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Mutant herpes simplex virus type 1 (HSV-1) viruses were constructed to characterize the roles of the
conserved histidine residues (H61 and H148) of HSV-1 protease in the regulation of catalytic activity and virus
maturation. Viruses containing mutations at H61 (H61V-V711, H61Y-V715, and H61A-V730) were unable to
grow on Vero cells. These mutant viruses could process neither Pra to N0 nor ICP-35cd to ICP-35ef. Trans-
mission electron microscopy studies of H61A-V730-infected Vero cells indicated that capsid maturation is
arrested at a state characterized by the predominance of large symmetrical arrays of B capsids within the
nucleus. Two mutations at H148 (in viruses H148A-V712 and H148E-V728) gave rise to mutant viruses that
grew with a small-plaque phenotype; one of the viruses, H148E-V728, was particularly attenuated when grown
at a low multiplicity of infection. The rate of processing of Pra to N0 in infected Vero cells increased in the order
H148A-V712 < H148E-V728 < parental strain HSV-1-V731. The observation that H148A-V712 processes Pra
to N0 and ICP-35cd to ICP-35ef, whereas H61A does not, establishes H61 as the catalytically essential con-
served His assuming that HSV-1 protease, like other serine proteases, utilizes an active-site histidine residue
in catalysis. Two of the mutations at H148 (viruses H148K-V729 and H148Y-V716) produced nonviable viruses.
H148K-V729 processed neither Pra to N0 nor ICP-35cd to ICP-35ef, whereas H148Y-V716 processed Pra to N0
but did not process ICP-35cd to ICP-35ef. The range of phenotypes observed with the H148 mutant viruses sug-
gests that residue 148 of the HSV-1 protease is a determinant of virus growth rate and viability because of its ef-
fects on the activity of the protease and/or the role of the protease domain in capsid assembly and DNA packaging.

Herpes simplex virus type 1 (HSV-1) is a large double-
stranded DNA virus that replicates in the nucleus of a host cell.
The virus has a system of capsid assembly that appears similar
to that of bacterial phage, wherein the capsid is assembled
around a protein scaffold (11). Two proteins encoded by the
overlapping genes UL26 and UL26.5 (Fig. 1) constitute the
scaffold of the HSV-1 capsid. UL26 encodes the 635-amino-
acid protease (Pra). UL26.5 encodes the assembly protein,
infected-cell protein 35 (ICP-35cd), with its coding region
starting in frame with that of the Pra gene at the codon for
residue M307 and coterminating with that of the Pra gene (13,
14).

The viral capsid, consisting of VP5, VP19C, VP23, and VP26
and a core with a 1:10 ratio of Pra to ICP-35cd assembles in the
nucleus (17, 18). The presence of either Pra or ICP-35cd is
sufficient to ensure capsid formation (6, 7, 16, 25, 26). Virus
lacking an active protease, however, is blocked from entering
the next phase of virus maturation: digestion and packaging of
HSV-1 genomic DNA (8). Upon capsid assembly the protease
becomes active and cleaves itself twice at amino acid residues
A247, the release site, and A610, the maturation site (Fig. 1).
ICP-35cd is also cleaved by the protease at the homologous
maturation site to generate ICP-35ef. The protease-catalyzed
cleavages result in depolymerization of the protease-assembly
protein complex releasing processed ICP-35ef and Nb (the C
terminus of Pra) from the capsid interior. N0, the proteolyti-
cally active domain of Pra (amino acid residues 1 to 247), is
retained within the capsid. HSV-1 genomic DNA is packaged

either concurrently with or subsequent to HSV-1 protease-
catalyzed cleavage of ICP-35cd to ICP-35ef.

HSV-1 protease is a serine protease as defined by its reac-
tion with the inhibitors DFP (diisopropylfluorophosphate),
phenylmethylsulfonyl fluoride, and chymostatin (12). Dilanni
et al. (7) identified S129 as the active-site serine based upon
the manner of its labeling with [3H]DFP. The active-site his-
tidine of the serine protease commonly present in other serine
proteases has not been definitively defined. Sequence align-
ments of a, b, and g herpes virus protease homologs revealed
two conserved histidine residues, either of which may be the
catalytically essential His (29) assuming that the herpes pro-
tease, like other serine proteases, utilizes an active-site histi-
dine residue as a general acid or base for catalysis. These
residues are H61 and H148 in HSV-1 protease and H47 and
H142 in simian cytomegalovirus (sCMV) protease. The obser-
vation that sCMV protease mutants H142A and H142E exhibit
low but detectable levels of protease activity, whereas the
H47A mutant protease is completely devoid of activity (29),
suggests that H47 is the catalytically essential His residue of
sCMV protease and that, by analogy, H61 is the catalytically
essential His of HSV-1 protease. Recent X-ray diffraction anal-
yses of human CMV (hCMV) protease crystals (2, 21, 24, 27)
indicate that H63 (homologous to H47 and H61 of sCMV and
HSV-1, respectively) in hCMV is indeed H-bonded to the
active-site Ser residue as expected for an active-site histidine
residue. Surprisingly, the other conserved histidine residue,
H157 of hCMV, appears to be H-bonded to H63 as if it were
replacing the aspartic acid residue in the catalytic triad of
conventional serine proteases. In contrast to what was found
from observations of sCMV protease, point mutations in
HSV-1 protease at either HSV-1 H61 or H148 have been
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reported to result in the loss of HSV-1 protease activity in vitro
(12). Thus, assignment of the catalytically essential His of
HSV-1 protease has not been possible.

