEELGDNAVFAGENFHHGDKL-
MVSHRSGETEDTYIADLVVALGSGQIKTGAPCRGERTAKLNQLLRIEEELGAHAKFGFPGWS—--——-
VVSHRSGETEDSTISDIAVATNAGQIKTGSLSRTDRIAKYNQLLRIEDQLGEVAEYKGLKSFYNLKAA
VISHRSGETEDATIADLAVGTAAGOIKTGSMSRSDRVAKYNQLIRIEEALGEKAPYNGRKEIKGQA--

(A) Sequence alignment of the 12 triosephosphate isomerase structures investigated. The identified phylogenetic motifs, indicated by the black
line above the first sequence, frequently correspond to those residues that are generally responsible for defining the catalytic Glu (highlighted in bold) pKa
values. The three oxyanion hole residues are also highlighted in bold. Stabilizing interactions, which lower the pKa value, are colored light gray, whereas
destabilizing interactions are dark gray. The order (fop to bottom) of the proteins in the alignment is the same as in Figure 2A and Table 1. (B) Sequence
alignment of the four enolase structures investigated. Again, phylogenetic motifs generally correspond to those residues that are responsible for the extreme
pKa values in Glu211, Lys357, and Lys408 (highlighted in bold). The pKa value of His164 (also bold), which has also been suggested as a catalytic residue,
is not as shifted as the other three potential catalytic candidates. Residues involved in the electrostatic network stabilizing the charged forms of the above
residues are colored light gray. Inclusion in the electrostatic network is defined by a single pairwise interaction with one of the four residues above that
is greater than +1.0 kcal/mol or more than two interactions greater than +0.5 kcal/mol. The order (top to bottom) of the proteins in the alignment is the

same as in Figure 2B and Table 3.
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Table 1. Calculated pKa values of the TIM catalytic
Glu residue

Structure Organism pKa (apo)* pKa (w/substrate)®
Subfamily #1
1hg3 P. woesei 2.37 9.07
Subfamily #2
1b9b T. maritima -0.32 n/a
1btm B. stearothermophilus 0.51 7.12
Subfamily #3
1lyx P. falciparum -0.94 7.23
1mo0 C. elegans -0.04 n/a
2ypi S. cerevisiae 0.77 8.00
1m6j E. histolytica 0.47 n/a
1n55 L. mexicana 0.09 8.05
1ted T. cruzi 0.55 n/a
1kv5 T. brucei 0.38 7.45
1tre E. coli 0.72 n/a
lawl V. marinus 0.97 7.75

The model (aqueous) pKa value of Glu is 4.40.

*The homogeneity of pKa values from the true and computationally
plucked apo-structures leads us to conclude that significant induced fit
conformational changes do not occur.

® All substrates are 2-phosphoacetic acid.

Several other conserved acids are also present at the active
site. Experimental profiles for Mg>* activation led Vinaroy
and Nowak (1998) to refute the Lys357/Glu216 catalytic
pair hypothesis. Their results suggest that Lys408 and
His164 are the catalytic pair. Whether or not His164 is a
catalytic residue, its functional importance is confirmed by
the H164A mutation, which has 0.01% of wild-type activity
(Vinarov and Nowak 1999).

Figure 2B indicates that the enolase family can be
roughly divided into two subfamilies (plus two outlier se-
quences). Two structures per subfamily are currently avail-
able. Unlike TIM, where conserved subfamily differences in
the pKa value of Glu169 are calculated, no clustering of the
electrostatic properties is observed. Quantitative pKa values
are highly protein-dependent and cannot be grouped based

on subfamily. Rather, a large electrostatic network is con-
served in all enolase structures, which results in qualita-
tively similar pKa values across the whole family. As be-
fore, many of the conserved electrostatic interactions that
make up this functional network correspond to PMs.

