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ABSTRACT. The DNA packaging machine (portal assembly) of bacteriophage P22 is constructed from 12
copies of a multidomain 725-residue subunit comprising a complgxold. The portal subunit contains

four cysteines (Cys 153, Cys 173, Cys 283, and Cys 516), which produce distinctive Raman markers in
the spectral interval 25662600 cnt! originating from S-H bond-stretching vibrations diagnostic of
S—H---X hydrogen-bonding interactions. The Raman spectrum is unique in the capability to characterize
cysteine sulfhydryl interactions in proteins and shows that portal cysteine environments are significantly
altered by assembly (Rodriguez-Casado et al. (280d9hemistry 4013583-13591). We have employed
site-directed mutagenesis, size-exclusion chromatography, and Raman difference spectroscopy to
characterize the roles of portal cysteines in subunit folding and dodecamer assembly. The stability of the
portal monomer is severely reduced by a CysSer point mutation introduced at either residue 173 or
516. In the case of C516S, the destabilized monomer still forms portal rings, as visualized by negative-
stain electron microscopy, whereas portal ring formation cannot be detected for C173S, which forms
aberrant aggregates. The C283S mutant is a hyperstable monomer that is defective in portal ring formation.
Interestingly, Cys 283 is suggested by secondary structure homology wi@#2¢hportal to be within a
domain involved in DNA translocation. Conversely, the phenotype of the C153S mutant is close to that
of the wild-type protein, implying that the sulfhydryl moiety of Cys 153 is not essential to formation of
the native subunit fold and productive assembly dynamics. The present results demonstrate that cysteines
of the P22 portal protein span a wide range of sulfhydryl hydrogen-bonding strengths in the wild-type
assembly, that three of the four sulfhydryls play key roles in portal protein stability and assembly kinetics,
and that substitution of a mutant seryl interaction{®--X) for a wild-type cysteinyl interaction (S

H---X) can either stabilize or destabilize the native fold depending upon sequence context.

The Salmonellabacteriophage P22 has been extensively the minor proteins that seal the portal after DNA packaging
employed as a model for icosahedral double-stranded (ds) and reopen it for genome ejection. The portal additionally
DNA virus assembly (Figure 1)1( 2). Much attention has  serves as a platform for mediating recognition of other viral
been given to investigating the pathways of subunit folding structural proteins, including the coat protein in both its
and recognition in the construction of P22 sub-viral com- precursor (procapsid) and mature (capsid) forms and the
ponents, including the procapsid—<6), capsid {—9), trimeric tailspike protein that constitutes the host adhesin.
tailspike (L0—12), and portal sub-assemblieg (3, 14). The These diverse roles suggest a highly versatile protein that
P22 portal, which is formed as a ring from 12 copies of a comprises multiple recognition domains and has the capabil-
725-residue (84 kDa) subunit, is incorporated into the ity to switch between different conformational states in a
procapsid shell at a unique 5-fold vertex. The portal provides path-dependent manner.

the entry channel for packaging the viral genome during  pora| assemblies of several dsDNA bacteriophages have

phage morphogenesis and the exit channel for releasing th,een investigated by structural, biochemical, and genetic
dsDNA during host infection. The portal not only functions  ,athods (reviewed in refd5 and 16). Recently, three-

as a DNA-translocating machine in conjunction with non- - gimensional reconstructions based upon the data of X-ray
structural viral factors (terminase/ATP) but also interacts with it ~tion and electron cryomicroscopy have been reported

by two independent groups for the dodecameric portal
T This is paper LXXVII in the series Structural Studies of Viruses machine (connector) of bacteriophag@9 (17—20). No

byﬁre(‘)mnoS]pfoiig’;;gﬁgéni‘éps%%ﬁgbbeya’(\j‘lj"r'egsrggtSmgﬁ)_7t7h%masgj@equivalent structural detail is available for either the portal
umkc.edu. Telephone: (816) 235-5247. Fax: (816) 235-1503. assembly of P22 or genome packaging channels of other

L Abbreviations: ds, double-stranded; EM, electron microscopy; Viruses. Thep29 and P22 portal subunits differ dramatically
HPSEC, high-performance size-exclusion chromatography; IPTG, iso- in size (36 vs 84 kDa) and exhibit no significant sequence

propyl$3-p-thiogalactoside; MALD+TOF, matrix-assisted laser de- i i
sorption ionizatior-time-of-flight; MS, mass spectrometry; PAGE, homology. However, residues 24840 of the P22 subunit

polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; 2PPear to contain considerable secondary structure homology
SDS, sodium dodecyl sulfate; WT, wild type. with residues 125235 of the 29 subunit: Alternating
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Ficure 1. Assembly ofSalmonellgphage P22, 30). Construction of the procapsid (left) requires 420 copies of the coat subunit (blue),
~300 copies of the scaffolding subunit (red), and 12 copies of the portal subunit (green), together with a few copies of minor proteins (not
shown). Subsequent genome packaging and maturation of the capsid (middle) is accompanied by scaffold ejection in an ATP-driven process
directed by virally encoded factors. Portal closure by addition of minor proteins and tailspike attachment yields the mature virion (right).