In the present study we used our two-plasmid, four-cosmid
system of mutagenesis (22) to construct HSV-1 mutants and to
determine, for the first time in the context of the virus, the
effects of mutations at H61 and H148 in the protease Pra.

(Part of this work was taken from a Ph.D. thesis submitted
by R. B. Register to the graduate school of Hahnemann Uni-
versity.)

MATERIALS AND METHODS

PCR mutagenesis. Each mutated negative-strand oligonucleotide A listed
below was paired with a positive-strand oligonucleotide homologous to DNA 59
of the first BsmI site (59-GTACTCAAAAGGTCATAC-39), and each positive-
strand mutated oligonucleotide B listed below was paired with a negative-strand
oligonucleotide homologous to DNA 39 of the second BsmI site (59-GGGAAA
CCAAACGCGGAATG-39). PCR mutagenesis was then carried out on plasmid
pRHS2 as previously described (10, 22). The mutated PCR BsmI fragments of
the protease gene were subcloned into plasmid vector pR700 and employed in
the construction of mutant virus by using the two-plasmid, four-cosmid system of
mutagenesis previously described by us (22). The viruses and associated oligo-
nucleotides are as follows. H61V-V711 (new AatII site): A, 59-CCTCGCAGC
CAGCGCGGACGTCCACGTTAATCGGGAGTGGG-39; B, 59-CCCACTCC
CGATTAACGTGGACGTCCGCGCTGGCTGCGAGGTG-39; H61Y-V715;
A, 59-CGCGGTAGTCCACGTTA-39; B, 59-CCCACTCCCGATTAACGTGGA
CTACCGCGCTGGCTGCGAGGTG-39; H61A-V730 (new Psp1406I site): A,
59-CAGCCAGCGCGGGCGTCAACGTTAATCGGGAGTGGG-39; B, 59-CC
GATTAACGTTGACGCCCGCGCTGGCTGCGAGGTGGG-39; H148A-V712
(new PstI site): A, 59-GATCGCGCACAGCGCGACTGCAGCGAACAGCGT
GCGATCGGGG-39; B, 59-CCCGATCGCACGCTGTTCGCTGCAGTCGCG
CTGTGCGCGATCGGGCGG-39; H148Y-V716; A, 59-GCGACGTACGCGA
ACAGC-39; B, 59-CCCCGATCGCACGCTGTTCGCGTACGTCGCGCTGT
GCGCGATCGG-39; H148E-V728 (new Eco47III site): A, 59-CGCACAGCGC
TACTTCCGCGAACAGCGTGCGATCGGG-39; B, 59-CTGTTCGCGGAAG
TAGCGCTGTGCGCGATCGG-39; H148K-V729 (new StyI site): A, 59-CACA

GCGCGACCTTGGCGAACAGCGTGCGATCGGG-39; B, 59-CGCTGTTCG
CCAAGGTCGCGCTGTGCGCGATCG-39.

Cosmid vectors. cos6, cos14, cos28, cos48, and cos56 obtained from Cunning-
ham and Davison were previously described (3).

Plasmids. pRHS2 consisting of HSV-1 strain F DNA, base pairs 49126 to
53273, starting within UL25 and ending within UL27; pR700 consisting of HSV-1
strain 17 DNA, base pairs 44440 to 57747, starting within UL22 and ending
within UL28; and pR710 consisting of HSV-1 strain 17 DNA, base pairs 24699
to 49435, starting between UL10 and UL11 and ending within UL25, have been
previously described (22).