Twelve enolase PMs are identified, which is roughly pro-
portional to the number found in TIM after normalizing for
alignment length. Based on our previous and ongoing stud-
ies (results not included), we have determined this to be a
weakly consistent trend. Future large-scale analyses will
attempt to quantify this qualitative observation. All four of
the active-site residues discussed above are predicted as PM
residues. The pKa values of Glu211, Lys357, and Lys408
are drastically shifted from their aqueous values (Table 3).
The extent of the shifts highlights their functional impor-
tance (Elcock 2001). The extreme pKa values of these resi-
dues are stabilized by a conserved electrostatic network.
Figures 4B and 5B highlight several conserved interactions
within the network. A majority of the enolase electrostatic
network residues are also identified as PMs, again confirm-
ing the evolutionary importance of catalytic electrostatic
networks.

Transaldolase

In many cells, a constant supply of biosynthetic reducing
power (in the form of NADPH) is provided by the pentose
phosphate pathway (Wood 1986). Additionally, the pentose
phosphate pathway can provide ribose-5-phosphate for
nucleic acid biosynthesis and several glycolytic intermedi-
ates. NADPH is provided in the first (oxidative) half of the
pathway, whereas transaldolase (TA) and transketolase pro-
vide a reversible link to glycolysis (Jia et al. 1996) in the
nonoxidative portion of the pathway. TA catalyzes a three-
carbon transfer from sedoheptulose-7-phosphate (S7P) to
glyceraldehydes-3-phosphate. The products of this TA-cata-
lyzed reaction are fructose-6-phosphate and erythrose-4-
phosphate. The TA mechanism involves a nucleophilic at-

Table 2. Sequence families and structures investigated in this work

Structure(s)
Protein family COG # # Seq” pPSz® # PMs*® investigated
Dihydroorotase 0044 69 -1.8 7 1579
Enolase 0148 73 -1.8 12 (see Table3)
Triosephosphate isomerase 0149 69 -1.5 8 (see Tablel)
Transaldolase 0176 64 -1.5 7 lonr
Fructose-bisP aldolase 0191 71 -2.0 6 1dos
Deoxyribose-P aldolase 0274 44 -2.0 6 Irvg
Thiamine-P synthetase 0352 60 -1.5 3 2tps
Methylenetetrahydrofolate reductase 0685 51 -2.0 6 1b5t

“ Number of sequences in the alignment.

® Phylogenetic similarity z-score threshold used in identification of the phylogenetic motifs.

¢ Number of phylogenetic motifs identified.
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(A) Triosephosphate isomerase

(B) Enolase

(C) Transaldolase

Lys357'

Lys11
Tyr212
Glug9 Glu169*
Oys128 11168
Arg101
Asp3a2 Asp305

Glu 49 Asp333 GIuSOG
Asp256

Glu257
Lys408*

D G173

His385 \ His164*
Glu216*

Glu3sg
Asp215

Arg417

Arg386

Arg18

Asp34 ‘

Tyr120
\ : Asp16
Lys133*
Glug7 :

Arg177

Figure 5. Phylogenetic motifs (leff) and electrostatic networks (right) of (A) triosephosphate isomerase, (B) enolase, and (C) trans-
aldolase. (Left) Spheres represent phylogenetic motif a-carbons. In all cases, the identified phylogenetic motifs are structurally
clustered at the C-terminal end of the barrel. (Right) All residues implicated in the functional electrostatic networks are indicated.
Positions included here are based on a simple majority from the multiple sequence alignments in Figure 5. Catalytic residues are
indicated by an asterisk; nonphylogenetic motif residues are underlined. For example, the catalytic residue of transaldolase (Lys133)
is not part of any identified phylogenetic motif. Residue numbering is the same as in Figure 4.

tack of a deprotonated Lys (Lys128 in our alignment) on the
carbonyl carbon of S7P, forming a Schiff base intermediate
(Jia et al. 1997). The calculated pKa value of Lys128
(11.65) is approximately the model value. However, the
calculated pKa value indicates that the deprotonated form of
Lys128 is negligible at physiological pH. Presumably, sub-
strate binding lowers the pKa such that the nucleophilic
attack can occur.