o-helical ands-stranded modules in thg29 X-ray structure profile of cysteine signatures of the P22 portal protein,
map closely with the predicted secondary structure of the although less complex than that of the tailspike protein, is
P22 portal protein and are consonant with the Raman amidenevertheless also demonstrably sensitive to the assembly
band signaturesl@). Interestingly, this apparent structural pathway (3). At least one portal cysteine (Cys 283) falls
homology involves the inner annular surface of 29 portal within a domain that may function in DNA translocation.
channel and suggests that residues-2340 of the P22 The present results identify a distinct Ramantsmarker
subunit may represent a conserved evolutionary domain ofand a specific hydrogen-bonding state for each of the four
importance in DNA translocating functions. Basic side chains cysteine sulfhydryls of the P22 portal protein in both
of the P22 portal subunit are also clustered within the samemonomeric and assembled states and correlate the cysteine
sequence, further suggesting a possible role in DNA trans- hydrogen-bonding environments with subunit folding and
location. assembly. The findings demonstrate that P22 portal cysteines,

Insights into the subunit structure and molecular mecha- like the tailspike cysteines, can manifest unexpected and
nism of assembly of the P22 portal protein have been diverse roles in protein maturation pathways.
obtained by Raman spectroscofiy) of a biologically active
recombinant form §, 14). The monomeric portal subunit EXPERIMENTAL PROCEDURES
exhibits ano/f3 fold that is dominated by-helix. Although Site-Directed Mutagenesis of the Portal Protein Gene.
the monomer conformation is largely conserved upon plasmids for expression of recombinant portal proteins were
dodecamer assembly, appreciable changes are apparent igonstructed using the polymerase chain reaction (PCR). The
Raman markers that report on the local environments andﬂde“ty of each amp“ﬂed DNA sequence was confirmed by
interactions of subunit side chains. Extensive changes in side-standard method<2p). The following primers (mutations
chain environments without appreciable changes in secondaryynderlined) were designed in accordance with the require-
structure may reflect a supramolecular organization processments of the ExSite PCR-Based Site-Directed Mutagenesis
that exploits hinge-like motions of preformed domains rather kit (Stratagene, La Jolla, CA):i)(5'-CCT CCT CCC ATG
than plasticity throughout the subunit structure. Such a TTA TCT GG and 5CAC TAT GGA TAG GCT CTC GAC
Raman perturbation signature has been considered characfor the C153S mutant;iij 5'-CAC TCC ACA GTT ATC
teristic of strong protein/protein interaction8, (13, 21). CAC TCA ATG AGC and 5ACG GGC GTC AGA CTT
Conspicuous among the subunit side chains altered by portalATC CAT C for C173S; {{i) 5-TCC ACT GCT GTA CTC
protein dodecamerization are the cysteines (Cys 153, CyspAA GAC AAG and 5-GGT GAT AAT CGA TTT GTA
173, Cys 283, and Cys 516), which undergo a major TAC TAC CCG for C283S; i) 5-TCC TAC ACG GAT
reorganization in their SH---X hydrogen-bonding states. GTT GGA CCA T and 5CTC ATA GCG CCC CCT GAT
One cysteine of the P22 portal subunitCys 283— falls ATC GTT for C516S. Primers were synthesized by Inte-
within the above-noted domain (residues 2830) puta-  grated DNA Technologies, Inc. (Coralville, I1A) and were
tively conserved with the29 portal subunit. purified by polyacrylamide gel electrophoresis (PAGE)