Characterization of mutations. All of the PCR BsmI mutant fragments (1,127
base pairs) were sequenced to confirm that no second-site mutations were in-
troduced during the mutagenesis procedure. In addition, to confirm the presence
of the mutations in the virus a new restriction endonuclease site was added at the
site of mutation (with the exception of mutants H61Y-V715 and H148Y-V716).
The DNA of each of the mutant viruses was digested with the restriction endo-
nuclease corresponding to the amino acid mutation and compared with the
wild-type HSV-1 genomic DNA by Southern analysis (data not shown). DNA
from mutants H61Y-V715 and H148Y-V716 was digested with BsmI and was
shown to contain this fragment. It might be argued that the recombinant mutant
virus suffered a second-site mutation that conferred the phenotype(s) described
in this paper. To assess this possibility, at least three separate transfections were
performed for each mutation and the phenotypes of the resulting viruses were
compared. Additionally, two of the BsmI fragments containing mutated protease
gene N0, i.e., those from H61A-V730 and H148A-V712, were subcloned from the
mutant viruses and sequenced.

Host range cell line PHS-23. This cell line, which expresses the HSV-1 strain
F Pra upon HSV infection, has been previously described (22).

Parental HSV-1-V731 virus strain. The parental virus (HSV-1-V731) used in
this study is a strain 17 virus wherein a strain F BsmI fragment encoding N0
replaces the corresponding BsmI fragment of strain 17. Use of this chimeric
parental strain was prompted by the ready availability of the strain 17 cosmids,
together with the fact that previous studies of the effect of protease mutations in
N0 were performed with strain F protease. HSV-1 strain 17 and chimeric paren-
tal strain HSV-1-V731 were compared with respect to growth curves at 31, 34, 37,
and 39°C. Moreover, protease activity was assessed by Western blot analysis. No
differences between HSV-1 strain 17 and HSV-1-V731 with respect to growth
characteristics or protease activity were observed (data not shown).

Transfections. Previously described (22) transfection procedures were used to
create mutant virus. Mutant viruses derived from PCR-mutated Pra-encoding
plasmids are designated by the numbers of the plasmid constructs encoding Pra
that were used to construct the mutant viruses, with the letter “V” substituted for
“pR.”

Growth and plaque assays. One-step growth curves of mutant viruses H148A-
V712 and H148E-V728 were performed at both a low multiplicity of infection
(MOI) (0.0005 PFU/cell) and a high MOI (3 PFU/cell). Six-well clusters were set
up with 1.0 3 105 Vero cells the day before infection in triplicate for each time
point. Each well was infected with either 150 to 200 PFU (low-MOI) or 3.0 3 105

PFU (high-MOI) of virus in 1 ml. In the low-MOI experiment one set of clusters
was washed 1 h postinfection and refed with 13 Dulbecco modified Eagle
medium, 2% fetal calf serum, and 1% human immunoglobulin G (Armour). Two
to four days postinfection these clusters were fixed with methanol and stained
with Accustain (Sigma) and total plaques were counted. In the high-MOI exper-
iment, the 1.5 3 106-PFU/ml virus stock was serially diluted to confirm the titer.
The second set of clusters in each experiment was frozen at 4, 8, 10 (high-MOI
experiment only), 12, 16, and 20 h postinfection. The clusters were then thawed
and sonicated, and the titers for each well (three wells per time point) were
determined in duplicate.

Antibodies. The antibodies (a gift from A. Conley of Merck Research Labo-
ratories) were raised in rabbits, with a keyhole limpet hemocyanin conjugate of
N-terminal Pra peptide DAPGDRMEEPLPDRAC-NH2 (antibody N; HSV-37-
93) and N-terminal ICP-35 peptide PTSGTPAPAPPGDGSC-NH2 (antibody I;
HSV-31-93) (Multiple Peptide Systems) as immunogens (Fig. 1).

Western blot analysis. Vero cells were infected at an MOI of 5 PFU/cell and
harvested 14 h postinfection. The virus-infected Vero cell extracts were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% cross-linker).
Protein, 2.5 mg for the ICP-35 Western blots and 25 mg for the two Pra/N0
Western blots, was loaded in each lane. Gels were transferred to Immobilon-P
membranes (Millipore) and blocked in 13 phosphate-buffered saline–5% nonfat
dry milk–0.1% Tween 20. Pra and ICP-35 were visualized with a two-antibody
system. The first antibody was antibody I for the ICP-35 Western blots and
antibody N for the Pra Western blots. The second antibody was goat anti-rabbit
immunoglobulin G (heavy plus light chains) horseradish peroxidase conjugate
(Sigma Chemical Company). Western blots were developed with an ECL kit
from Amersham.

