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Abstract. Human TIP30 is a cofactor that specifically
enhances human immunodeficiency virus-1 (HIV-1)
Tat-activated transcription. The sequence of TIP30 is
identical to that of CC3, a protein associated with
metastasis suppression. TIP30/CC3 is a member of the
short-chain dehydrogenases/reductases (SDR) family.
Of the several experimentally determined SDR struc-
tures, Escherichia coli uridine diphosphate (UDP) galac-
tose-4 epimerase is most similar to TIP30/CC3. Because
the direct sequence similarity between TIP30/CC3 and
E. coli UDP galactose-4 epimerase is low, we used the
transitive nature of homology and employed two
Aquifex aeolicus proteins as intermediaries in the ho-
mology modeling process. Comparison of our structural
model with that of known SDRs reveals that TIP30/
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Xiao et al. [1] identified human TIP30 as a cofactor that
specifically enhances human immunodeficiency virus-1
(HIV-1) Tat-activated transcription. The sequence of
human TIP30 is identical to that of human CC3, a
protein associated with the suppression of metastasis in
small-cell lung carcinomas [2]. Sequence analysis [3]
shows that TIP30/CC3 is a member of the short-chain
dehydrogenases/reductases (SDR) family [4]. This en-
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CC3 contains several well-conserved features, including
a faf fold at the amino terminus, which we predict
binds NADP(H). TIP30/CC3 contains characteristic
motifs at the catalytic site of SDRs, including a serine,
tyrosine, and lysine that are important in catalyzing
hydride transfer between substrate and cofactor. We
also predict that a unique 20-amino acid sequence
found at the amino terminus is an o-helix. Because this
region contains several positively and negatively
charged amino acids, it may dock TIP30/CC3 to other
proteins. Our structural model points to this «-helix
and the SDR-like part of TIP30/CC3 for mutagenesis
experiments to elucidate its role in HIV-1 Tat-activated
transcription, metastasis suppression, and other cellular
functions.

zyme family has been extensively studied because it
includes enzymes that regulate the concentrations of
steroids, such as cortisol, estradiol and testosterone, as
well as prostaglandins in humans [4—7]. Moreover, sev-
eral three-dimensional (3D) structures of SDRs have
been solved with X-ray crystallography [8§—12]. Com-
bined with mutagenesis studies [4, 13—16], these struc-
tures provide a good understanding of the catalytic
mechanism of SDRs. A 3D crystal structure of TIP30/
CC3 would be useful in designing mutagenesis studies
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A. UDP-galactose-4-epimerase (1XEL) aligned with Aquifex aocelicus 2983546.

1XEL 1 MRVLVTGGSGYIGSHTCVQLLONGHDVIILDNLCNSKRSVLPVIERLGGK
2983546 1 KVLVTGGAGYIGSHVVKALGEKGYEVLIYDNLSTGN-—-—==-- EWAVL
1XEL 51 HPTFVEGDIRNEALMTEILHDHAIDTVIHFAGLKAVGESVQKPLEYYDNN

2983546 42 YGKLVKADLADKETLRRVFEEFKPDAVMHFAAYIVVPESVKEPLKYYRNN

1XEL 101 VNGTLRLISAMRAANVKNFIFSSSATVYGDNPKIPYVESFPTGTPQSPYG
2983546 92 VVNTINLLEVMQEFGVNKFVFSSSAAVYGIPESIPVKEDAPLN-PINPYG

1XEL 151 KSKLMVEQILTDLOKAQPDWSIALLRYFNPVGAHPSGDMGEDPQGIPNNL
2983546 141 ETKATVERILRDLKNSGKDFNYVSLRYFNVAGADPEGKIG-FAYPNPTHL

1XEL 201 MPYIAQVAVGRRDSLAIFGNDYPTEDGTGVRDYIHVMDLADGHVVAMEKL
2983546 190 IIRAVKTAAGEFDRLEIYGTDYPTPDGTCIRDYIHVTDLAEAHILALEYL