To further characterize the roles of Cys 283 and other before use in mutagenesis reactions. The double-stranded
cysteines of the P22 portal subunit in folding and dodecamer DNA template for wild-type (WT) gend was a gift from
assembly pathways, we employed site-directed mutagenesi$rof. Peter E. Prevelige, Jr., University of Alabama, Bir-
to construct the four single-site Cys Ser mutants for  mingham 6). This pseudo-wild-type plasmid, denoted pET-
biophysical analyses. Here, we report the results of investiga-gla (7617 bp), was found to contain a heretofore unreported
tions by size-exclusion chromatography and Raman differ- base mutation (T1816C) that leads to replacement of proline
ence spectroscopy. We note that a recent investigation ofby serine at position 606 in the portal protein sequence. The
single-site Cys— Ser mutants of the trimeric tailspike of plasmid was also constructed with a §itag to facilitate
phage P22 demonstrated five different Raman sulfhydryl purification @, 23). Each of the above four pairs of primers
markers comprising seven distinct sulfhydryl hydrogen- was annealed to the parent pET-gla plasmid to generate by
bonding states for the eight cysteines per tailspike subunitPCR the four single-site Cys> Ser mutant plasmids,
(11). A subset of the eight tailspike cysteines is crucial to designated pET-g1aC153S, pET-g1aC173S, pET-g1aC283S,
the folding and assembly pathway of the native trimer. The and pET-g1aC516S. PCR products were analyzed by stan-
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dard agarose gel electrophoresis using appropriate sizeo buffer A and stored at-20 °C.
markers to verify the integrity of the PCR products. Once  Size-Exclusion Chromatographénalytical high perfor-
ligated into the vector, the PCR products were transformed mance size exclusion chromatography (HPSEC) with a 280
into E. coli XL1-Blue supercompetent cells (Stratagene, La nm wavelength detector (ATA system, Amersham Phar-
Jolla, CA). macia Biotech, Piscataway, NJ) was employed to compare
To confirm the correct inserts, the plasmids were amplified time-dependent changes in the state of aggregation of mutant
in E. coli XL1-Blue, purified with a commercially available  proteins. Gel filtration of each purified protein was performed
kit (Qiagen, Inc., Valencia, CA), and digested with the using a 300SW column (Waters, Milford, MA) equilibrated
appropriate restriction enzymeXHo | and Xba [). The in buffer A. The column was run at4C with a flow-rate of
digests were analyzed on 0.8% agarose gels prepared in Tris©.75 mL/min. The proteins for HPSEC analysis were diluted
acetate-EDTA buffer (40 mM Tris-acetate, 2 mM EDTA, to 0.1ug/uL in buffer A from stock solutions prepared at
pH 7.5). DNA samples were diluted 10-fold in the loading the same concentrations employed for Raman experiments
buffer (20% Ficoll 400, 100 mM EDTA, pH 8.0, 1% SDS, (~35 ugluL, see below). The HPSEC data for kinetics
0.25% bromophenol blue, 0.25% xylene cyanol). The analysis were obtained over a 60 h period on both WT and
mutated portal gene of each plasmid was also verified directly mutant subunits. Distributions of portal protein between
by sequence determination (Lone Star Labs, Houston, TX). monomeric and oligomeric states as a function of time were
ExpressionPurification, and In Vitro Assembly of Mutant ~ determined from the areas of corresponding HPSEC peaks.
Portal Proteins.The mutated portal genes were transformed  Electron MicroscopyPortal rings assembled in vitro were
into Escherichia colBL21-Gold(DE3) (Stratagene, La Jolla, diluted to 0.05«g/uL and adhered to carbon-coated copper
CA) and overexpressed as previously described for the WT grids. Samples were blotted to remove excess material, fixed
plasmid 6). The cells were grown at 37TC to ODsg0 = 0.7 for 1 min with 1.0% formaldehyde, and stained for 20 s with
in LB medium containing 102g/mL ampicillin, then shifted 2% uranyl acetate solution. Micrographs of the stained
to 28 °C and induced with 1 mM IPTG for 5 h. The cells samples were obtained on a model 1200EX Mark Il electron
were harvested by centrifugation and resuspended in 1/20microscope (JEOL USA, Inc., Peabody, MA) and recorded
volume cold nickel binding buffer (20 mM imidazole, 500 on Kodak SO163 film at 60 000 magnification using an
mM NacCl, 20 mM TrisHCI, pH 7.9) to which lysozyme was objective lens defocus of1.0 um and estimated electron
added to a final concentration of 0.1 mg/mL. Two protease dose of 20 /A2
inhibitor tablets (EDTA-free Mini Protease Inhibitor cocktail, Raman Spectroscop$tock solutions of monomeric and
Boehringer Mannheim, Indianapolis, IN) were added to the oligomeric portals were thawed, separated from storage
cells, and the suspension was placed on ice and allowed tdbuffer using a Centricon-50 device (Amicon, Danvers, MA)
lyse. The lysate was sonicated to reduce viscosity andwith 50-kDa cutoff, and brought to 32g/uL in buffer A for
pelleted at 1000 S. Each mutant was purified &tCiby Raman spectroscopy. Amide | and amide Ill Raman markers
Ni-affinity chromatography (5 mL HiTrap chelating column, of mutant subunit secondary structure were found to be
Amersham Pharmacia Biotech, Piscataway, NJ) and elutedconcentration independent in the range of-280ug/uL, as
with 500 mM imidazole. The protein was demonstrated to noted previously for the WT proteirl8). Proteins were also
be free of degradation products or contaminating proteins assessed by HPSEC both before and after Raman spectral
by SDS-PAGE. A final concentration of 10 mM EDTAwas data collections to confirm retention of protein integrity.
needed to maintain protein solubility in the elution buffer. Typically, a 5uL aliquot of each protein solution was trans-
The monomeric portal protein was separated from oligomeric ferred to a 1.0-mm glass capillary tube (Kimax no. 34502),
forms by anion-exchange chromatography using two 5 mL which was sealed immediately prior to data collection.
HiTrap Q columns in series (Amersham Pharmacia Biotech, Raman spectra were excited with30 mW of 532-nm
Piscataway, NJ) as previously describ&l Each purified radiation from a frequency-doubled Nd:YAG laser (Verdi,
monomer was eluted with 240 mM NaCl, 2 mM EDTA, 30 Coherent Inc., Santa Clara, CA) and collected on a single
mM TrisHCI, pH 7.5, diluted to a concentration of Q.g/ spectrograph (model 500M, SPEX Ind., Edison, NJ) equipped
uL orless in 100 mM NacCl, 2 mM EDTA, 10 mM TrisHCI,  with a holographic notch filter, holographic grating, and
pH 7.5 (buffer A), and stored at80 °C. Purified mutant liquid-nitrogen cooled, charge-coupled-device detector.
proteins were analyzed by MALBATOF (Voyager-De-Pro,  Samples were thermostated at@ during data collection
Applied Biosystems, Foster City, CA) and electrospray mass protocols. Further details of the instrumentation have been
spectrometry (LCQ, Thermo Finnigan, San Jose, CA) to described Z5).
confirm molecular mass. Protein concentrations were deter-
mined by UV absorption spectrophotometry (Cary model 3E, RESULTS
Varian, Palo Alto, CA) of samples denatured in 6.0 M Portal Clones Exhibit Gene 1 Mutations that Encode

guanidinium chloride using the molar extinctios,d = Single-Site Cys— Ser SubstitutionsThe four plasmids
99 740 Mt cm™?) calculated for the denatured protein in required for recombinant expression of the single-site Cys
(24). — Ser mutant portals were constructed using the ExSite PCR-