Sample preparation for TEM. Twenty hours postinfection Vero cells that were
infected at an MOI of 5 PFU/cell were washed twice in phosphate-buffered
saline, fixed with 1.0% glutaraldehyde in 1.0% cacodylate buffer (pH 7.5),
scraped off of the flask, and pelleted. The cells were then washed in 1.0%
cacodylate buffer for 1 h and postfixed for 1 h with 1.0% osmium tetroxide in
1.0% cacodylate buffer. The fixed samples were dehydrated with 50 to 100%
ethanol in 10% steps of 15 min each and then transferred to 100% propylene

FIG. 1. HSV-1 protease cleavage sites. HSV-1 protease (Pra) is a 635-amino-
acid serine protease that undergoes autocatalytic cleavage at Ala247 and Ala610.
The products of these cleavages are N0 (amino acids [aa] 1 to 247), which con-
tains the protease activity, Na (aa 248 to 635), and Nb (aa 248 to 610). The as-
sembly protein, ICP-35cd, starts in frame with the protease at M307 and is co-
terminal with it at residue 635. The protease also acts upon ICP-35cd at residue
610 to yield ICP-35ef. The locations of the epitopes recognized by the antibodies
used in this study are designated by the letters N and I. kD, kilodaltons.
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oxide for 15 min. The cells were pelleted, and the pellet was infiltrated with a 1:1
solution of propylene oxide and Epon (Poly Embed 12) overnight. The samples
were then transferred to fresh Epon for 1 h and transferred into fresh Epon
again. Cell pellets were polymerized at 37°C for 64 h and then transferred to a
56°C oven overnight. After polymerization, the embedded samples were sec-
tioned at a thickness of 60 to 80 nm with a Riechert-Jung Ultracut E ultrami-
crotome. Sections were collected, mounted onto copper grids, and poststained
with uranyl acetate and lead citrate. The grids were examined in a Hitachi
HU-12A transmission electron microscope (TEM) at 85 kV (Advanced Biotech-
nologies Inc. in Columbia, Md.).

RESULTS

His61 mutations. Mutant HSV-1 viruses with point muta-
tions at the conserved histidine residues of HSV-1 protease
were constructed by using a previously described two-plasmid,
four-cosmid system of mutagenesis (22) and characterized to
assess the roles of these residues. All three of the H61 mutant
viruses studied (H61V-V711, H61Y-V715, and H61A-V730)
were unable to replicate in Vero cells at the tested tempera-
tures, 31, 34, 37, and 39°C, but propagated on protease-ex-
pressing host range cell line PHS-23 (data not shown).

His61 Western blot analysis. The protease activities of the
viruses with point mutations at H61 were assessed by Western
blot analysis of infected Vero cell extracts, prepared 14 h
postinfection. Western blots were developed with an antibody
that recognizes the N-terminal domain of Pra (antibody N) or
an antibody that recognizes the N terminus of ICP-35 (anti-
body I) (Fig. 1). Western blot analysis of virus-infected Vero
cell extracts indicated that the H61 mutant viruses do not pro-
cess either Pra to N0 (Fig. 2) or ICP-35cd to ICP-35ef (Fig. 3).

His148 mutations: plaque morphology and temperature sen-
sitivity. Viruses with mutations at H148 in Pra (H148A-V712,
H148Y-V716, H148E-V728, and H148K-V729) exhibited a
range of phenotypes. Two H148 mutants were viable in Vero
cells. These mutants, H148A-V712 and H148E-V728, both ex-

hibited a small-plaque phenotype when grown on Vero cells at
37 or 39°C. H148E-V728 grew more slowly than H148A-V712
and required 4 days of growth to reach a plaque size equivalent
to that observed for H148A-V712 after 2 days of growth on
Vero cells (at 37 or 39°C). When these two mutants were
grown in host range cell line PHS-23, however, their plaque
sizes and morphologies, 2 days postinfection, were found to be
similar to those of parental strain HSV-1-V731 (data not
shown). H148A-V712 showed no temperature sensitivity when
grown at 31 to 39°C in Vero cells (Table 1), whereas H148E-
V728 did not grow at 31 or 34°C.

One-step growth curves of H148A-V712 and H148E-V728.
When these two mutants were grown on Vero cells at an MOI
of 0.0005 PFU/cell (Fig. 4), the amount of virus produced per
PFU at 20 h postinfection was found to be ;2 times lower for
the H148A-V712 mutant and ;16 times lower for the H148E-
V728 mutant virus than that observed for parental virus HSV-
1-V731. At a high MOI (3 PFU/cell) H148A-V712 produced
the same amount of virus as parental wild-type virus HSV-1-
V731 at 20 h postinfection and H148E-V728 produced approx-
imately three times less (Fig. 5).