1XEL 251 ANKPGVHIYNLGAGVGNSVLDVVNAFSKACGKPVNYHFAPRREGDLPAYW
2983546 240 FSGGKSEVLNCGYGHGYSVLEVVNAVKKVTGVDFKVVEAPRREGDPPALV

1XEL 301 ADASKADRELNWR-VTRTLDEMAQD
2983546 290 ADNKKIKRVLNWEPKYDDLEFIIKT

B. Aquifex aocelicus 2983546 aligned with Aquifex aocelicus 2982870.

2983546 1 KVLVTGGAGYIGSHVVKALGEKGYEVLIYDNLSTGNEWAVLYGKLVKA--
2982870 1 KVFITGATGFVGRHIVRELLNRGYEV--HAGVRNLSKLERLFGNQVKGYI
2983546 48 -DLADKETLRRVFEEFKPDAVMHFAAYIVVPESVKEPLKYYRNNVVNTIN
2982870 49 VNFDEKDSIREALGKVNPDFVIHLIG--ILYEEKKKGITFERVHYGHTKN
2983546 98 LLEVMQEFGVNKFVFSSSAAVYGIPESIPVKEDAPLNPINPYGETKATVE
2982870 97 LVEVSKGFNVKKFLFMSALGTH---—------ DEAP----SRYHQTKRWAE

2983546 148 RILRDLKNSGKDFNYVSLRYFNVAGADPEGKIGFAYPNPTHLIIRAVKTA
2982870 134 REVI---NSG--LNYTIFRPSIILG--PEQKLFFDM--—-=—=—e==---

2983546 198 AGEFDRLEIYGTDYPTPDGTCIRDYIHVTDLAEAHILALEYLFSGGKSEV
2982870 163 ---YKITKYIPVVALPDFGNYQFQPVDVRDVACAYAEALKNPETDRK--I

2983546 248 LN-CGYGHGYSVLEVVNAVKKVTGVDFKVVEAPRREGDPPALVADNKKIK
2982870 208 YELCG-TKVVTFKELLADIFSYWDRKVLMIPMPKKLMYFAGLI----- VE

C. Aquifex aocelicus 2982870 aligned with human TIP30/CC3.

2982870: i 1 KVFITGATGFVGRHIVRELLNRG---YEVHA
TIP30/CC3 1 MAETEALSKLREDFRMQNKSVFILGASGETGRVLLKEILEQGLFSKVTLI

2982870: 29 GVRNLSKLERLFGNQVKGYIVNFDEKDSIREALGKVNPDFVIHLIGILYE
TIP30/CC3 51 GRRKLTFDEEAYKN-VNQEVVDFEKLDDYASAF--QGHDVGFCCLGTTRG

2982870: 79 EKKKGITFERVHYGHTKNLVEVSKGFNVKKFLFMSALGTHDEAPSRYHQT
TIP30/CC3 98 -KAGAEGFVRVDRDYVLKSAELAKAGGCKHFNLLSSKGADKSSNFLYLQV

2982870 129 KRWAEREVINSGLN-YTIFRPSIILGPEQKLFFDMYKITKYIPVVALPDF
TIP30/CC3 147 KGEVEAKVEELKFDRYSVFRPGVLLCDRQESRPGEWLVRKLFG--SLPDS

2982870: 178 GNYQFQPVDVRDVACAYAEALKNPETDRKIYELCGTKVVTFKELLADIFS
TIP30/CC3 195 -WARGHSVPVVTVVRAMLNNVVRP-RDKOMELLENKAIHDLGKAHGSLKP