The purified mutant portal proteins were treated using the Based Site-Directed Mutagenesis Kit, as described in Ex-
same procedure established previously to oligomerize the WT perimental Procedures. Each PCR amplification product was
subunit @). This involved incubation of a moderately analyzed by agarose gel electrophoresis and shown to consist
concentrated solution (58g/uL) for 24 h at 25°C. The of a single band corresponding to a 7617-bp plasmid. Each
mutant portal oligomers so obtained were purified on HiTrap mutant plasmid was also sequenced in entirety to verify the
Q anion-exchange columns. The fraction eluted with 660 mM expected Cys> Ser codon substitution (sequences available
NaCl, 2 mM EDTA, 30 mM TrisHCI, pH 7.5, was diluted from the authors on request).
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Cultures of His-tagged mutant portals were grown at 28
°C to minimize possible oligomerization reactions of the o5
expression productj. SDS gels indicated comparable levels
of expression of WT and mutant portals as a function of X
time following IPTG induction. (Further details of gel §15
electrophoresis are described at the laboratory web site, http://8 4,
sbs.umke.edu/gjthomas-lab/protocols/index.html.) Following £
cell lysis and centrifugation, each soluble mutant was £
separated from the supernatant using the same Ni-column ©
chromatographic procedure described previously for the WT
protein @, 13). Yields of these initially purified mutants were
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The majority of each purified mutant yield consisted of

apparently non-native soluble material, which was discarded. Fioure 2: Characterization by HPSEC of portal protein monomer
In typical separation protocols of 4-h duration, yields of the to-oligomer distributions in the 5@g/uL solutions examined by

desired mutant monomers were C153S (3 mg), C173S (2raman spectroscopy (see also Figure 4, below). Panel A: HPSEC
mg), C283S (7 mg), and C516S (2 mg) per 100 mL of chromatogram of the WT portal subunit after incubation of a 50

culture. Conversely, 1215 mg of WT monomer could be  #gluL solytion at 4°C for 60 h. Banq areas of the fraqtions eluting
purified per 100 mL of culture. These results suggest that & 10 min (monomer) and 8 min (cligomer) indicate an ap-

o proximately equal monomer-to-oligomer distribution at these condi-
C283S forms the most stable mutant monomes({% of tions. Panel B: Plots showing the monomer (left ordinate) and

WT recovery), whereas all other mutants form somewhat godecamer (right ordinate) distributions of WT portal protein vs
less stable monomers-20% of WT recovery). Nevertheless, time of incubation at 4C. Panel C: Plots of the monomer/oligomer

single-site Cys— Ser mutants of the P22 portal protein were d.isgﬂggggfls gﬁ,goé?{é)ggeivl \tﬁz i;lfétfsir(]\éVCE;agolr?%eS?d ﬁ)lgfi
more efﬂuen'gly r.ecovered. than Cys Ser mutant variants °é. Panel D,: Amplification of the 810 h irl:terval of panel C. All
of the P22 tailspike proteinl(). samples were chromatographed after dilution of ag@L solution
Portal Assembly Is Significantly Affected by CysSer to 0.1ug/uL in buffer A.
Mutations.Monomeric and dodecameric forms of the P22
WT portal protein are readily distinguished by their char-
acteristic elution times using HPSEC, as indicated in Figure
2A. The data shown correspond to-612 h incubations of
a 50ugluL solution of purified protein at 4C (i.e., the same
sample concentration and temperature employed for Raman
spectroscopy). The intense elution peaks at 8 and 10 min
correspond to the portal protein dodecamer and monomer,
respectively. The much weaker elution peak at 15 min is
attributed to a small fraction of monomeric portal that
undergoes apparent proteolysis at these experimental condi-
tions 6, 13). On the basis of the elution peak intensities,
the uncharacterized fragment represents only about 2% of IGURE 3: Ne! tiv.s‘téin elec\tron mi;ro raphs of oligomeric portal
the sample, while the monomer anq dodecamer rgprgsengroteins obta?ned at 60 h after elution %yrl)—lPSEC %see Figﬁre 2).
about 48 and 50% of the total, respectively. The data indicate The ring assemblies formed by C153S (left) and C516S (right)
a relatively long half-life for assembly of the WT monomer mutants are similar in size and shape to the WT portal (inset of
(t1,2WT ~60 h) at these in vitro conditions. Figure 2B shows e.ach.panel). C173S and C283S could not be visualized as portal-
the distribution (based upon HPSEC elution peak intensities) like rings by EM.
of WT portal between monomer and oligomer states as ademonstrate distinctive assembly kinetics for each portal
function of time over a 60-h period. The results demonstrate variant. For example, the half-life of the C153S monomer
that the depletion of monomer corresponds directly to the population {;,,°*>35~30 h) is a factor of 2 lower than that
accretion of dodecamer and that the proteolytic event observed for the WT protein. The corresponding rate of
becomes insignificant as the portal monomer population growth of the C153S oligomer population (data not shown)
decreases. Identical HPSEC analyses (data not shown) werés more rapid than that of WT oligomerization. The left panel
performed for mutant portal proteins at the same experi- of Figure 3 shows a negative stain electron micrograph of
mental conditions. the oligomeric particles formed by C153S. At this resolution,
Figure 2C,D compares monomer/dodecamer distribution the C153S mutant portal is morphologically indistinguishable
profiles of WT and mutant portals as a function of time of from the WT portal (cf. inset). We conclude that the C153S
incubation of 50 ug/uL solutions at 4°C. The data mutant portal protein is competent to assemble into portal-
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Table 1: Assembly Characteristics of Wild-Type and Mutant (Cys as described in foperimen_tal Procedur_es, and Spe‘?”a' data