Western blot analysis of H148A-V712 and H148E-V728.
Vero cells were infected with mutant viruses at an MOI of
5 PFU/cell and were harvested 14 h postinfection. A Western

FIG. 2. N antibody, Western blot analysis of H61 mutant virus-infected Vero
cell extracts. Vero cells were infected with virus at an MOI of 5 PFU/cell at 37°C
and were harvested 14 h postinfection. Twenty-five micrograms of protein was
loaded in each lane. Lane 1, mock-infected Vero cells; the other lanes are as
indicated.

FIG. 3. I antibody, Western blot analysis of H61 mutant virus-infected Vero
cell extracts. Vero cells were infected with virus at an MOI of 5 PFU/cell at 37°C
and were harvested 14 h postinfection. Two and one-half micrograms of protein
was loaded in each lane. Lane 5, mock-infected Vero cells; other lanes are as
indicated.

TABLE 1. HSV-1 protease histidine 148 mutant virus titersa

Mutant
virus

Virus titers (PFU/ml) on:

Vero cells at: PHS-23
cells at
37°C31°C 34°C 37°C 39°C

H148A-V712 6.3 3 106 7.4 3 106 6.0 3 106 3.1 3 106 8.2 3 106

H148Y-V716 0 0 7.0 3 101 8.0 3 101 5.5 3 106

H148E-V728 0 0 9.8 3 106 7.5 3 106 6.8 3 106

H148K-V729 4.0 3 102 2.0 3 102 6.0 3 102 4.0 3 102 6.0 3 106

HSV-1-V731b 8.8 3 106 1.4 3 107 1.4 3 107 1.5 3 107 7.4 3 106

a Vero cells were infected at an MOI of 1 to 3 PFU/cell and then harvested,
and titers were determined 18 h postinfection.

b HSV-1-V731 is an HSV-1 strain 17 virus with an F/17 Pra chimera that
consists of the N0 protease of HSV-1 strain F and the ICP-35 of HSV-1 strain 17.
HSV-1-V731 is the parental strain of the H61 and H148 mutants.
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blot analysis of H148A-V712- or H148E-V728-infected cell
extracts showed a reduced conversion of Pra to N0 relative to
that of the parental HSV-1-V731 strain as reflected in a com-
parison of the intensity of the Pra band relative to that of the
N0 band for each virus (Fig. 6). Processing of Pra to N0 was at
an approximately twofold-lower level for H148A-V712 than
for H148E-V728; however, the processing of ICP-35cd to ICP-
35ef by both H148A-V712 and H148E-V728 appeared similar,
14 h postinfection, to that of wild-type HSV-1-V731 (Fig. 7).
Surprisingly, H148E-V728 is more attenuated than H148A-
V712 and yet appears to process Pra to N0 more efficiently
than does H148A-V712. Further studies are required to deter-
mine the extent to which this result reflects the impact of the
mutations at H148 on the nonproteolytic functions of the pro-
tease domain.

Western blot analysis of H148Y-V716 and H148K-V729.
H148Y-V716 and H148K-V729 were not viable in Vero cells at
any temperature tested (Table 1). Western blots of infected
Vero cell extracts of mutant virus H148K-V729 (Fig. 6 and 7)
indicated that H148K-V729, like the H61 virus mutants, did
not process either Pra to N0 or ICP-35cd to ICP-35ef. The
Western blot of extracts of Vero cells infected with H148Y-

V716 revealed greater than 25% protease activity in the con-
version of Pra to N0 (Fig. 6) 14 h postinfection, but the ICP-35
Western blots showed no processing of ICP-35cd to ICP-35ef
(Fig. 7). The fact that mutant H148Y-V716 processed Pra to
N0 but failed to process ICP-35cd to ICP-35ef and was unable
to replicate is consistent with the view that the processing of
ICP-35cd to ICP-35ef is required for virus replication.

Purity of H61 and H148 mutant viruses. Mutant viruses
were plaque purified three times and then expanded on Vero

FIG. 4. Low-MOI one-step growth curves for H148A-V712 (F), H148E-
V728 (E), and parental strain HSV-1-V731 (�) at 37°C. Vero cells were infected
at an MOI of 0.0005 PFU/cell, and the experiment was done in triplicate. The
error bars indicate the standard deviation.

FIG. 5. High-MOI one-step growth curve of H148A-V712 (F), H148E-V728
(E), and parental strain HSV-1-V731 (�) at 37°C. Vero cells were infected at an
MOI of 3.0 PFU/cell, and the experiment was done in triplicate. The error bars
indicate the standard deviation.

