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The 86-kDa major immediate-early protein, IEP86 (IE2, IE2.,,,,, or ppUL122a), from the Towne and AD169
strains of human cytomegalovirus show four amino acid variations, namely, R68Q, K455E, T541A, and seven
consecutive serines beginning at position 258 in Towne and eight serines in AD169. A commonly utilized IEP86
cDNA expression clone (herein called the original cDNA) (E. Baracchini, E. Glezer, K. Fish, R. M. Stenberg,
J. A. Nelson, and P. Ghazal, Virology 188:518-529, 1992) shows the Towne R68 and seven serines but contains
the AD169 E455 and A541 plus two amino acid mutations, M242I and A463T. In transcriptional activation
analyses using several promoters, the IEP86 produced by the original cDNA was 40 to 60% less active than
wild-type (WT) Towne IEP86, whereas AD169 IEP86 was two to three times more active than WT Towne IEPS86.
To determine which amino acid variations or mutations accounted for the differences in transcriptional
activation, they were individually tested in the WT Towne IEP86 background. K455E, M2421, and the eighth
serine had little effect on transcriptional activation or sumoylation when inserted into the Towne background.
T541A significantly increased transcriptional activation on all promoters tested and showed increased sumoy-
lation; TS541A is the primary reason that WT AD169 IEP86 has increased activity over WT Towne IEP86. The
increased sumoylation seen with T541A was quantitatively reduced to WT Towne levels when the K455E
alteration was present, suggesting that K455 may be a sumoylation site or that E455 may cause alterations in
the IEP86 structure which affect overall sumoylation. A463T was very deleterious to transcriptional activation
and caused reduced sumoylation. The A436T mutation in the original cDNA is partially compensated by the
presence of the T541A variation. Phosphopeptide mapping suggests that a threonine at 463 or 541 does not
introduce a phosphorylation site. However, the A463T mutation does affect phosphorylation at a distant site,
suggesting that it alters the conformation of the protein. Promoter-specific effects were noted with some of the
amino acid variations, particularly T541A. Structural modeling is presented which suggests how A463T and
T541A alter the functional structure of WT Towne IEP86. A hydrophobic core containing A463 is predicted to
be responsible for the functional integrity of the carboxy-terminal region of IEP86 between amino acids 344 and

579.

Transcription of the major immediate-early gene of human
cytomegalovirus (HCMV) results in a primary transcript which
can be alternatively spliced and polyadenylated to form several
mRNAs encoding different major immediate-early proteins
(MIEPs) (26, 32, 33, 35). Two of these proteins, IEP72 (72
kDa;j also called IE1, IE1,4,,, or ppUL123) and IEP86 (86
kDaj also called IE2, IE2,,, or ppULI122a), appear in
greater abundance in the lytic infection and have been exten-
sively examined because many studies have shown that they
affect RNA polymerase II (pol II) transcription in a cell- and
promoter-specific manner. These effects alter the transcrip-
tional activity of viral and cellular promoters and provide the
control of the temporal expression of the viral early and late
genes (6, 10, 11, 14, 16, 19, 20, 23-25, 27, 30, 31, 34, 39, 41). The
MIEPs have also been shown to affect cell cycle control and
apoptosis (22, 40, 42).
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Many studies of the MIEPs use two highly passaged HCMV
strains, AD169 and Towne, both of which were originally de-
veloped for vaccine use (18, 29). Comparison of the sequences
for IEP86 from each of the strains shows that there are four
amino acid variations between Towne and AD169. These in-
clude the three amino acid substitutions R68Q, K455E, and
T541A (amino acid numbering is that of the wild-type [WT]
Towne IEP86) and the insertion of a serine within a cluster of
serines between 258 and 264; there are seven consecutive
serines in Towne and eight in AD169 (Fig. 1). In the following
work, we show that some of these variations affect IEP86
activity and function.

In some of our studies of IEP86, we have used an IEP86
cDNA expression plasmid (3), herein called the IEP86 original
cDNA (OcDNA). Our sequence analysis shows that although
the OcDNA contains the Towne strain’s R68 and seven serines
beginning at position 258, the amino acids at positions 455 and
541 were those of AD169 (E455 and A541). In addition, there
were two amino acid substitutions in the cDNA which are not
seen in either Towne or AD169, namely, M242I and A463T
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# Serines

Sequences 68 242 455* 463* 541* at 258*
IEP86 Towne R M K A T 7
|IEP86 AD169 Q M E A A 8
IEP86 Original cDNA R I E T A 7
cDNAs made:

IEP86 Towne cDNA R M K A T 7
T541A R M K A A 7
A463T R M K T T 7
K455E R M E A T 7
M242i R 1 K A T 7
+5258 R M K A T 8
KA455E/T541A R M E A A 7
K455E/T541A +5258 R M E A A 8
A463T/T541A R M K T A 7
K455E/A463T R M E T T 7
IEP86 AD169 cDNA Q M E A A 8

*Towne AA numbering;
AD169 is +1 after 258.

FIG. 1. IEPS86 variants and mutants used in the studies presented.
The top segment shows the amino acid variations and mutations be-
tween Towne IEP86 and AD169 IEP86 and the IEP86 encoded by the
OcDNA. The bottom segment shows the individual variants and mu-
tants made for the present studies.

(Fig. 1). The A463T mutation and its effects have been ob-
served by others (Richard Greaves, personal communication).
The source of these mutations is not known.

In the studies presented, we found that the IEP86 produced
by the OcDNA was 40 to 60% less active than WT Towne
IEPS86 in transcriptional activation. However, promoter speci-
ficity was indicated; the most significant reduction was seen
with a synthetic, nonviral promoter (Tef-TATA) and an
HCMV late promoter (ICP36), whereas an HCMYV early pro-
moter (UL112-113) was less affected by the variations and
mutations, suggesting that the amino acid variations and mu-
tations affect some promoters more significantly than others.
In contrast, WT AD169 IEP86 was found to activate all the
promoters two- to threefold more than WT Towne IEP86. To
determine which amino acids accounted for these effects, we
introduced the amino acid variations and mutations individu-
ally (and in combination) into the WT Towne IEP86 back-
ground (Fig. 1). These were compared to WT Towne IEP86
with respect to (i) transcriptional activation, (ii) sumoylation,
which has been shown to affect transcriptional activation (1,
15), and (iii) phosphorylation. We found that the K455E vari-
ation and the M242I mutation had little effect on transcrip-
tional activation and sumoylation. Adding the eighth serine at
258 also had only modest effects but indicated promoter spec-
ificity by preferentially activating the UL112-113 promoter.
However, the amino acid variation T541A increased transcrip-
tional activation on all three promoters by as much as threefold
compared to WT Towne IEP86; in addition, the T541A TEP86
showed increased sumoylation in the Towne background.
However, this increased sumoylation was modulated to WT
Towne levels by the addition of K455E. Thus, WT Towne and
WT AD169 IEP86 are similar, quantitatively, in sumoylation.
However, the sites of sumoylation may be different, since K455
could be a sumoylation site or E455 could alter the protein
conformation such that overall sumoylation is affected.