Figure 1. Pairwise alignments used to construct the 3D model of TIP30/CC3. (4) E. coli UDP galactose-4 epimerase (PDB code 1XEL)
aligned with A. aoelicus 2983546. The root mean square deviation for the resulting 3D model is 0.50 A over the entire alignment. (B)
A. aoelicus 2983546 aligned with A. aeolicus 2982870. The root mean square deviation for the resulting 3D model is 0.70 A for the first
237 amino acids, and 1.2 A for 266 amino acids. (C) A. aeolicus 2982870 aligned with TIP30/CC3. The root mean square deviation for
the resulting 3D model is 0.82 A for the first 201 amino acids, and 1.30 A for the first 216 amino acids.
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to elucidate how TIP30/CC3 binds to Tat and stimu-
lates transcription, as well as the role of TIP30/CC3 in
metastasis suppression and other cellular functions.
However, crystallization of TIP30/CC3 is uncertain and
even if successful, the entire process leading to an X-ray
structure is time consuming. A more rapid approach is
to construct a 3D model of TIP30/CC3 using as a
template a structure that has been solved by X-ray
crystallography. This approach is feasible for TIP30/
CC3 because although it is distantly related to those
SDRs with known 3D structures, even distantly re-
lated proteins conserve important structural features
[17-19].

Here we describe a 3D model of TIP30/CC3, which
provides information about its structure, including a
putative binding site for NADP(H). In addition, we
have modeled residues 1-20, which are not homologous
to any known protein in GenBank, as an «-helix with
positively and negatively charged residues that may be
important in stabilizing TIP30/CC3 binding to Tat or
other proteins. If this region of TIP30/CC3 is involved
in Tat binding, its electrostatic properties would be
targets for therapeutics to regulate Tat-activated tran-
scription of HIV-1.

Materials and methods

TIP30/CC3 is 242 amino acids long, of which the first
20 amino acids are not related to SDRs. Among the
SDRs with experimentally determined structures,
TIP30/CC3 is most similar to Escherichia coli uridine
diphosphate (UDP) galactose-4 epimerase (PDB code
IXEL) [3], which we selected as a template to model

Figure 2. Structure model of TIP30/CC3. Serine-132, tyrosine-143
and lysine-147, which correspond to the catalytically active
residues in SDRs and NADPH are shown. The «-helices E and F
normally involved in a dimer interface are labelled.
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TIP30/CC3. UDP galactose-4 epimerase is 342 amino
acids long. However, many SDRs, including hydroxys-
teroid dehydrogenases, are only 240—250 residues long,
indicating that a shorter segment can suffice for cataly-
sis. This 250-residue segment on SDRs aligns with the
amino-terminal region of UDP galactose-4 epimerase
[4, 20] and TIP30/CC3. The remaining carboxy-terminal
region of UDP galactose-4 epimerase is involved in
substrate binding that is specific to this enzyme. Thus,
our goal was to model residues 21-242 of TIP30/CC3
on the core SDR catalytic structure, which contains the
nucleotide cofactor-binding domain near the amino ter-
minus and the catalytic site, usually 140-160 amino
acids from the amino terminus. The carboxy-terminal
region of SDRs is important in specific activities of each
enzyme and shows the most divergent amino acid se-
quences [4-7].

There are islands of conservation that correspond to the
cofactor-binding site and the catalytic site in the align-
ment of TIP30/CC3 and E. coli UDP galactose-4
epimerase. However, the two proteins have only 15%
sequence identity over a segment of 160 amino acids,
which is too low for accurate modeling directly from the
template. Instead of directly modeling TIP30/CC3 on
UDP galactose-4 epimerase, we took advantage of the
transitive nature of homology and constructed models
of two SDRs to bridge the gap in sequence similarity
between TIP30/CC3 and UDP galactose-4 epimerase.
One SDR, Aquifex aoelicus 2983546, is 41% identical to
the E. coli UDP galactose-4 epimerase over a length of
330 amino acids. Moreover, the two sequences have
14% conservative replacements. At this level of similar-
ity, we can model the carbon-a backbone and the side
chains of A. aoelicus 2983546 with confidence [17-19].
A. aoelicus 2983546 is 29% identical to A. aeolicus
2982870, an SDR [21], and this protein in turn is 27%
identical to TIP30/CC3 over a 175-amino acid segment,
and 24% identical over a 206-amino acid segment.
Thus, this three-step procedure yields a good descrip-
tion of TIP30/CC3 and will be especially good for
conserved segments, which are likely to be important
for key activities, such as nucleotide cofactor binding
and catalyzing hydride transfer. The pairwise sequence
alignments used for constructing each 3D model are
shown in figure 1, along with the root mean square
deviation for each 3D structure.