FIG. 6. N antibody, Western blot analysis of H148 mutant virus-infected
Vero cell extracts. Vero cells were infected with virus at an MOI of 5 PFU/cell
at 37°C and were harvested 14 h postinfection. Lane 1, mock-infected Vero cells;
other lanes are as indicated.

FIG. 7. I antibody, Western blot analysis of H148 mutant virus-infected Vero
cell extracts. Vero cells were infected with virus at an MOI of 5 PFU/cell at 37°C
and were harvested 14 h postinfection. Lane 1, mock-infected Vero cells; other
lanes are as indicated.

VOL. 71, 1997 HSV-1 MUTANTS WITH POINT MUTATIONS IN Pra 8575



or PHS-23 cells. Southern blot analysis confirmed that the
restriction site introduced with the His mutation was present in
the isolated mutant viruses. Overexposure of the Southern blot
did not reveal a wild-type HSV-1 contaminating virus band in
the mutated DNA of H148A-V712 or H148E-V728 which grew
on Vero cells (data not shown). Virus plaque sizes for these
small-plaque phenotype His mutants were also measured on
Vero cells, and the cells were observed to contain less than 0.01
percent virus with a large-plaque (wild-type virus) phenotype
(data not shown).

The titers of the nonviable H61 and H148 mutants on both
Vero and PHS-23 cells were measured to determine the
amount of contaminating HSV-1 wild-type virus generated
from homologous recombination with the PHS-23 Pra, spon-
taneous reversion, or possible second-site mutations. All of the
viruses grown on PHS-23 cells contained a low titer of rever-
tant virus that was less then 0.01 percent of the viral stock.
When the titer rose above 0.01 percent the virus was plaque
purified.

To determine whether the low titer of virus (obtained from
nonviable virus stock solutions) that grew on Vero cells re-
flected leak through of the mutation or reversion to the wild-
type phenotype, three plaques from each nonviable mutant
grown on Vero cells were selected and expanded on PHS-23
cells and the titers on both Vero and PHS-23 cells were deter-
mined. All of the plaques grew to the same titer on Vero and

PHS-23 cells (data not shown), suggesting that homologous
recombination with the DNA in the host range cell line PHS-
23 had occurred at a low frequency (,1024). The amount of
wild-type virus increased with each passage of the virus mutant
(data not shown). Gao et al. (8) reported a similar result with
HSV-1 protease deletion mutant m100 when it was passaged
on their host range cell line.

It is unlikely that the altered phenotypes associated with the
H61 and H148 mutant viruses reflect the effects of a random
second-site mutation, since repeated transfections (three or
more for each mutant) yielded phenotypically identical viruses.
Moreover, BsmI fragments containing the protease-encoding
domain, N0, from H61A-V730 and H148A-V712 were sub-
cloned from these mutant viruses, sequenced, and shown to
encode only the expected Ala-for-His replacements with no
second-site mutations.

TEM studies. (i) H61A-V730. TEM studies were undertaken
to characterize a representative set of the mutant viruses with
respect to capsid assembly and the intracellular localization of
Pra and ICP-35cd and their processed products. Vero cells
infected with parental virus HSV-1-V731 contained three types
of capsids: empty A capsids, large-protein dense-core B cap-
sids, and mature DNA-containing small-core C capsids as pre-
viously reported (Fig. 8) (19). In contrast, the proteolytically
inactive strain, H61A-V730, contained only large symmetrical
arrays of B capsids (Fig. 9) that appeared to emanate from the

FIG. 8. TEM of Vero cell infected with HSV-1-V731 20 h postinfection. Magnification, 39,600. Bar, 2 mm. The corresponding TEM of H148A-V712 was
indistinguishable from that of HSV-1-V731 at 20 h postinfection (data not shown).
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nuclear membrane. However, no A or C capsids were observed
in the nucleus. Extracellular spaces were filled with large num-
bers of L particles; however, no virus particles were observed in
the extracellular spaces (data not shown).

(ii) H148E-V728. Examination by TEM of Vero cells in-
fected with H148E-V728 at 20 h postinfection revealed a mix-
ture of capsids at various stages of development. The nuclei of
Vero cells infected with H148E-V728, 20 h postinfection, re-
vealed that approximately 50% of the nuclear capsids were
arranged in symmetrical arrays of B capsids emanating from
the nuclear membrane (Fig. 10A). Interestingly, in the viral
region of the nucleus where DNA packaging has been shown
to occur (20), most of the capsids were covered with an elec-
tron-dense material that may be DNA (Fig. 10B). In addition,
some of the B-capsid arrays had closely associated darkly
stained complexes that may be DNA-packaging complexes
(Fig. 10C). Interestingly, these complexes were not observed in
either the H148A-V712 mutant or the HSV-1-V731 parental
strain at 20 h postinfection. The remaining H148E-V728 nu-
clear capsids were monodispersed and similar in size to paren-
tal-strain HSV-1-V731 C capsids. (These and all other ob-
served characteristics of the HSV-1-731 parental strain were
indistinguishable from those of wild-type HSV-1 strain 17 vi-
rus.) Most of the capsids found in the cytoplasm did not have
the condensed core characteristic of the HSV-1-V731 parental
strain (data not shown). However, virus particles in the extra-
cellular spaces were indistinguishable from those of the HSV-
1-V731 parental strain (data not shown). The altered distribu-