Introduction of the A463T mutation into the Towne back-
ground was very deleterious to transcriptional activation of all
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promoters and caused reduced sumoylation. The ability of the
OcDNA IEP86 to maintained transcriptional activation de-
spite the presence of the A463T mutation was shown to be
primarily due to the presence of the T541A variation. In ad-
dition, the T541A alteration is the primary reason why WT
AD169 TEP86 was a better transcriptional activator than WT
Towne IEP86. The transcriptional activation results, in com-
bination with phosphopeptide analysis and the sumoylation
studies, suggested that the TS41A variation and the A463T
mutation affect the functional structure of IEP86. Structural
modeling of the WT Towne IEP86 is presented which predicts
how A463T and T541A affect structure. A463 is predicted to
be in a hydrophobic core important for the integrity of the
structure of the carboxy-terminal region of IEP86 between
amino acids 344 and 579.

MATERIALS AND METHODS

Plasmids. The expression plasmids used included the following. pRL43a con-
tains the genomic major immediate early (MIE) region from the Towne strain
(28) and expresses all of the MIEPs. pIE86 (34) and pRSV86 (3, 9) have been
described previously. Each contains the same cDNA encoding IEP86 under the
control of either the HCMV MIE promoter (pIE86) or the Rous sarcoma virus
long terminal repeat (pRSV86). Sequencing of pRSV86 indicated the variations
from the Towne sequence as described above and shown in Fig. 1. A fully Towne
IEP86-expressing plasmid (pIE86Towne) was made by taking the Smal-Bsu361
fragment from within exon 7 of the MIE gene (taken from pRL43a) and inserting
it to replace the same fragment in the original pIE86. This fragment spans amino
acids 139 to 573 of IEP86 and contains all the amino acids which needed to be
corrected or converted from AD169 to Towne. A Hpal-HindIII insert from
pIE86Towne was transferred to the original pRSV86 to produce pRSV86Towne.
Single amino acid changes R68Q, M2421, +S258, K455E, A463T, and T541A
were introduced in pRSV86Towne by using the QuikChange site-directed mu-
tagenesis kit (Stratagene) with the oligonucleotides R68Q (5" oligonucleotide,
5'cttttgaacaagtgaccg3’; 3’ oligonucleotide, 5'cggtcacttgttcaaaag3’), M242I (5’
oligonucleotide, 5'ctctcccagataaaccaccetc3’; 3’ oligonucleotide, 5'gggtggtttatctg
ggagagegg3’), K455E (5’ oligonucleotide, 5'gaagtggegeagegea3’; 3 oligonucleo-
tide, 5'tgcgetgegecacttegggtggatgtgteac3’), A463T (5’ oligonucleotide, 5'acctgta
acgaaggcgtc3’; 3’ oligonucleotide, 5'gecttcgttacaggtateggetgtgegetg3'), TS41A (57
oligonucleotide, 5'gcgaaggcectacgeegtg3’; 3" oligonucleotide, 5'ggegtaggecttegegg
cegtetegtagat3'), and +S258 (5' oligonucleotide, 5'ccggeccgatgaagatageagttectet
tegtette3’; 3" oligonucleotide, 5'ggaagacgaagaggaactgctatcttcatcgggeeg3’). Multi-
ple amino acid alterations (Fig. 1) were made by combining the above by
successive site-directed mutagenesis or restriction fragment swapping. All mu-
tations were verified by sequence analysis.

The reporter plasmids used included the following. Dmp7-LUC, a luciferase
reporter, contains a simple synthetic promoter consisting of six copies of the
Tef-1 element, derived from the simian virus 40 (SV40) late promoter, upstream
of the B-globin TATA element (37); this promoter has previously been shown to
be activated efficiently by the MIEPs (24). pHM142 contains the luciferase
reporter gene under the control of the promoter for the HCMV UL112-113 early
genes (2). pICP36 is a luciferase reporter using the promoter of the HCMYV late
gene ICP36 (UL44) (21). We also utilized pHM976 (a gift of Thomas Stam-
minger), which directs the expression of the fusion protein FLAG-SUMO-1
(15).

Cells, transfections, and infections. The glioblastoma-astrocytoma cell line
U-373MG was maintained at passage numbers less than 30. Cells were cultured
in Dulbecco’s modification of high-glucose Eagle’s medium supplemented with
10% fetal calf serum, glutamax, and antibiotics. Cells were transfected with
Fugene (Roche) by following the manufacturer’s instructions. For luciferase
assays, 3 X 10° cells were plated per well in 12-well plates. A transfection mix was
made containing 0.2 wg of the enhanced green fluorescent protein-expressing
plasmid pCMS-EGFP (Clontech), 0.5 ug of reporter plasmid, and 0.1, 0.5, or 1.2
pg of IEP86-expressing plasmids plus control plasmid pRSV3/Bgl/II (8) to make
up to 1.2 ug. Four wells of the 12-well plate were transfected with one-quarter of
these transfection mixtures each. Three of these wells were used for luciferase
assays, and the fourth was used to obtain total extract to assay for IEP86 protein
expression. Luciferase activity was assayed by using the Promega luciferase assay
system with 12 pg of transfected cell extract harvested in accordance with the
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manufacturer’s instructions and was measured on a Berthold 9501 Lumat lumi-
nometer.

For studies of sumoylation in infected cultures, 8 X 10° U-373MG cells were
grown on 60-mm-diameter tissue culture plates and infected with WT Towne or
WT AD169 strains of HCMV at multiplicities of infection (MOIs) of 1 and 4.
Twenty-four hours after being infected, the cultures were harvested and analyzed
as described below.

Antibodies. Monoclonal antibody MAB810, which recognizes the N-terminal
region of IE2, was purchased from Chemicon and used to immunoprecipitate
IEP86. For Western analysis, IEP86 was detected with anti-exon 2/3, a rabbit
polyclonal antibody made against the amino acids encoded in exon 2/3 of the
MIE gene fused to glutathione S-transferase. These amino acids make up the
common amino acids shared among the known MIEPs. The anti-FLAG M2
monoclonal antibody was purchased from Upstate Biotechnology. The exon 5
(IEP86)-specific polyclonal antibody anti-pHM178 used to detect IEP86 and its
sumoylated forms was the gift of Thomas Stamminger.