— Ser) Portal Proteirs were collected within 30 min after solution preparations to
WT C153S  C173S C283S cs16s  ensure that the proteins remained predominantly monomeric.

In the cases of C173S and C516S, which exhibit enhanced

4°C
2/0204/10% (H)') (138 go 30 13%3 (E?) oligomerization kinetics (Figure 2), the spectral data were
proteolysis no no yes yes no obtained from~20 ug/uL solutions to disfavor the oligo-
oligomerization yes  yes yes yes yes merizations promoted at higher concentrations as evidenced
g%r(‘)%gerr Sstt;é’l': Ssttg‘é’l': L‘j'r:‘:tt;‘g': ;g%leefﬂab'e sltjgslt:ble by HPSEC. Raman spectra (600800 cnt?) of WT and
ing formation  yes  yes " no yes representative mutant (C153S and C283S) monomers are

compared in the left panel of Figure 4. Digital difference

for 10% (0w *©) and 50% " ©) depletion of initial monomer spectra computed between mutant and WT portal monomers
populations as judged from the HPSEC data discussed in the text. '€ shown in the lower traces of the panel. The absence of
Proteolysis implies conversion of more than 10% of the monomer to appreciable differences indicates that secondary and tertiary
lower molecular weight species withl5 min. Ring formation is based  structures of the native WT monomer are largely conserved

a Stabilities are compared on the basis of the times in hours required

upon visualization by negative stain electron microscopy. with the single-site Cys— Ser substitutions. Comparable
data (not shown) were also obtained for C173S and C516S.
like dodecamers, which are stable for several days. In every case, a small positive difference feature at 1665

Figure 2C shows that the C173S monomer population alsocm™ is observed for the Raman amide | band, which
diminishes very rapidly, descending to 60% of the initial suggests a slight excess of non-natisstranded structure
population within 5 h. Although the HPSEC elution time in the mutant. The difference feature is largest for C173S
observed for the C173S oligomer (peak at 10.5 min, data (~5% of the integrated amide | intensity) and may represent
not shown) corresponds closely to that of the WT portal the formation of a small population of off-pathway ag-
dodecamer (Figure 2A), no ring-like particles could be gregates 13). Cys and Ser side chains do not contribute
observed by electron microscopy (EM). These results suggessignificantly to the 606-1800 cnt? region of the protein
that although the C173S portal protein is competent to Raman signaturel(, 26).
oligomerize into ring-like dodecamers, such assemblies are Cysteine Raman markers of the portal proteins occur in
not as stable as WT portals and apparently undergo eitherthe 2526-2600 cnt! interval of the Raman spectrur3).
off-pathway aggregation or disassembly that precludes EM Such bands originate from-81 stretching vibrations and
visualization within the time frame of the experiments50 are diagnostic of cysteine -84:--X hydrogen-bonding
h). This is consistent with time-dependent changes observedenvironmentsZ7). The Raman SH signatures of the mutant
also in Raman spectra of the C173S assemblies (below). and WT portal monomers are compared in Figure 5A (left

Unlike the C153S and C173S mutant portals, the C283S panel). Corresponding difference spectra of Figure 5A (right
mutant shows little difference from WT in monomer stability panel), computed as mutant-minus-WT, exhibit negative
during the first 24 h of incubation at4C (Figure 2C). After intensity that identifies the -SH marker eliminated or
24 h, however, the monomer population falls more rapidly, diminished by each Cys- Ser mutation. The data of Figure
and the corresponding oligomer population rises more rapidly 5A resolve the residue-specific Raman sulfhydryl band
than WT (1,,°%835~36 h). For example, at 36 h/50% of assignments and provide an internally consistenHS-X
C283S (as compared with20% of WT protein) exists as  classification scheme for the portal monomers, as sum-
oligomer. Surprisingly, fot > 36 h, we observe no further ~marized in the middle section of Table 2. The results show
increase in oligomer population and no further decrease inthat the composite -SH Raman band envelope of the WT
monomer population, suggesting that the remaining monomermonomer comprises the following: (i) moderate $-+-X
is not competent to oligomerize after 36 h of incubation (data interactions from Cys 173 and Cys 283 and (ii) strorg-8
not shown). Because no significant fragmentation of mono- +X interactions from Cys 153 and Cys 516. It is surprising
mers is observed after 36 h, the termination of assembly maythat neither the C153S nor the C516S mutation is refractory
be due to an intramolecular conformational rearrangementto ring formation, although each mutation eliminates a robust
or to a critical concentration threshold for oligomerization S—H:+-X hydrogen bond of the portal monomer.
that is higher than for WT. The initial slow depletion of the We also find that the sum (not shown) of cysteine Raman
C283S monomer population favors Raman investigation of signatures of monomeric mutant portals closely approximates
this mutant in the monomeric state. Like C173S, a ring-like the Raman SH profile of the WT monomer. This suggests
structure of C283S could not be observed by EM. that in each mutant portal monomer the replacement of a