The model was constructed with the Molecular Simula-
tions (MSI) Insight II software with the Modeler [22]
and Homology [23] options.

To construct a model of TIP30/CC3 with NADPH, we
extracted NADPH from mouse lung carbonyl reductase
(PDB code 1CYD) [24]. NADPH was overlayed with
NADH in TIP30/CC3, which was included from the
IXEL template during the modeling of TIP30/CC3.
NADPH was aligned to NADH by a root mean square
best fit of five common atoms.
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Figure 3. Overlay of TIP30/CC3 on 3D structures of several short-chain dehydrogenases/reductases. (4) The carbon-o chain of
TIP30/CC3 is shown in stereo overlayed with E. coli UDP galactose-4 epimerase. The dark-blue chain shows 178 residues in TIP30/CC3
in which the root mean square deviation for the carbon-o chain with 1XEL is 0.82 A. The less well conserved chain is in gray. 1XEL
is in cyan. For the entire 220 residues of TIP30/CC3, the root mean square deviation is 1.59 A. (B—D) TIP30/CC3 in blue overlayed
with either human 17/ -hydroxysteroid dehydrogenase, E. coli 7z-hydroxysteroid dehydrogenase, or S. hydrogenans 20/ -hydroxysteroid
dehydrogenase, respectively. There is good overlap for the a-helices and f-strands in TIP30/CC3 and these SDRs beginning at the
amino terminus and continuing through «-helix F and f-strand F.

Results and discussion

The 3D model of TIP30/CC3 with NADPH shown in
figure 2 contains o-helices A—F and the key catalytic
sites for SDRs [4, 6-12]. An initial examination of
residues 1-20 revealed two alanines, three glutamic
acids, two leucines, and one methionine, all of which
are strong o-helix formers by Chou-Fasman criteria
[25]. Moreover, neither proline nor glycine, which are
o-helix breakers, is present. To investigate further the
secondary structure of residues 1-20, we used the GOR
algorithm [26], which combines the Chou-Fasman anal-
ysis with other criteria to predict the secondary struc-
ture of peptides. GOR predicts that residues 1-20 form

an «-helix, as shown in figure 2. This «-helix contains
four amino acids with negatively charged side chains
and three amino acids with positively charged side
chains. As discussed later, these side chains could dock
TIP30/CC3 to Tat or other proteins in the RNA poly-
merase II-containing complex.

To evaluate this model, we superimposed the carbon-«
backbone of TIP30/CC3 on the template, E. coli UDP
galactose-4 epimerase, as well as E. coli 7o-hydroxys-
teroid dehydrogenase, Streptomyces  hydrogenans
20 -hydroxysteroid dehydrogenase, and human 17f-
hydroxysteroid dehydrogenase as shown in figure
3a—d. The excellent superposition of the carbon-a
backbone trace of TIP30/CC3 with known SDR struc-
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tures indicates that we have a good model of the coen-
zyme-binding site and the catalytic site of TIP30/CC3.
This is consistent with many studies showing that the
3D structure in homologues is conserved even when
their amino acid sequences have less than 20% identity
[17-19]. Interestingly, although the primary sequence of
TIP30/CC3 is most similar to UDP galactose-4
epimerase [3], TIP30/CC3 lacks the extra loop of 12
amino acids between f-strand G and o-helix F that is
found in E. coli UDP galactose-4 epimerase. In this
respect, TIP30/CC3 is closer to hydroxysteroid dehy-
drogenases, which also lack this extra 12-amino acid
segment [4-7].