Immunoprecipitation and Western blot analysis. Approximately 1.6 X 10°
cells were plated on 60-mm-diameter plates. Cells were transfected with 1.8 pg
of the IEP86-expressing plasmids plus 0.2 ug of pCMS-EGFP. Total cell extracts
were made by lysing the cells in RIPA buffer (1% NP-40, 1% deoxycholate, 0.1%
sodium dodecyl sulfate [SDS], 150 mM NaCl, 10 nM sodium phosphate [pH 7.2],
2 mM EDTA) plus 1 pg of leupeptin/ml, 0.7 pg of pepstatin/ml, 1 mM phenyl-
methylsulfonyl fluoride, 10 pg of aprotinin/ml, 2.5 pg of E64 [trans-Epoxysucci-
nyl-L-leucylamido-(4-guanidino)butane], 4 mM NaF, and 0.1 mM sodium or-
thovanadate. The lysate was centrifuged for 30 min at 4°C. The supernatants
were used for immunoprecipitation by overnight treatment of 1 mg of extract, 1
wl of MADB810, and 45 pl of protein G agarose beads (75% slurry) at 4°C. The
samples were then washed, eluted, and separated by SDS-8% polyacrylamide gel
electrophoresis. The gel was transferred to nitrocellulose and probed with anti-
exon 2/3, followed by incubation with the anti-rabbit secondary antibody. The
blot was developed with enhanced chemiluminescence (Amersham).

For the studies of sumoylation, 60-mm-diameter plates were cotransfected
with 0.9 pg of the IEP86-expressing plasmid, 0.9 wg of pHM976, the FLAG-
SUMO-expressing plasmid, and 0.2 pg of plasmid pCMS-EGFP. IEP86 proteins
were immunoprecipitated from 3 mg of total extract, 1 ul of MAb810 (Chemi-
con), and 45 pl of protein G agarose beads (75% slurry) overnight at 4°C.
Sumoylated forms of IEP86 were detected by Western analysis as described
above by probing with anti-FLAG M2 monoclonal antibody.

Phosphopeptide analysis. Cell labeling, harvest, and tryptic phosphopeptide
mapping was performed as previously described (12). Briefly, U373MG cells
were transfected with plasmids expressing WT or alternate forms of IEP86. The
cells were labeled with [**P]orthophosphate, and the IEP86 was immunoprecipi-
tated from cell extracts, separated on a SDS-9% polyacrylamide gel electro-
phoresis gel, excised from gel slices, and digested with trypsin; the phosphopep-
tide map was determined by electrophoresis and thin-layer chromatography (4).

Secondary structure predictions. IEP86 secondary structure was predicted by
comparing the estimations made with the programs SAM-T99 (http://www.cse
.ucsc.edu/research/compbio/HMM-apps/T99-query.html), PSIPred (http://bioinf
.cs.ucl.ac.uk/psipred/), PROFsec and PHD (http://cubic.bioc.columbia.edu
/predictprotein/), and Jpred (http://jura.ebi.ac.uk:8888/). Based on the evaluation
of automatic protein structure prediction (EVA) scores (http://maple.bioc
.columbia.edu/eva/index.html) and the critical assessment of fully automated
structure prediction-2 (CAFASP-2) evaluation results (http://www.cs.bgu.ac.il
/~dfischer/CAFASP2/eval.html), SAM-T99, PSIPred, and PROFsec were se-
lected for the prediction of the C-terminal fragment of IEP86 (amino acids 344
to 579). These programs statically gave the most reliable results, with results of
74 to 78% for Q3 (the percentage of residues predicted correctly for the three
conformational states, strand, helix, and loop) on the common subset predic-
tions.

The SAM-T99 and PSIPred programs used a single sequence (HCMV IEP86)
as the input and looked for proteins related to the query by using the hidden
Markov model and PSI-BLAST, respectively. Predictions were made based on
multiple sequence alignment (MSA). For the PROFsec prediction of the C-
terminal end (amino acids 344 to 579), we used a MSA made with PILEUP
(GCG program suite, Wisconsin Package version 10.3; Accelrys Inc., San Diego,
Calif.); the sequences included HCMV Towne IEP86 and the homologous pro-
teins of simian, Macaca mulatta, tupaia (tree shrew), rat, and murine cytomega-
loviruses as well as human herpesvirus 6 (HHV-6) IE2 and HHV-7 IE-A. Adding
HHV-6 and HHV-7 proteins to the alignment significantly increased the confi-
dence of the predictions.

Tertiary structure predictions. The C-terminal fragment (amino acids 344 to
579), which includes the dimerization domain and most of the DNA binding
domain (amino acids 330 to 579), was modeled by using the three-dimensional

J. VIROL.

prediction program THREADER, version 2.5 (17). The best fitting model was
one based on the structure of Bacillus thuringiensis delta-endotoxin cryIA(A).
Homology modeling was carried out with Insight II (Accelrys, Inc.) and was
followed by energy minimization and molecular dynamics calculations that uti-
lized the CHARMM module and force field (5) to eliminate inappropriate
structures.

RESULTS

The AD169 and Towne IEP86 sequences. The literature and
databases contain various GenBank entries for the IEP86 se-
quence of AD169 and Towne. The AD169 IEP86 sequence we
used was derived from the genomic sequence by joining the
complement of nucleotides 169364 to 170850 (exon 5), 172396
to 172580 (exon 3), and 172695 to 172765 (exon 2) (accession
number NC_001347). The first 85 amino acids of Towne IEP86
were derived from the sequence of Towne IEP72 (IE1; acces-
sion number AAA45979), since the exons encoding these
amino acids are shared with IEP86. The rest of the sequence,
unique to IEPS86, is encoded by exon 5/7. There are two nu-
cleotide entries for Towne exon 5/7, M11298 (36) and M26973
(33). The two sequences differ in several places. In particular,
the regions encoding amino acids 111 to 116 are FRSVRR (ttc
cge age gtt aga cge) in entry M26973 and SCSVSS (tct tge age
gtt age agc) in entry M11298. Our sequencing of pRVS86
(OcDNA) and pRLA43a, a plasmid encoding the genomic
Towne MIE gene (28), showed that each has the sequence of
entry M11298; thus, we conclude that the amino acid sequence
from positions 111 to 116 is SCSVSS for WT Towne IEP86. In
agreement, this is also the sequence found in AD169. Other
differences were resolved by comparison to the Towne
genomic sequences in pRL43a.

Transcriptional activation by Towne IEP86, AD169 IEPS86,
and the OcDNA IEP86. We first corrected all of the amino acid
differences in the original cDNA to those of the Towne strain
and to those of the AD169 strain. We then compared the
ability of each form of IEP86 to transcriptionally activate a
number of promoters in transient transfection experiments.
The luciferase reporter plasmids contained the following pro-
moters: (i) the Tef-TATA promoter, which was previously
shown to be well activated by the MIEPs (24) and which is a
synthetic promoter containing the TATA element from the
B-globin gene downstream from six copies of the SV40 late
promoter region Tef-1 sites (SV40 nucleotides 200 to 219)
(37); (ii) the promoter for the HCMV UL112-113 early gene;
and (iii) the promoter for the HCMV late gene ICP36 (UL44).
In order to generate dose-response data, we cotransfected
U373MG cells with a constant amount of promoter-reporter
plasmid (0.5 pg) and increasing amounts (0, 0.1, 0.5, and 1.2
ng) of the IEP86-expressing plasmids. The difference in input
DNA concentrations was equalized with vector control plas-
mid pRSV3/BglIl.