The C516S mutant, which exhibitg,*51%S ~5 h, is the cysteine side chain by a serine has no significant effect upon
least stable mutant monomer (Figure 2C). Nevertheless,the hydrogen-bonding state of any other cysteine side chain.
C516S readily forms very stable oligomers, and these are 2. Assembled StatRaman spectra were also obtained on
well-visualized as portal-like rings by EM (Figure 3). The the portal mutants at conditions favorable to the formation
rapid ring formation of C516S at 5@g/uL and 4 °C of dodecameric rings (Figure 2) to assess the effects of the
disfavors Raman spectroscopic examination of the monomer.mutations on subunit secondary and tertiary structures{600
A summary of HPSEC and EM results on WT and mutant 1800 cn? region) and on SH--+X environments (2520
portals is given in Table 1. 2600 cnT?) in the portal assemblies. Raman spectra (600

Raman Signatures of Mutant Portal Proteins. 1. Mono- 1800 cn') of WT and representative mutant (C153S and
meric StateEffects of Cys— Ser mutations on portal protein  C283S) oligomers are compared in the right panel of Figure
structure were probed by Raman spectroscopy. Solution4. Digital difference spectra computed between mutant and
samples of C153S, C173S, C283S, and C516S were preparetlVT oligomers are shown in the lower traces of the panel.
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Ficure 4: Raman spectra (66800 cnt?) of WT and mutant portal proteins. Left panel: Raman spectra of monomeric forms of WT,
C153S, and C283S portal proteins, as labeled. The lower two traces compare the corresponding Raman difference spectra, computed as
mutant-minus-WT. Right panel: Raman spectra of oligomeric forms of WT, C153S, and C283S portal proteins, as labeled. The lower two
traces compare the corresponding Raman difference spectra, computed as mutant-minus-WT. Spectra were excited at 532 nm from aqueous
samples maintained at 4C (see text). The typical spectral acquisition time was 10 min (average of five files each consisting of four
accumulations of 30 s).

The data show that secondary and tertiary structures of theC516S (Figure 3)) also produce the most distinctive Raman
mutant assemblies are indistinguishable from those of the S—H differences vis-avis WT.

WT dodecamer. Comparable data (not shown) were also The difference spectra computed between mutant and WT
obtained for C173 and C516S. assemblies are complex. In previous work on €ysSer
We also compared by digital difference the Raman mutant tailspikes of phage P22, Raso et al) (were able
spectrum of each mutant oligomer with that of its monomer to deduce the unique-3H signatures of all eight cysteines
(data not shown). The results were in accord with those of the WT tailspike. The tailspike Raman data indicated that
reported previously for the WT portal proteibd), viz. very Cys signatures are uncoupled to one another (i.e., mutation
small changes in Raman amide bands but significant change®f one Cys site does not perturb the-8---X hydrogen-
in side chain Raman markers indicating perturbations of bonding state of any other Cys sitel}). While Figure 5A
subunit interfaces without appreciable change in subunit shows this to be true also for the portal monomers, Figure
secondary structure. 5B indicates that cysteine signatures of the assemblies are
Cysteine Raman signatures (252600 cm?) of the not similarly conserved. A tabulation of plausible assign-
mutant and WT assemblies are shown in the left panel of ments and SH---X hydrogen-bonding schemes for the
Figure 5B and are Compared as mutant-minus-WT differ- mutant portal assemblies is given in the rlght column of Table
ences in the right panel of Figure 5B. Several patterns can?2-
be identified from the data: (i) Each portal variant exhibits 3. Effect of Assembly on the Ramantb Signature of
a Raman SH signature that is greatly perturbed by Each Cys— Ser MutantAssembly of the WT portal subunit
assembly. (A detailed discussion of the effects of assemblyinto a dodecameric ring has little effect upon the protein
on the wild-type S-H---X signature has been given previ- secondary structure but greatly perturbs the local environ-
ously (13).) (ii) All assemblies exhibit a Raman peak at 2570 ments of specific side chains, including cystein&3)(To
cm ! or higher, despite the absence of such a marker in theassess the effects of assembly on the Ramald Signature
monomeric form. This indicates that in every mutant, as well of each Cys— Ser mutant and to compare the results with
as in WT, at least one Cys-$ group is transferred froma  the WT portal, we computed the difference spectrum between
stronger to a weaker-3H---X hydrogen-bonding state. (ii) the assembled and the monomeric states of each portal
With the exception of C516S, no mutant exhibits ants variant, as shown in the left panel of Figure 5C. The data
group that is promoted to a stronger hydrogen-bonding statesuggest complex patterns of-8:--X interactions in the
with assembly. Surprisingly, the two mutant variants that portal assemblies. An unexpected finding is that the sum of
form WT-like rings visualized by EM (i.e., C153S and spectra of mutant assemblies cannot be scaled to accurately
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Monomer profiles Differences Table 2: Sulfhydryl Raman Markers and-8-+-X Hydrogen-Bond
A Strengths of Portal Cysteirfes
35 o 3 monomeric form assembled form
e g cysteiné cm?t H-bond cntt H-bond
/: C516S C516S-WT|