Unlike TIM and enolase, the catalytic Lys of TA is not
predicted as a PM. While not identified as a phylogenetic

1166 Protein Science, vol. 14

motif residue, the evolutionary importance of the stretch of
residues surrounding Lys128 is confirmed. Lys128 is in the
middle of a traditional motif; in fact, this stretch of residues
around the catalytic residue is one of two Prosite (Hulo et al.
2004) definitions for the family. While the active-site motif
does possess some variability, the variability is too random
for a PM to be identified. The second TA Prosite definition
is entirely covered by a PM. Conversely, most of the resi-
dues electrostatically interacting with Lys128 are identified
as PMs. Seven PMs are identified in TA (Table 1). Five
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Figure 6. The all-to-all pairwise analysis of sequence window phyloge-
netic similarity is plotted. Lighter colors indicate higher similarity; darker
colors indicate less. The identified phylogenetic motifs are numbered. Ad-
ditionally, all strongly (greater than +0.5 kcal/mol) interacting pairwise
electrostatic interactions are laid on rop of the phylogenetic comparisons.
Stabilizing interactions are colored white; destabilizing interactions are
gray. Many of the catalytic electrostatic network interactions are predicted
by the phylogenetic comparisons. On the other hand, there are many elec-
trostatic interactions, largely involved in stabilization of the structure, that
are not predicted. Circles indicate the four phylogenetic motifs strongly
interacting with Glul69 (see Fig. 5A).

significant electrostatic interactions are calculated between
Lys138 and the remaining residues (see Fig. 5C). The cal-
culated P, 35.x are listed in Table 4. Four of the five
interactions correspond to PMs, including Asp34, which is
one of the two most stabilizing interactions calculated. Un-
like many PMs, the Asp34 PM is not also a traditional
motif. The same is true for the less stabilizing, yet signifi-
cant Aspl6 interaction. From these and other (data not
shown) traditional versus phylogenetic motif comparisons,
we conclude that future efforts attempting to predict func-

Table 3. Calculated pKa values of the two potential enolase
acid/base pairs

Structure Organism His164/Lys408 Glu211/Lys357
Subfamily #1
loep T. brucei 8.22/20.19 -3.64/30.14
2one S. cerevisiae 3.63/28.66 —-8.29/21.37
Subfamily #2
liyx E. hirae 8.12/23.96 —0.65/16.72
1e9i E. coli 4.71/27.11 —7.48/21.84

The model (aqueous) pKa values of His, Lys, and Glu are 6.30, 10.40, and
4.40, respectively.

Table 4. Significant Lys128:X pairwise electrostatic
interactions within transaldolase

= Dy oos:x” Phylogenetic motif Traditional motif®
Aspl6 -1.54 v
Asp34 -0.55 N
Glu97 -1.81 v N4
Tyr129 -0.56 J/
Lys128 n/a N4
Argl77 +0.72 v N

Defined as greater than +0.5 kcal/mol.

# Units in kcal/mol.

® As calculated by MINER using false positive expectations. See La et al.
(2004) for a description of the approach.

tional interactions from sequence alone (compared to our
goal here of simply demonstrating correspondence) should
employ various sequence feature identification strategies.
These results are in line with the recent review by Jones and
Thornton (2004) that classifies functional-site prediction
strategies into two groups, one based on sequence conser-
vation and the second based on feature identification.

Structural clustering of TIM-barrel phylogenetic motifs

Juxtaposed to our specific sequence/structure/function com-
parisons above, we also identified PMs in five other TIM-
barrel protein families. In all cases, PMs are structurally
clustered around the active-site region (Fig. 7). For the most
part, PMs are solvent-exposed. However, in cases where
substrates intercalate deeper into the core, PMs correspond
to more buried regions as well. In all cases, defining PMs as
functional is consistent with the structural information. In-
terestingly, many secondary structure elements (vs. random
coil loops) are included within the PMs. Many (68%) PMs
partially span the C-terminal end of the B-strands. A few
even span the entire 3-strand. PMs spanning a-helical re-
gions are less common, yet still occur appreciably (36%).
Only 13% of the identified PMs are segregated to only coil
regions. Across the data set, PMs partially span all eight
B-strands. PMs are most common in strands B1, 6, and B7,
occurring four times. Conversely, PMs are least common in
strand (33, where they occur only twice.