Figure 2 shows that all three forms of IEP86 activated each
promoter relative to the promoters’ basal activities (basal ac-
tivity is set as 1 and is determined under conditions of trans-
fection with 1.2 pg of the vector control plasmid). Neverthe-
less, we noted significant differences in the levels of activation
mediated by each form of IEP86. The fold activation of the
Tef-TATA and ICP36 promoters by the Towne IEP86 was two
to three times greater than that of the IEP86 produced from
the original cDNA (OcDNA); further, the fold activation of
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FIG. 2. Comparison of transcriptional activation mediated by Towne, AD169, and the OcDNA IEP86 on the simple Tef-TATA promoter and
the promoters from the HCMV UL122-123 early gene and the late gene ICP36. U373MG cells were transfected with a constant amount (0.5 p.g)
of luciferase reporter plasmid plus increasing amounts of IEP86-expressing plasmids. Basal promoter activity (B) is set to 1. The bottom panel
shows a Western analysis of the three variants immunoprecipitated with MAb810 from U373MG cells transfected with each IEP86-expressing

plasmid.

both of these promoters by the AD169 IEP86 was two to three
times greater than that by the Towne IEP86. In contrast, with
the UL112-113 promoter, the difference in activation between
the Towne and OcDNA IEP86 was less significant, whereas the
ADI169 IEP86 again activated this promoter to levels two to
three times greater than that of Towne IEP86. These data
suggest significant strain differences in the activation of all
three promoters and suggest, as in the case of UL112-113, that
the amino acid variations and mutations affect some promoters
more significantly than others.

The levels of expression of the different forms of IEP86 were
repeatedly tested and found to be similar for all three. An
example of such data is shown at the bottom of Fig. 2; total cell
extracts were prepared from cultures transfected in parallel
with those used in transcriptional activation studies, IEP86 was
immunoprecipitated with monoclonal antibody MAbS810, and
IEPS6 levels were determined by Western analysis as described
in Materials and Methods.

In order to determine which of the amino acid variations and
mutations mediate the differences in activity of the three forms
of IEP86, we introduced each of the amino acid variations
individually into the Towne background. Figure 1 shows each
construction: T541A, A463T, K455E, M2421, and +S258 (in-
sertion of an extra serine at 258). Figure 1 also shows various
combinations of the amino acid substitutions which were con-
structed; these will be discussed below.

Effects of the different amino acid alterations on IEP86
expression and sumoylation. We first tested the levels of ex-
pression of the various IEP86 proteins containing the amino

acid variations. U373 cells were transfected for 48 h with 1.2 pg
of plasmids encoding each form of IEP86. Equal amounts of
extract protein were immunoprecipitated with MAb810. The
precipitated IEP86 was detected by Western analysis by prob-
ing with a polyclonal antibody made against the amino acids in
exon 2 and 3 (anti-exon 2/3). Figure 3A shows an example of
these data; although variations could be seen between individ-
ual experiments, the overall results from repeated experiments
suggested that IEP86 variants containing the individual amino
acid variations (T541A, A463T, K455E, and M242I) were ex-
pressed at nearly equivalent levels with the exception of
A463T, which consistently produced IEP86 at higher levels
(approximately twofold; see also Fig. 3B) than that of WT
Towne IEP86. Combinations of amino acid variations between
Towne and AD169 (K455E/T541A and K455E/T541A+S258)
also demonstrated levels of IEP86 equivalent to that of WT
IEPS6.

Expression of the different forms of IEP86 was also tested by
Western analysis of 45 pg of total extracts (Fig. 3B). These
data confirmed the relatively equivalent steady-state levels of
IEP86 protein production between WT Towne and all the
variants with the exception of A463T, which, as suggested in
Fig. 3A, was increased.

Figure 3A and B also show that besides the major band of
IEP86 (band A), there is a slower-migrating form (band B)
which has been identified as being modified by small ubiquitin-
like modifiers, namely, SUMO-1, -2, and -3 (1, 15). Sumoyla-
tion is a modification believed to increase the ability of IEP86
to activate different promoters (1, 15). Examination of the
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FIG. 3. Western analyses of IEP86 and sumoylated forms of IEP86.
The Western analyses detect IEP86 in MADb810 immunoprecipitates
(A, C, and D) or total extracts (B) from transfected or infected (D)
U373MG cells. The U373MG cells were transfected with WT or vari-
ant IEP86-expressing plasmid (A), IEP86-expressing plasmid cotrans-
fected with a Flag-SUMO-expressing plasmid (B and C), or infected
with Towne and AD169 HCMYV for 24 h at an MOI of 1 or 4 (D). The
Western analyses were probed with anti-exon 2/3, an antibody which
recognizes the common amino-terminal end of the MIEPs (A, B [top],
and C [bottom]), anti-FLAG antibody (C [top]), anti-actin antibody (B
[bottom]), or the exon 5 (IEP86)-specific antibody anti-pHM178 (D).
Lane *Ad169 in panel D shows IEP86 produced in transfected (*Trf.)
cells.

intensity of band B suggests that some of the amino acid
variations altered the level of sumoylation. For example,
T541A appears to increase the sumoylated IEP86 compared to
WT Towne, whereas A463T and K455E appear to produce less
of the sumoylated forms.

The extracts used to generate the data in Fig. 3B and C were
derived from U373 cells which had been cotransfected with
both the IEP86-expressing plasmids and with pHM976, a
SUMO-1-expressing plasmid in which the SUMO moiety is
fused to a FLAG epitope tag; thus, the sumoylated forms of
IEP86 could be specifically detected with anti-FLAG antibody
(15). The utilization of endogenous SUMO and FLAG-SUMO
to modify IEP86 may account for band B being a doublet in
Fig. 3B. In Fig. 3C, all forms of IEP86 were immunoprecipi-
tated with MAb810 and analyzed by Western analysis by prob-
ing first with anti-FLAG antibody to detect the FLAG-sumoy-
lated IEP86 (upper panel) and then with anti-exon 2/3 to
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detect all forms of IEP86 (lower panel). The upper panel
shows the multiply sumoylated forms of IEP86 that can be
detected with the anti-FLAG antibody (bands B, C, and D). It
is clear that the T541A alteration causes a significant increase
in all forms of sumoylated IEP86. Interestingly, although
K455E/T541A 1EP86 and K455E/T541A+S258 IEP86 (see
Fig. 1) each contain the T541A alteration, they do not show as
great an increase in FLAG-sumoylated forms as the single
T541A alteration. This implies that the addition of the K455E
alteration may modulate sumoylation or that K455 is a sumoy-
lation site; these implications are supported by examination of
Fig. 3A and B, where the sumoylation of the K455E IEP86
appears to be moderately decreased compared to that of WT
Towne. Finally, in Fig. 3A, B, and C, it is clear that the cDNA
mutation, A463T, caused a significant decrease in sumoylated
forms.