Coenzyme specificity. The amino terminus of TIP30/
CC3 contains the faf motif that binds the nucleotide
part of NAD(P)(H) of SDRs [4, 6, 8—12, 18] and other
dehydrogenases [27, 28]. A short loop of three or four
amino acids after the end of f-strand B often contains
one or more amino acids that are spatially close to the
adenine ribose and can confer specificity for NAD(H)
or NADP(H) by either promoting or disfavoring bind-
ing. For example, a negatively charged amino acid such
as aspartic acid will repel the ribose 2’-phosphate on
NADP(H), favoring binding of NAD(H) [29-31].

We modeled NADPH in TIP30/CC3 and found a stabi-
lizing coulombic attraction between the ribose 2'-phos-
phate and arginine-53 as shown in figure 4. This
stabilizing interaction is similar to that found in many
dehydrogenases that bind NADPH [31]. Moreover,
lysine-54 also interacts with the ribose 2’-phosphate.
TIP30/CC3 is unique in that none of the other SDRs
analyzed by Mazza et al. [31] have an adjacent arginine/

4. Interaction between NADPH

Figure
Arginine-53 and lysine-54 have a stabilizing coulombic interaction
with the ribose 2’-phosphate in NADPH.

and TIP30/CC3.
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lysine pair that interacts with the 2'-phosphate. How-
ever, in 17f-hydroxysteroid dehydrogenase-type 1,
arginine-37 and lysine-195 have a stabilizing coulombic
attraction with the ribose 2’-phosphate in NADPH [31]
indicating convergent evolution for this stabilizing in-
teraction. We predict that NADP(H) is the coenzyme
for TIP30/CC3.

Catalytic site. The catalytic site of SDRs contains a
tyrosine that catalyzes hydride transfer and a lysine that
forms hydrogen bonds with the 2’- and 3’-hydroxyl
groups of the nicotinamide ribose. The tyrosine and
lysine are separated by three residues (Tyr-Xaa-Xaa-
Xaa-Lys) on «-helix F and are characteristic of SDRs
[4-16]. A catalytically important serine is positioned
upstream from the tyrosine at the end of f-strand G [4,
8—13]. TIP30/CC3 contains these three residues [3],
which are shown in relationship to NADPH in figure 2.
The SDR part of TIP30/CC3 contains only 220
residues, which is 20—30 residues shorter than mouse
carbonyl reductase, E. coli 7a-hydroxysteroid dehydro-
genase, and many other SDRs, excluding the
epimerases that are over 300 residues long. The extra
carboxy-terminal residues on epimerases bind either the
UDP or GDP that is conjugated to sugar that under-
goes the epimerase reaction.

Although TIP30/CC3 has the general structure and key
amino acids found in the catalytic site of SDRs, we do
not know if TIP30/CC3 is an enzyme. Nevertheless, a
role for a catalytically active TIP30/CC3 in either Tat-
activated transcription or metastasis suppression can be
investigated by mutation of tyrosine-143 to phenylala-
nine, which would inactivate any SDR activity [4—7].
Dimer interface. Most SDRs are either dimers or te-
tramers [4, 16, 32, 34] that are stabilized by a four-o-he-
lix bundle comprised of «-helices E and F from each
subunit. The two F «-helices are closer to each other
than are the two E «-helices. The core of this four-a-he-
lix bundle within the SDR family is stabilized primarily
by hydrophobic forces especially across a-helix F [8—
12, 16, 32-34].

We modeled the dimer interface between the F o-helices
in TIP30/CC3 using UDP galactose-4 epimerase and
refined the interface by further alignment with that of
E. coli Ta-hydroxysteroid dehydrogenase, which is a
better template for this region of TIP30/CC3. As shown
in figure 5, a-helix F contains several charged residues
(Glu-149, Lys-153, and Glu-156) on the surface that
would form the dimer interface. The coulombic interac-
tions of these charged residues do not stabilize the
dimer interface. Instead, Glu-149 in each subunit is
separated from its counterpart by only 3.0 A and,
therefore, is a source of coulombic repulsion. Glu-149 is
at an anchor point in the dimer interface that is sensi-
tive to side chain interactions [16, 32, 34]. A mutation at
the corresponding residue position in Drosophila alco-
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Figure 5. Dimer interface of z-helix F in TIP30/CC3. Glutamic acid-149 on each helix is about 3 A from the other and they exert
coulombic repulsion. Glutamine-145 and leucine-144, which are between the catalytic tyrosine-143 and lysine-147, are close to lysine-153
and glutamic acid-156, respectively. There are no stabilizing coulombic or hydrophobic interactions across «-helix F (E, glutamic acid;

K, lysine; L, leucine; Q, glutamine; Y, tyrosine).

hol dehydrogenase destabilizes the dimer interface and
leads to a loss of catalytic activity [34].