Conclusions

The basic principle of protein evolution is conservation of
function. Function is defined by the structural properties of
a particular enzyme, which is encoded in sequence. We
present the evolutionary variability within the sequence/
structure/function relationships of three important metabolic
enzymes (triosephosphate isomerase, enolase, and transal-
dolase), all of which are TIM-barrel proteins. In the case of
triosephosphate isomerase, quantitative differences in the
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Figure 7. Phylogenetic motifs of the five remaining TIM-barrel proteins investigated: (A) dihydroorotase, (B) methylenetetrahydro-
folate reductase, (C) thiamine-phosphate synthetase, (D) deoxyribose-phosphate aldolase, and (E) fructose-bisphosphate aldolase.
Spheres represent phylogenetic motif a-carbons. In all cases, the identified phylogenetic motifs are structurally clustered at the
C-terminal end of the barrel. In some cases, extra domains, which may or may not be identified as phylogenetic motifs, interrupt the

canonical fold.

pKa values of the catalytic Glu parallel subfamily differen-
tiation. Further, phylogenetic motifs are shown to corre-
spond to active-site electrostatic network residues within all
three families. Finally, PMs are shown to structurally cluster
around the active sites of eight different TIM-barrel fami-
lies.

Materials and methods

Phylogenetic motifs

PMs are identified using a sliding sequence window algorithm to
comprehensively evaluate the phylogenetic similarity between
each window and the complete alignment. An input alignment is
parsed into a series of windows (width = 5), which was previ-
ously demonstrated as ideal (La et al. 2005). All sequences (see
Table 1) are taken from the most recent version of the clusters of
orthologous groups (COG) database (Tatusov et al. 2003). A phy-
logenetic tree clusters each sequence fragment within the window.
Similarity between the window and complete familial tree is quan-
tified by the partition metric algorithm (Penny and Hendy 1985).
The partition metric simply counts the number of topological dif-
ferences between the two trees, meaning the smaller the partition
metric score is, the greater the tree similarity. Multiple sequence
alignments are calculated using CLUSTALW (Thompson et al.
1994). CLUSTALW is not always the best alignment method,
especially in cases with appreciable sequence diversity. However,
this is not a problem here due to the similarity of the sequences
within each COG.

Phylogenetic trees are calculated using the distance-based algo-
rithm within CLUSTALW. Due to the number of tree calculations
required, distance-based trees are used to ensure computational
efficiency. For example, in the case of TIM, a medium-sized pro-
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tein, over 250 trees must be calculated. Additionally, as Kuhner
and Felsenstein (1994) pointed out, distance-based approaches ac-
tually outperform maximum-likelihood approaches on short se-
quences. Phylogenetic similarity is quantified using z-scores cal-
culated from the raw partition metric distribution. Plotting the
phylogenetic similarity z-score (PSZ) against window number fa-
cilitates sequence analysis (Fig. 8). After all tree comparisons are
made, the PSZ threshold can be adjusted to alter what constitutes
a “hit.” The threshold can be raised or lowered to be more accom-
modating or stringent, respectively. Our previous report (La et al.

0 50 100 150 200 250
Window Number

Figure 8. Plotting phylogenetic similarity z-scores (PSZ) vs. window
number facilitates sequence comparison. Triosephosphate isomerase is
shown as an example case. Phylogenetic motifs are defined as all overlap-
ping sequence windows scoring past the PSZ threshold (dashed line),
which in this case equals —1.5. Here, 22 (of 252) sequence windows score
past the PSZ threshold. Grouping the overlapping windows identifies eight
phylogenetic motifs.
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2005) suggested that PSZ thresholds between —1.5 and —2.0 are
ideal. PSZ thresholds used here are given in Table 1. All overlap-
ping windows scoring below the PSZ threshold are grouped as a
single PM. MINER, our implementation of the PM identification
algorithm, is freely available online at http://www.pmap.csupomona.
edu/MINER/. Source code is available upon request.