tion relative to that of the HSV-1-V731 parental strain of
intermediate capsids and virus assembly products seen with
H148E-V728 at 20 h postinfection may reflect differences in
the relative rates of individual steps in the capsid maturation
pathway.

DISCUSSION

All three of the HSV-1 protease mutants with replacements
at H61 (H61V-V711, H61Y-V715, and H61A-V730) were un-
able to replicate and did not process either Pra to N0 or ICP-
35cd to ICP-35ef. It might be argued that the processing of Pra
to N0 reflects cis cleavages that don’t involve serine protease
activity, whereas processing of ICP-35cd to ICP-35ef involves a
serine protease-catalyzed trans cleavage. Regardless of wheth-
er only trans or both the cis and trans cleavages proceed via a
serine protease mechanism, the observation that the H148A-
V712 and H148E-V728 mutants are viable and exhibit both cis
and trans cleavages excludes H148 as being essential for either
proteolysis or virus viability.

The reports that the H148A-mutated HSV-1 protease lacked
protease activity in both transient transfection and in Esche-
richia coli expression systems (5, 12, 28) appear to conflict with
our observation of the processing of Pra to N0 and of ICP-35cd
to ICP-35ef in H148A-V712-infected Vero cells. It remains to
be established whether the processing of Pra to N0 and ICP-
35cd to ICP-35ef that we observed in H148A-V712-infected
Vero cells might reflect local concentration effects within the

FIG. 9. TEM of Vero cells infected with H61A-V730 20 h postinfection. Shown are nuclear B capsids. Magnification, 316,000. Bar, 2 mm.
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capsid or the presence of a viral cofactor of HSV-1 protease in
the infected Vero cells.

TEM studies of a representative H61 nonviable mutant,
H61A-V730, showed an accumulation of highly symmetrical
arrays of B capsids in the nuclei of infected Vero cells. H148E-
V728-infected Vero cells also accumulated symmetrical arrays
of B capsids; however, these capsid arrays were smaller than
those seen with H61A-V730. Interestingly, near the edges of
the H148E-V728 capsid arrays, the B capsids were less well
packed. This dissociation is most pronounced near areas of
densely stained material that may represent DNA packaging
complexes (Fig. 10C). These densely stained complexes did not
accumulate in Vero cells infected with parental strain HSV-1-
V731. It is our contention that the capsid arrays observed in
the electron micrographs (Fig. 10A and C) of H148E-V728-
infected Vero cells are also intermediates in the maturation of
wild-type virus capsids and that the abnormal build-up of these
intermediates observed with H148E-V728 is due in part to the
attenuated protease activity of this mutant virus. In this regard
it is interesting to note that a TEM of wild-type HSV-1 pub-
lished by Roizman and Spear (23) depicts the presence of
symmetrical arrays of wild-type HSV-1 virus early in infection.

Our ability to produce an attenuated virus by a point muta-
tion that incrementally reduces the activity of HSV-1 protease
is consistent with the possibility that protease processing may
be a rate-controlling step in the pathway for virus maturation.
The observation that H148E-V728 was more attenuated than
H148A-V712 in spite of the fact that H148-V728 appeared to

process Pra to N0 more efficiently than did H148A-V712, how-
ever, suggests the possibility that the H148E mutation may
impact virus growth rate via its effects on the structural role of
Pra as a constituent of the protein scaffold for assembly of virus
capsids. Alternatively, the rate of DNA packaging may be
inhibited by the mutation as evidenced by the buildup of what
appears to be DNA-packaging complexes (Fig. 10B and C).
These putative DNA-packaging complexes were not observed
in TEM studies of the mutant H148A-V712 strain or of the
HSV-1-V731 parental strain. At 20 h postinfection these virus
strains had matured past the DNA-packaging stage to mature
monodispersed virus particles in the nucleus as illustrated in
Fig. 5 depicting HSV-1-V731. Further studies are required,
however, to determine the altered interactions responsible for
the attenuated growth induced by H148E-V728. H148Y-V716
was active against Pra, though nonviable, when grown on Vero
cells. This lack of viability may reflect the inability of H148Y-
V716 to process ICP-35cd and/or may be an effect of the
mutation on the interactions of Pra in the protein scaffold. Not
surprisingly, H148K-V729 cleaved neither Pra nor ICP-35cd
and was also not viable.