Most SDRs have amino acids with a small side chain in
the segment between the catalytic tyrosine and lysine, so
as not to interfere with the conformation of the cata-
lytic residues. TIP30/CC3 also is unusual in having
amino acids with long side chains between the catalytic
Tyr-143 and Lys-147. TIP30/CC3 has GIn-145 only 2.9
A from lysine-153 and Leu-144 only 2.8 A from Glu-
156, which could constrain movement of Tyr-143 and
Lys-147.

These constraining interactions and the absence of sta-
bilizing forces from either hydrophobic or coulombic
interactions leads us to propose that TIP30/CC3 does
not form a dimer like other SDRs.

With the exception of human and pig carbonyl reduc-
tase [35, 36], all known SDRs are dimers. The forma-
tion of a dimer is a means of stabilizing the catalytic

tyrosine and lysine on «-helix F. In the two exceptional
cases where no dimer is formed, an extra internal seg-
ment has been proposed to bind to «-helix F [16, 32]
and stabilize the catalytic tyrosine and lysine on the
inner surface by forming the equivalent of the dimer
interface.

If TIP30/CC3 does form a dimer, the interface region
must be very different from the typical SDR dimer
interface. The charged properties of «-helix F on
TIP30/CC3 suggest that it is involved in a protein-
protein interaction, which could stabilize the configura-
tion of tyrosine-143 and lysine-147. It is also possible
that the first 20 residues at the amino terminal serve as
a stabilizing helix. However, the position of this region
does not appear to be sufficiently near «-helix F for an
intramolecular interaction.

Uniqueness of residues 1-20 of TIP30/CC3. Shtivelman
[2] noted that CC3 had strong sequence similarity to
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open reading frames in Caenorhabditis elegans, Saccha-
romyces cerevisiae, and E. coli. Despite sequence iden-
tity of over 41% between human TIP30/CC3 and its C.
elegans homologue, the latter protein lacks the amino
terminal 19 residues, as does the S. cerevisiae
homologue.

Although, the E. coli homologue contains a 20-residue
segment at its amino terminus, this segment has no
similarity to that in TIP30/CC3. Moreover, the E. coli
segment contains three glycines, which are not usually
found in a-helices. Thus, our proposed helix on human
and mouse TIP30/CC3 is unique to mammals and is
likely to have some important cellular function.
Biological interactions of TIP30/CC3. Although TIP30/
CC3 is known to bind to residues 1-48 of Tat [1], the
details of the interaction between these two proteins
have not been determined. Residues 1-48 on Tat con-
tain six positively charged and three negatively charged
amino acids, which could have coulombic interactions
with either residues 1-20 or with «-helix F of TIP30/
CC3 or both. Mutagenesis studies to remove or modify
residues 1-20 on TIP30/CC3 would determine whether
this segment binds Tat and whether it is important in
mediating increased transcription of HIV by Tat.

At this time, the most clearly defined property of
TIP30/CC3 is its binding of residues 1-48 of Tat.
However, Shtivelman [2] has shown that TIP30/CC3 is
important in suppression of metastasis of small-cell lung
carcinoma. Thus, the interaction of TIP30/CC3 with
proteins other than Tat is of interest for understanding
the cellular function of TIP30/CC3 and its role in sup-
pressing metastasis. When such proteins are found, mu-
tations of TIP30/CC3 in tyrosine-143 and the
amino-terminal «-helix should be helpful.
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