The bottom panel of Fig. 3C shows the same Western filter
after stripping and reprobing with anti-exon 2/3. Here the
predominant, nonsumoylated IEP86 (band A) can be seen as
well as some of the sumoylated species (bands B and C). The
slowest-migrating sumoylated forms are not well detected
(bands C), or are not detected at all (band D), compared to
their detection when probed with the anti-FLAG antibody
(Fig. 3C). This has been seen by others who have suggested
that these bands do not represent IEP86 (15). However, in Fig.
3C, the intensity of these bands in all samples varied propor-
tionately with the known sumoylated form (band B), and thus
we feel that bands C and D represent multiply sumoylated
forms of IEP86. Due to the multiple sumoylation, the structure
of these forms of IEP86 may be so altered that they are no
longer easily detected by anti-exon 2/3 in Western analyses.
Regardless, the data in Fig. 3C support the following conclu-
sions regarding IEP86 sumoylation: (i) A463T significantly de-
creased the total sumoylation compared to WT Towne IEP86;
(ii) T541A increased the total sumoylation compared to WT
Towne IEP86; and (iii) the increased sumoylation seen with
A451 is reduced by the K455E variation (we suspect that either
EA455 promotes conformational changes which cause decreased
sumoylation at other sites or that K455 is itself a sumoylation
site which is lost in the K455E variation).

The above data from the K455E variation suggest that total
sumoylation of AD169 IEP86 may be quantitatively similar to
the total sumoylation of Towne IEP86. Specifically, in AD169,
A541 would increase sumoylation while E455 would decrease
it, and in Towne, T541 would decrease sumoylation while K455
would increase it. In Fig. 3D, we have compared the sumoyla-
tion of the IEP86 from cells infected with Towne and AD169
viral stocks. U373MG cells were infected at MOIs of 1 and 4
and harvested 24 h after infection. The MIEPs were immuno-
precipitated with mAb810, and IEP86 was specifically visual-
ized by Western analysis by using the exon 5 (IEP86)-specific
antibody anti-pHM178 (gift of T. Stamminger). Figure 3D
shows that there is no quantitative difference in the levels of
sumoylated IEP86 (band B) between the two strains at either
multiplicity of infection. The second lane shows a sample de-
rived from cells transfected with the AD169 IEP86 cDNA,
marking the positions of IEP86 (band A) and the sumoylated
form (band B). Figure 3D also shows that the AD169 forms of
IEP86 migrate slower than those of Towne. This was also
indicated in Fig. 2; however, the samples were not separated as
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FIG. 4. Transcriptional activity of promoters by WT Towne IEP86
and IEPS86 variants made in the Towne IEP86 background. Transfec-
tions and analyses were similar to those described in the legend for Fig.
2. The panels show activation of the simple Tef-TATA promoter (A),
the UL112-113 promoter (B), and the ICP36 promoter (C). The effect
of the +S258 IEP86 variant on each promoter is also shown (D). Basal
promoter activity, shown in each panel by the column labeled with the
letter B, is set at 1.

far as they were in Fig. 3D. The source of this migration
difference is not known.

Transcriptional activation by IEP86 with the various amino
acid alterations. We next assessed the ability of the various
forms of IEP86 to transcriptionally activate by using the same
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FIG. 5. Calculation of fold activation of the various promoters by
the variant or mutant forms of IEP86 relative to activation by WT
Towne IEP86 rather than to the basal promoter activity. Thus, the fold
activation of the promoters by WT Towne IEP86 is equal to 1 at each
input concentration of IEP86-expressing plasmid.

experimental approach described above. Figure 4A, B, and C
show the data from experiments in which each form of IEP86
was tested on the three promoters Tef-TATA (Fig. 4A),
UL112-113 (Fig. 4B), and ICP36 (Fig. 4C). Figure 4D shows
the activation of the three promoters with the +S258 IEP86
(Fig. 1); these data were gathered in separate experiments. In
Fig. 4A to D, fold activation is calculated relative to the basal
promoter activity (B), which is set at 1. In Fig. 5, the same data
were recalculated to show fold activation of each IEP86 variant
relative to the activity of WT IEP86 at each input plasmid
concentration; in this case, the activity of WT IEPS86 is always
equal to 1. This comparison, presented as line graphs, shows
the effects of each individual form of IEP86 comparatively on
each promoter.

T541A represents one of the sequence variations between
the AD169 and Towne strains; T541A IEP86 was more highly
sumoylated (see above). The T541A IEP86 transcriptionally
activated each of the promoters two to three times better than
WT Towne IEP86 (Fig. 4A, B, and C). The increased tran-
scriptional activation was most striking with the Tef-TATA
promoter (Fig. 4A). This is also seen in Fig. 5, where T541A
activation of the Tef-TATA promoter increased relative to
that of WT Towne IEP86, with increased amounts of the
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FIG. 6. Transcriptional activity of the T541A IEP86 variant relative to those of WT Towne and WT AD169. The T541A variation accounts for
the greater activity of AD169 IEP86 relative to that of Towne IEP86. Transfections and analyses were similar to those described in the legend for
Fig. 2. Basal promoter activity, shown in the columns labeled with the letter B, is set to 1.

IEP86-expressing plasmid; however, the opposite was seen
with the ICP36 promoter, where fold activation relative to WT
decreased with increased expression plasmid input. These data
suggest that the intracellular level of T541A IEP86 may differ-
entially affect specific promoter activation.

K455E represents another sequence variation between the
AD169 and Towne. K455E IEP86 showed modestly decreased
sumoylation compared to WT Towne IEP86. The data in Fig.
4A, B, and C show that transcriptional activation of each pro-
moter by K455E TEP86 was very similar to that of WT Towne
IEP86. This is also shown in Fig. 5, where fold activation of
each promoter by K455E remains close to 1, suggesting that it
functions like WT Towne IEPS86.

+S258 represents the variant with the extra serine found in
AD169 within the stretch of serines between 258 and 264.
Figure 4D shows that +S258 IEP86 produced a modest in-
crease in transcription activation (twofold or less) on the Tef-
TATA and UL112-113 promoters. This effect on the Tef-
TATA promoter was seen only at the highest input (1.2 pg) of
the +S258 IEP86 expression plasmid. Interestingly, the +S258
IEP86 showed slightly decreased activation of the ICP36 pro-
moter. These findings, suggesting modest preference for the
UL112-113 promoter, can be better seen in Fig. 5.