"’W Cys 153 2558  strong 2563 moderate

N Cys 173 2563  moderate 2568(50%) moderate
.Nis_ D cosasw 2586 (50%)  very weak
E \; e Cys 283 2563  moderate 2563(27%) moderate
~,/"\\w v 2586 (73%)  very weak
i CIT3SWT Cys 516 2558  strong 2563 (50%) moderate

‘\ W 2586 (50%) very weak

C1538-WT] aHydrogen-bond strengths of SH donors are based upon model
compound studies of Li and Thoma&7], which discriminate strong
(2550-2560 cntl), moderate (25602575 cnt?), weak (2575-2580

. . cm™Y), and very weak (25862585 cn1?) bonds involving O, N, and
2555 2590 2555 2590 S acceptors? Amino acid residue in wild-type portal proteihPeak

of the Raman SH stretching band?! Component of closely spaced

Assembly profiles Differences doublet; the percentage of the total Raman intensity contributed by
B . each component of the doublet is given in parentheses.
/\\ﬁc_ff’i /“*\/c\“?.vf. represent the WT spectrum, which indicates the likelihood
DY Vo in one or more mutants of coupling between SH environ-
N D cotaswT ments. This is illustrated in the right panel of Figure 5C,
w“"V‘\/\\/"" where the WT cysteinyl spectrum (dotted-line trace) is
P subtracted from the spectral sum, C153C173 + C283
w (solid-line trace), to generate an inversion of the expected
¢ C516 signature (broken-line trace). This expected C516
P o signature shows a single sharp trough at 2563dm lieu
W of the two troughs at 2563 and 2586 cthiFigure 5B, right
g panel, top trace), which are obtained upon direct subtraction
° of WT from C516S. If no coupling of Cys environments
2555 2500 2565 2500 occurred, the two differences would be identical. Nonaddi-
Assembly-monomer differences tivity of the portal Cys— Ser mutant spectra contrasts with
the results reported previously for Cys Ser mutants of
the P22 tailspike assembli ).

7.. 2559
2563
2586

DISCUSSION AND CONCLUSIONS

The monomeric subunit of the P22 portal contains four
cysteines-Cys 153, Cys 173, Cys 283, and Cys 518l of
which are reduced and vulnerable to deuterium exchange at
physiological conditions. In the native dodecamer that is
competent for incorporation into the procapsid, the cysteine
sulfhydryls remain reduced and are distributed equally
between weak and strong—$i---X hydrogen-bonding
environments. Two of the four SH groups per subunit
become protected from deuterium exchange in the dodecamer

assembly 13). To identify the sulfhydryl Raman signature
0555 2590 2555 2500 of each cysteine and to further assess the roles-¢1-&X
o’ cm’” interactions in portal ring formation, we have engineered
FiIGURE 5: Raman profiles of WT and mutant portal proteins in the regiorsingle-site Cys— Ser mutant portal proteins and obtained

of cysteine SH stretching vibrations (25262620 cm). The typical and interpreted their Raman spectra in both monomeric and
spectral acquisition time for each of these traces was 30 min (average of

five files each consisting of four accumulations of 90 s). Other condition@Ssembled states.

are as given in Figure 4. (A4) The left panel comparedSprofiles of A precedent for Raman characterization of cysteine SH
the monomeric proteins (WT and mutants, as labeled). The right panel . . L . .

shows the SH signature specific to each cysteine of the WT monomer€nvironment and SH---X interaction in protein folding and
obtained by subtracting the WT spectrum from the corresponding mutagssembly is the P22 tailspike trimdrlj. Single-site Cys—
spect_rum.v\sB) The left panel compares-I$ profiles of the assembled S bstituti in the tailspik tein d t absolutel
proteins (WT and mutants, as labeled). The right panel shows-#¢ S €I SUDSUIULIONS In The tallSpike protein do not absolutely
Slgbntatuze SI%?CIWO eatih Cy?temethof the WT aassembh{, Otbtalnetd event expression, folding, or assembly, although distinct
?8 ?ﬁén?eﬂ epanelsgﬁgva‘gmth'g nlofpﬁ?éaesggger{?b ymnﬁjir?ﬂs_?,ﬁ’gﬁor#] efects in folding kinetics and trimerization efficiencies can

difference spectrum for each variant, as labeled.” The right pange identified for each mutant. Once assembled, however, each
demonstrates the nonadditivity of cysteine signatures for the assembl

proteins. Thus, the Raman signature of C516 that is obtained by subtractiig/tant tailspike exhibits nativelike secondary structure,

the CtS%jGStmult?nttﬁpecc:téli? from tthe V(\{jT Stﬁ)ec(j:tlr'um t(pan()el , top tri%hthermostability, SDS resistance, and biological activii)
is not identical to the signature (dashed-line trace) generate :
subtracting the sum of signatures of C153, C173, and G283 (solid lineN€ Present results show that cysteines of the P22 portal

trace) from the WT spectrum (dotted line trace). subunit define a different class of protein sulfhydryl interac-