The observation that all of the H61 mutations resulted in a
loss of both cis and trans cleavage activity supports the conten-
tion that H61 is essential for proteolytic activity and that this
residue is probably the catalytically essential His, provided, of
course, that HSV-1 protease, like hCMV protease and other
serine proteases, utilizes an active-site histidine residue as a
general acid or base catalyst of proton transfer from the hy-

FIG. 10. TEM of Vero cells infected with H148E-V728. (A) Crystal-like arrays of B capsids lining the nuclear membrane. Magnification, 364,800. Bar, 300 nm.
(B) C capsid (arrow) adjacent to densely coated capsids. The densely stained material may be DNA. Magnification, 396,000. Bar, 200 nm. (C) B capsids in crystal-like
arrays dispersed in a densely stained area that may represent DNA packaging complexes. Magnification, 338,400. Bar, 400 nm.
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droxyl group of the active-site serine residue to the leaving
group of the substrate. It remains, however, for X-ray crystal-
lographic analysis of HSV-1 protease to establish the spatial
proximity of H61 to the active-site serine (S129) required by
the putative role of H61 in catalysis.

The recent unanticipated observation (2, 21, 24, 27) indicat-
ing that hCMV protease is devoid of a catalytic aspartic or
glutamic acid residue reveals the potential for alteration of the
signature catalytic triad of serine proteases. It has been sug-
gested (2, 21, 24, 27), based on the structure of hCMV pro-
tease, that H157 may be functionally equivalent to the active-
site aspartic acid residue in orienting the active-site histidine
residue so that it can efficiently transfer a proton from the
active-site serine residue to the leaving group of the substrate.
The active-site histidine residue (H63) of hCMV protease,
however, may not enjoy an optimal alignment for catalysis.
Whereas the replacement of the active-site aspartic acid resi-
due with an alanine residue in the serine protease subtilisin
results in a 5 3 104-fold reduction in the specificity constant
(kcat/Km) (1), replacement of H157 with an alanine residue in
hCMV protease results in only a 15- to 30-fold reduction in
catalytic activity (27). Consistent with our contention that the
H63 of hCMV protease may not be optimally aligned for
catalysis is the observation that the value of the specificity
constant for hydrolysis of a peptide analog of the natural sub-
strate of hCMV is only 4,000 M21 s21 (4), whereas highly
specific proteases such as thrombin (9) exhibit specificity con-
stants of ;107 M21 s21 that reflect the fact that they have
evolved to a state wherein the rate of diffusional collision of
enzyme and substrate rather than the rate of chemical catalysis
limits the rate of the enzymically catalyzed reaction. The ob-
servation (27) that substitution of an aspartic or glutamic acid
residue for H157 in hCMV protease results in a 5- to 10-fold
reduction in activity suggests that it may not be possible to
effect optimal alignment of H63 for catalysis by the simple
substitution of an acidic amino acid residue for H157 in hCMV
protease.

One might ask why hCMV protease and perhaps other her-
pes proteases have not evolved (as have other highly specific
serine proteases) to a state of “catalytic perfection” wherein
the rate of chemical catalysis is no longer rate limiting. In this
regard, it should be noted that the cellular concentration of the
protease Pra might be dictated by the structural role of Pra in
the maintenance of the scaffold for assembly of the virus cap-
sid. This structural constraint, which fixes the amount of Pra
required for virus assembly, may well remove evolutionary
pressure to increase catalytic efficiency so as to reduce the
requirement for enzyme biosynthesis. In fact, an increase in
catalytic efficiency beyond a certain point might be deleterious,
since it might result in premature cleavage of Pra. Thus, the
second conserved histidine of herpes proteases may serve as a
modulator of catalytic activity to ensure that the activity of the
enzyme is optimized for timely cleavage of Pra in the context of
the virus rather than for maximal catalytic activity.

The properties of the H148 mutant viruses characterized in
the present study are consistent with the conserved H148 res-
idue of HSV-1 protease being an important determinant of
virus maturation via its effects on catalytic efficiency and sub-
strate specificity. Further studies are required to establish the
relative importance of the regulation of catalytic efficiency
and/or substrate specificity of HSV-1 protease by H148 via its
interaction with H61, its interactions with Pra substrates, its
effect on the conformation of Pra, and its effect on the mono-
mer-to-dimer conversion that has been recently associated
with protease activation (4, 15).
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