Note that six triosephosphate isomerase PMs were identified in
our previous study (La et al. 2005). Here, eight triosephosphate
isomerase PMs were identified. The first difference arises from
splitting a previously identified PM into two. In the second, a
window that previously scored just shy of the PSZ threshold, now
scores just past it. These differences occur because of two subtle
differences in our PM identification strategy. First, and most im-
portant, highly (more than 50%) gapped alignment positions are
purged from the alignment. Previously, we simply purged highly
gapped windows. Second, a newer version of CLUSTALW is used.
The second difference underscores the rather arbitrary nature of
the PSZ threshold. We are currently using hierarchical clustering
techniques to automate PSZ threshold determination (without any
human subjectivity). This implementation should be completed in
the next year and will be added to MINER when finished.

Continuum electrostatic calculations

Residue pKa values and intramolecular electrostatic interactions
were calculated using the University of Houston Brownian Dy-
namics (UHBD) suite of programs (Madura et al. 1995). UHBD
calculates pKa values using the single site titration procedure de-
scribed by Gilson (1993) and Antosiewicz et al. (1994). Due to the
number of Poisson-Boltzmann calculations required when calcu-
lating pKa values, the linear Poisson-Boltzmann equation is cal-
culated using the Choleski preconditioned conjugate gradient
method (Gibas and Subramaniam 1996; Livesay et al. 1999, 2003).
The protein is centered on a 65 x 65 x 65 grid with each grid unit
equaling 1.5 A. Adaptive grids focus each grid unit to 1.2, 0.75,
and 0.25 A. A solvent dielectric constant of 80 and an interior
protein dielectric of 20, which is best for reproducing experimental
pKa values (Antosiewicz et al. 1996; Gibas and Subramaniam
1996), are used. Protein partial charges are taken from the
CHARMM parameter set (Brooks et al. 1983) and radii from the
optimized potentials for liquid systems (Jorgensen and Tirado-
Rives 1988). In all cases, the temperature is 298 K and the ionic
strength is 0.15 M.

Protein structures were prepared for the pKa calculation in a
manner similar to that of previous reports (Livesay et al. 1999,
2003; Torrez et al. 2003). Currently, there are 15 triosephosphate
isomerase orthologs within the PDB (Berman et al. 2000). Only 12
structures were investigated here, as the two mammalian and one
chimeric structure are not representative of the COG database.
Figure 2A indicates that the structural data set is representative of
the sequences used in PM detection. Four microbial enolase and
one microbial transaldolase structures were also investigated. A
human transaldolase and a lobster enolase structure were excluded
for the same reason as above. For computational efficiency, only
monomers were investigated. Table 1 indicates all protein struc-
tures investigated in this work. Incomplete residues were corrected
using the systematic rotamer search within MOE. [The Molecular
Operating Environment (MOE) is a commercial implementation of
many computational biology algorithms and tools. MOE is a trade-
mark of Chemical Computing Group, Toronto, Canada.] Hydro-
gens were also added using MOE.

Seven of the 12 triosephosphate isomerase structures have a
bound substrate analog. In all cases, the substrate is 2-phospho-

acetic acid. Both apo and substrate-bound structures were inves-
tigated here. Apo structures of proteins with bound substrates were
generated by simply removing the substrate coordinates from the
PDB file. This approach for generating apo structures can poten-
tially lead to incorrectly calculated pKa values. For example, dras-
tic differences between the open and closed (both without sub-
strate) forms of monoclonal antibody NC6.8, which is specific for
a guanidiniumacetic acid derivative, were demonstrated previously
(Livesay et al. 1999). However, no distinction within the calcu-
lated pKa values between the true and the deleted coordinate apo
structures was observed (see Table 2). Due to the homogeneity of
the results, we conclude that induced-fit conformational changes
are not a concern. In the enolase and transaldolase cases, only apo
structures were investigated.
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