So 2563

I~~~ RS

—_—
=

2563
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tions: With only one exception (C153S), the Cys Ser more nonmutated cysteine sites (Figure 5). (Such coupling
mutations of the portal protein have a significant impact on is not observed for the monomeric state of C516S, as noted
in vitro stability, nativelike ring formation, or assembly above.) Coupling of SH interactions was not detected in
pathway. Small but measurable change5%) in monomer previously examined Cys- Ser mutants of the P22 tailspike
secondary structure are also detected. Furthermore, in theprotein (L1). The present observations suggest an assembly
case of C516S, the environments of the remaining nonmu-related rearrangement of portal tertiary structure without
tated cysteines appear to be collectively affected by the pointsignificant impairment of intersubunit recognition.
mutation at residue 516. We have noted that the most robusti$:--X hydrogen

All four Cys — Ser mutant portals have distinct pheno- bonds of the portal monomer are contributed by the sulfhy-
types. C153S exhibits physical properties that are closest todryls of Cys 153 and Cys 516 (right panel of Figure 5A).
those of the wild-type portal, including similar monomer Cys— Ser mutation at either 153 or 516, which presumably
stability (HPSEC), ring morphology (EM), and subunit fold results in the replacement of a native-state strongiS-X
(Raman spectroscopic signatures). We conclude that sulf-interaction by a correspondingly strong-€H---X hydrogen
hydryl interactions of Cys 153 are not essential to subunit bond, has no deleterious effect on portal assembly. We
folding or assembly and that the SH group of Cys 153 in conclude that strong hydrogen bonding by the 153 and 516
the mature assembly does not play a critical structural role side-chain donor groups stabilize a particular monomer
at the intersubunit interface. Viability of the Ser 153 portal conformation that is competent in dodecamer assembly. On
mutant is supported by the fact that the related dsDNA the other hand, native portal assembly apparently requires
bacteriophage HK620 (portal protein of 708 aa with 32% weaker hydrogen-bonding interactions from the Cys 283 and
sequence homology to the P22 portal protein) contains SerCys 173 side chains. The Cys 283 Ser and Cys 173~
at the corresponding amino acid si8). We speculate that ~ Ser mutations, which introduce strongly hydrogen-bonding
mutations other than Cys Ser at site 153 of the P22 portal O”H groups, are more highly detrimental to portal assembly.
subunit also would be favorable to portal assembly and The present findings underscore important roles for
function. This is suggested by the substitution of Ala for cysteines in the efficiency of portal protein folding and
Cys at the 153 site in the portal protein of the related dsDNA assembly. Single-site Cys Ser mutations of the P22 portal
phage ASPE-1 (720 aa, 31% sequence homology with P22)subunit, like those of the P22 tailspike suburi0), reveal
(28). a wide range of hydrogen-bonding environments for the

The mutant C173S, which is highly unstable as compared sulfhydryl moiety and show that the local environment of
to the wild-type monomer, does not assemble efficiently into each cysteine sulfhydryl is impacted by assembly. Substitu-
rings, undergoes proteolytic cleavage, and appears to formtion of a single @—H---X interaction for an SH-:-X
an off-pathway aggregate. We infer that the highly polar seryl interaction in the portal subunit can perturb secondary and
OH group in lieu of the weakly polar cysteinyl SH group at tertiary structures, decrease or increase the rate of quaternary
position 173 precludes a stable monomer fold. Consistentstructure formation, or promote off-pathway aggregation,
with this conclusion is the occurrence of the nonpolar alanyl depending upon the sequence and structure context. Remark-
side chain at the equivalent site in the portals of phagesably, two of the cysteines of the P22 portal protein (Cys
HK620 and ASPE-1248). 173 and Cys 283) yield Raman band doublets rather than

The mutation C283S results in a strikingly hyperstable the expected singlets diagnostic of a single hydrogen-bonding
monomeric portal, which resists ring assembly in the same partner. Doublets were also observed for a subset of tailspike
time interval that allows efficient dodecamerization of the cysteines (Cys 267 and Cys 287)1). The Raman SH
WT protein. This may reflect strong seryl”©H---X or doublet is evidence that the cysteine sulfhydryl in question
H---O"—H hydrogen bonding with protein sites or solvent is distributed between two hydrogen-bonding acceptors in
in lieu of weaker S-H---X interaction in the wild-type  the native structure. The similar results obtained on P22
monomer. Such seryl interactions may prevent or interfere portal and tailspike proteins suggest that multiple hydrogen-
with productive intersubunit association. Alternatively, cys- bonding partners for a given cysteine sulfhydryl may not be
teine at position 283 may be important fothelix capping. an uncommon molecular mechanism for protein structure
Cysteinyl side-chain capping interactions are known to stabilization.
stabilize many native protein fold29). Cys 283 isthe only  ACKNOWLEDGMENT
cysteine located within the fold that is thought to constitute . .
= comain comman o boh P22 a0 poria ubuniSia 5. 9K B ke e e of e
17). In ¢29, this fold lines the DNA translocating channel; t pt We al g thank Drs. Pet Ig P i P It (Uni
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ing fold in P22. Interestingly, Cys 283 is preceded by a string (UMKC), and James M. Benevides (UMKC) for helpful

of highly basic residues (KRR¥®) that may participate in ; 4 . .
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