K455E/T541A and K455E/T541A+S258 are forms of IEP86
made to test the effect of combining the sequence differences
between the Towne and AD169 strains. The comparison of the
activation of the different promoters by K455E/T541A, K455E/
T541A+S258, and T541A is best seen in Fig. 5, where activa-
tion is shown relative to that of WT Towne IEPS86. First, it can
be seen that the effects of all three forms of IEP86 are gener-
ally similar on each promoter. Specifically, (i) the Tef-TATA
promoter is always activated to the greatest extent, and acti-
vation often increases with increased expression plasmid input;
(ii) activation of the ICP36 promoter decreases with increased
expression plasmid input; and (iii) activation of the UL112-113
promoter is very similar at all input expression plasmid
amounts. Overall, these data suggest that among the amino

acid differences between Towne and AD169, the T541A vari-
ation alone has the most significant effect in these studies.
However, more subtle effects can be seen with the other vari-
ations; examination of the data in Fig. 4C shows that K455E/
T541A showed decreased activation of the ICP36 promoter
compared to T541A IEPS86. Interestingly, the addition of an S
at 258 (K455E/T541A+S258) restored much of this lost acti-
vation.

AD169 TEP86 was obtained by the addition of the R68Q
alteration to K455E/T541A+S258 (Fig. 1). Numerous experi-
ments have shown little difference between the activities of
K455E/T541A+S258 IEP86 and the fully AD169 IEPS86. Thus,
we conclude that the R68Q variation does not significantly
affect transcriptional activation of these promoters. The cumu-
lative data suggest that the T541A alteration is the primary
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FIG. 7. Transcriptional activity of IEP86 variants relative to that of
WT Towne. The T541A variation can overcome some of the negative
effects of the A463T mutation, allowing the OcDNA IEP86 to have
some transcriptional activation function. Transfection conditions and
analyses were similar to those described in the legend for Fig. 2.
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FIG. 8. Tryptic phosphopeptide maps of WT Towne, OcDNA, T541A, and A463T IEP86. The bottom panel shows a schematic phosphopeptide
map of WT Towne with the prominent phosphopeptides labeled A, B, C, D/D’, and E (12). Mutations affecting some of the peptides are shown.
For easier comparison of the data, identical lines are drawn connecting phosphopeptides C, B, and D’ in each panel.

reason that AD169 IEP86 is a better transcriptional activator
than Towne IEPS86. In Fig. 6, we show this by direct compar-
ison of the transcriptional activation of WT Towne, T541A,
and WT AD169 IEP86 on each promoter. The data clearly
show that the T541A IEP86 activates each promoter to ap-
proximately the same extent as WT AD169 IEP86.

M2421 and A463T represent the two amino acid differences
in the original cDNA which are found in neither the Towne or
AD169 sequences (Fig. 1). Figure 4A, B, and C and Fig. 5 show
that M242I is a silent mutation with respect to transcriptional
activation of the test promoters. It was also silent with respect
to sumoylation (see above). However, the data in Fig. 4A, B,
and C show that the A463T alteration causes a dramatic de-
crease in transcriptional activation of all the promoters. Figure
5 shows that relative to WT Towne IEP86, activation is de-
creased at every input amount of expression plasmid and that
the effect is greatest at the higher input amounts. Recall that
A463T IEPS6 is increased about twofold in expression com-
pared to other forms of IEP86 and is the least sumoylated of
any of the various IEP86 variants (Fig. 3A, B, and C).

Interestingly, the OcDNA IEP86 contains the deleterious
A463T mutation (Fig. 1) yet retains an ability to transcription-

ally activate the test promoters (Fig. 2). In repeated experi-
ments, we have noted that it is the presence of the TS541A
mutation which partially compensates for the deleterious ef-
fects of the A463T mutation. Figure 7 shows an example of
these data comparing the activation of the ICP36 promoter by
WT Towne, OcDNA, T541A, A463T, A463T/T541A, and
A463T/K455E IEP86. It is clear that the addition of T541A to
A463T restores some transcriptional activity such that A463T/
TS541A TEPS6 has essentially the same level of activity as
OcDNA IEPS86. In a control experiment, the combination of
A463T and K455E did not affect the inhibition of activation
seen with A463T alone. Similar results have been seen with the
Tef-TATA and UL112-113 promoters (not shown). Thus, it
appears that the OcDNA IEPS86 retains transcriptional activity
primarily because of the TS41A alteration.

Phosphorylation of the various forms of IEP86. Previous
experiments have examined the tryptic phosphopeptide map of
IEP86 and have documented prominent peptides which were
designated A, B, C, D, D’, and E (see the schematic in Fig. 8)
(12). Previous data showed that alanine mutations of specific
mitogen-activated protein kinase sites affected phosphoryla-
tion of some of the peptides: S144A eliminated phosphoryla-
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tion of peptide B, T27A eliminated phosphorylation of peptide
E, and T233A/S234A had multiple effects eliminating phos-
phorylation of peptides D and D’ and reducing phosphoryla-
tion in peptide A (12).

In the preset studies, the two amino acid substitutions which
caused the greatest effects, TS41A and A463T, could each
affect phosphorylation of IEP86; threonine at position 541
does not form a predictable phosphorylation motif, and thre-
onine at position 463 is included in a CKII consensus site.
Tryptic phosphopeptide maps of WT Towne, the OcDNA,
T541A, and A463T IEP86 are shown in Fig. 8. The tryptic
maps of WT Towne IEP86 and the OcDNA IEP86 are very
similar except for the migration of phosphopeptide D; the
identical angled line between phosphopeptides C, B, and D’ is
drawn in each map for easy comparison. T541A is also very
similar to WT Towne, suggesting that T541 is not a major
phosphorylation site. The A463T mutation caused an altered
migration of phosphopeptide D, similar to that seen with the
OcDNA IEPS86, suggesting that A463T is responsible, at least
in part, for this difference. It is interesting that the mutation
T233A/S234A eliminates phosphorylation of peptide D (12)
while A463T, a distant amino acid, affects its migration (see
Discussion).

DISCUSSION

Effects of amino acid variations and mutations on promoter
activation. R68Q, +S5258, K455E, and T541A represent se-
quence variations between the AD169 and Towne strains. We
have not directly tested the R68Q variation but note that there
is no significant difference in transcriptional activation of the
test promoters between WT AD169 IEP86 (containing Q68)
and K455E/T541A+S258 IEP86, which is identical to AD169
IEP86 except that it contains R68 (Fig. 1). The addition of a
serine at 258, +S258, showed modestly increased transcrip-
tional activation, which was preferential for the UL112-113
promoter, while the other two promoters were generally less
activated relative to activation by WT Towne IEP86. K455E
IEP86 functioned much like WT Towne IEPS86 in transcrip-
tional activation. However, the T541A alteration significantly
increased transcriptional activation on all promoters tested.
TS541A appears to be the major alteration making WT AD169
IEP86 a better transcriptional activator than WT Towne
IEP86. Promoter specificity was suggested in Fig. 5, which
shows that increased input of the T541A IEP86-expressing
plasmid resulted in greater activation of the Tef-TATA pro-
moter but decreased activation with the ICP36 promoter. This
suggests that the intracellular level of IEP86 may differentially
affect specific promoter activation.

M2421 and A463T represent the two amino acid mutations
in the OcDNA (Fig. 1). M2421 was found to be a silent muta-
tion in our analyses. A463T IEP86 was dramatically deleteri-
ous to transcriptional activation of all promoters; however, it
was generally more detrimental to the viral promoters than to
the Tef-TATA promoter. This deleterious effect on transcrip-
tional activation can be partially offset by T541A, thus account-
ing for the ability of the OcDNA IEPS86 to retain any ability to
transcriptionally activate.

In sum, the individual effects of the several amino acid vari-
ations show that (i) AD169 IEPS86 is, in general, a better
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transcriptional activator than Towne IEP86, (ii) some amino
acid variations affect promoters preferentially, suggesting that
IEP86 may have separate domains, or conformations, which
differentially affect specific promoters, and (iii) the intracellu-
lar concentration of IEP86 affects promoters differentially,
which would be significant as the intracellular concentration of
IEP86 changes during a lytic infection.

Effects of amino acid variations and mutations on sumoy-
lation. Sumoylation occurs on lysines, and there are two major
alternative sumoylation sites known in IEP86, lysines 175 and
180 (15). Sumoylation of IEP86 has been associated with in-
creased transcriptional activation. Specifically, Hofmann et al.
(15) reported that an IEP86 sumoylation-defective mutant
(mutated at both lysines 175 and 180) showed significantly
reduced transcriptional activation of two viral promoters
(UL84 and UL112-113). In addition, Ahn et al. (1) reported
that cotransfection of plasmids encoding WT IEP86 with the
SUMO-conjugating enzyme (Ubc9) leads to increased tran-
scriptional activation of the CycE promoter, apparently due to
increased ability to sumoylate IEP86. Correspondingly, this
increased activation was not seen when the sumoylation-defec-
tive mutant was used.

T541A IEP86 shows increased sumoylation, which may ac-
count, at least in part, for its increased transcriptional activa-
tion. The effect of T541A on sumoylation may be to alter the
structure of IEP86 such that the major sites are better utilized
or so that new sites are exposed. This increased sumoylation is
not seen when the K455E alteration is combined with T541A,
leading to the speculation that K455 may be an alternate
sumoylation site lost with the change to E455 or that E455
alters the structure of IEP86 such that sumoylation is modu-
lated at other sites in the protein. The correlation between the
amount of sumoylation and transcription is not as apparent
when comparing T541A/K455E IEP86 with T541A IEP86. De-
spite less sumoylation of the T541A/K455E IEPS6, the effects
on promoter activation showed only subtle differences, primar-
ily on the ICP36 promoter, where K455E/T541A showed mod-
estly decreased activation compared to T541A IEP86 (Fig.
4C). However, we stress that our measurements of sumoylation
are quantitative, not qualitative. Thus, while the increased total
sumoylation seen with the A541 variation is down-modulated
by E455, the sumoylation of the sites which most critically
affect transcription may be unaltered. In this regard, the effects
of the K455E variation on sumoylation lead to the prediction
that total sumoylation may be quantitatively similar between
Towne and AD169 IEP86. We have shown that this is the case
in viral infections of U373MG cells. However, this quantitative
similarity in sumoylation between the two strains cannot be
used as an argument against a role of sumoylation in the
different levels of transcriptional activation seen between
Towne and AD169 IEP86. As argued above, although the
quantity of sumoylated forms is similar, the sites of sumoyla-
tion may be very different. Further study is needed to settle this
matter.

A correlation between sumoylation and transcriptional acti-
vation was seen with A463T IEP86. Here we noted quantita-
tively decreased sumoylation and dramatically decreased tran-
scriptional activation. The question from these data is whether
the decrease in sumoylation of A463T IEP86 can fully account
for the dramatic reduction of transcriptional activation of all
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promoters tested. As discussed below, we feel that the A463T
mutation significantly alters the functional structure of the
protein, affecting not only sumoylation but also phosphoryla-
tion and the structural integrity of the carboxy-terminal region
of the protein.

Structural analysis. The phosphopeptide mapping data
showed that the A463T mutation resulted in a change in the
mobility of phosphopeptide D. Since amino acid 463 is not within
peptide D (it contains amino acids surrounding T233/S234),
this observation suggests that IEP86 may have a dynamic con-
formation in which the A463T mutation alters the conforma-
tion such that posttranslational modification of amino acids
within phosphopeptide D is altered. Similarly, the effects of
A463T, T541A, and K455E on sumoylation, primarily at ly-
sines 175 and 180, suggest a dynamic protein conformation.

In order to predict how A463T and T541A might be involved
in conformational alterations in IEP86, we performed second-
ary and tertiary structural modeling. The fact that IEP86 does
not have enough similarity to proteins of known structure
eliminated the use of homology modeling. Thus we chose to
model by using three programs, SAM-T99, PSIPred, and
PROFsec (see Materials and Methods), which have been
shown to perform well when there are several homologous
variations of the protein of interest. In this regard, the C-
terminal portion of IEP86 between amino acids 344 and 579,
which contains K455E, A463T, and T541A, is highly conserved
among IEPS86-like proteins encoded by beta-herpesviruses
(Fig. 9). In addition, the C-terminal region contains indepen-
dent functions, such as the dimerization domain (amino acids
390 to 542) and much of the DNA binding domain (amino
acids 330 to 579) (7).

The PROFsec, PSIPred, and SAM-T99 analyses each pre-
dicted that the C-terminal region contained mostly alpha he-
lixes. PROFsec prediction for globularity showed this domain
as globular. Due to the similarity of the analyses, only the
PROFsec results are shown in Fig. 9 and 10.

Structural predictions for A463T and T541A. Figure 10
highlights the regions immediately around A463 and T541.
A463 is predicted to be buried, forming part of an amphipathic
helix. This would agree with the observation that there is al-
ways a hydrophobic amino acid (either alanine or valine) in
that position in IEP86-like proteins from all the beta-herpes-
viruses (Fig. 9). The A463T mutation puts a polar amino acid
in this position, resulting in lowering of the reliability of the
helical prediction and changing the predictions for solvent
exposure. These alterations would be expected to have signif-
icant effects on interactions with nearby amino acids. This will
be examined by three-dimensional modeling below.

T541 is predicted to be in a weakly helical region, and the
alteration to A541 significantly strengthens the helical predic-
tion in this region and alters solvent accessibility, which may
account, in part, for the positive effect of the T541A alteration.

Three-dimensional modeling. In addition to the PROFsec
modeling, we modeled the three-dimensional structure of
amino acids 344 to 579 by using THREADER and other pro-
grams as described in Materials and Methods. THREADER
is based on the observation that proteins with no sequence
similarity can show similarities in native folding. The
THREADER approach is not based on sequence but uses
pairwise potentials with comparison to a library of protein
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folds derived from established protein structures. The
THREADER three-dimensional model predicts a globular
structure consisting of eight alpha helices (Fig. 11A and B).
Comparing the location of the helices in this model with the
locations of helices in the two-dimensional model (Fig. 9)
shows good correlation. For comparison, the alpha helices
predicted on the three-dimensional model are indicated in Fig.
9 by the thick lines labeled helix 1 through 8 (H1 to HS8). Five
helices overlap in both models, and two partially overlap.
While three-dimensional modeling is highly speculative (hence
its presentation in Discussion), the similarity of the predictions
from two- and three-dimensional modeling, two very different
structure analysis approaches, strengthens the reliability.

In Fig. 11A to F, we show several representations of the
proposed model. Figure 11A shows the ribbon structure in
spectral colors going from the N terminal (blue) to the C
terminal (red). Amino acids significant for this discussion
(T541, A463, C464, and C509) are highlighted as ball-and-stick
models. Figure 11B, C, and D show different views of the
space-filling model of the structure, in which hydrophobic
amino acids are shown in orange, A463 is shown in red, C464
and C509 are shown in black, and T541 is shown in green.
A463 is part of helix 5, and, as indicated in Fig. 11A, B, and C,
it is partially buried, as predicted above. The structure of the
amino acids located within 4 A of A463 is shown in Fig. 11E.
These include amino acids 459 to 467 in helix 5, plus threonine
440 and leucine 443 from helix 4; hydrophobic amino acids are
shown in orange. 443 is modeled to be very close to A463 due
to their shared hydrophobicity (carbon beta of A463 is 3.4 A
from the carbon delta 1 of L443). The potential structural
significance of 1443 is indicated by studies (38) showing that
the mutation of amino acids 442 to 444 (FLM to ASA) elim-
inated dimerization and DNA binding. Introducing a polar
amino acid, e.g., threonine, at position 463 would decrease the
affinity and proximity of residues 463 and 443, since they would
not cluster together. This change would result in an alteration
in the interaction between helices 4 and 5. The deleterious
effects of the A463T mutation, seen experimentally, suggest
that maintenance of the hydrophobic clustering of the amino
acids shown in Fig. 11E may maintain a core structure within
the carboxy-terminal half of IEP86.

Further indication of the importance of A463 in the main-
tenance of IEP86 structure comes from the observation that its
adjacent amino acid, 464, is a cysteine. In Fig. 11A, B, and C,
C464 (black) is shown to be buried. Interestingly, Fig. 11A
shows that C464 faces C509 located in helix 6. Figure 11F
expands this region, detailing the positions of A463, C464, and
C509, and suggests the potential for a disulfide bond. Mutation
of C509 (C510 on the AD169 strain) to glycine results in a
temperature-sensitive mutation (13), suggesting that a disul-
fide bond involving C509 may be structurally important.
Clearly, the disruption in structure caused by the A463T mu-
tation, described above, may alter the position of C464 such
that it would no longer be in position to form a disulfide bond
with C509. If this was the case, then the A463T mutation would
alter the way helix 5 interacts with both helix 4 and 6.

Modeling does not as clearly indicate why the T541A alter-
ation increases transcriptional activation and sumoylation of
IEP86. T541A is an exposed residue in helix 7 (Fig. 11A, B, and
D), and changing it to an alanine is not predicted to have a
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FIG. 9. Secondary structure and solvent accessibility prediction of the C-terminal end of IEP86. The structural predictions were made by using
the program PROFsec and MSA, as described in Materials and Methods. Amino acids in the various B-herpesvirus IEP86-like proteins which are
identical to the HCMV Towne IEP86 sequence are shown in bold. Shown at the bottom of each MSA block are the predictions for secondary
structure (PROF Sec. Struct.) (H, alpha helix; E, beta strand; L, loop) and solvent accessibility (Solv. Access) (e, exposed; b, buried) and the
reliability of these predictions (Reliability SS and Reliability Acc., respectively). The reliability of the predictions varies between 0 (low) and 9
(high). Secondary structure predictions made with an expected average accuracy higher than 82% are in bold. The subset of solvent accessibility
predictions with reliability higher than 4 is shown in bold. For a comparison, the alpha helices predicted for the three-dimensional model (Fig. 11)
are shown as thick lines at the top of each block (H1 to HS).
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FIG. 10. Comparisons of secondary structure and solvent accessibility predictions for the changes A463T and T541A. Structure predictions
based on PROFsec and MSA were prepared as described in the legend for Fig. 9. For the T463 prediction, a T was placed at position 463 in all
the sequences in the MSA; likewise, an A, instead of T or S, was inserted at position 541 for the A541 prediction. Prediction abbreviations are
described in the legend for Fig. 9, with the exception of Subset Acc. (subset of solvent accessibility predictions with reliability higher than 4) and
82% Subset SS (secondary structure predictions made with an expected average accuracy higher than 82%). Changes in the predictions resulting
from the mutations are underlined.

dramatic structural effect according to this model. However, tein, which could account for its effects on sumoylation. Such
we note that A541 would increase the hydrophobic surface effects on intra- and intermolecular interactions by the T541A
(Fig. 11D), possibly making the region more efficient in pro- variation may account for how it partially compensates for the
tein-protein interactions, including dimerization, and/or in- A463T mutation through the resurrection of some of the lost
tramolecular interactions with the N-terminal half of the pro- structure caused by T463.

FIG. 11. THREADER three-dimensional model of the IEP86 C-terminal fragment. Three-dimensional structures were predicted by using
THREADER version 2.5 (17). (A) Shown is the ribbon structure colored from blue to red in the direction from the N terminus to the C terminus.
Amino acids 463, 464, 509, and 541 are highlighted as ball-and-stick models. (B, C, and D) Shown are space-filling models where hydrophobic
residues are colored in orange, T541 is shown in green, C464 and C509 are shown in black, and A463 is shown in red. (E) Shown are amino acids
located 4 A or less from A463. Hydrophobic residues are orange. (F) Shown are amino acids located 5 A or less from C464.
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The finding that amino acid alterations and mutations
known to have significant functional effects also have signifi-
cant predicted effects on the modeled protein lends credence
to the structural predictions and three-dimensional modeling.
We feel that IEP86 may have a dynamic tertiary structure in
which subtle changes, caused by posttranslational modifica-
tions or amino acid variations, are manifested as significant
changes in the activity of the protein’s functions.
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