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Summary. The pigmentation phenotype (Pgm ™) of Yer-
sinia pestis refers to temperature-dependent storage of
hemin as well as expression of a number of other phys-
iological characteristics. Spontaneous mutation to a
Pgm ™~ phenotype occurs via a large chromosomal dele-
tion event and results in the inability to express the
Pgm ™ characteristics. In this study, we have used trans-
poson insertion mutants to define two regions of a
hemin-storage (hms) locus. A clone (pHMSI1) encom-
passing this locus reinstates expression of hemin stor-
age (Hms™) in Y. pestis spontaneous Pgm~ strains
KIM and Kuma but not in Escherichia coli. Comple-
mentation analysis using subclones of pHMS1 in Y.
pestis transposon mutants indicates that both regions
(hmsA and hmsB),which are separated by about 4 kb of
intervening DNA, are essential for expression of the
Hms™* phenotype. The 9.1-kb insert of pHMS1 con-
tains structural genes encoding 90-kDa, 72-kDa, and
37-kDa polypeptides. Two-dimensional gel electro-
phoresis analysis of cells from Pgm™, spontaneous
Pgm—, and Hms ~ transposon strains, as well as a spon-
taneous Pgm ™~ strain transformed with pHMSI, indi-
cated that two families of surface-exposed polypeptides
(of about 87 and 69-73 kDa) are associated with the
Hms™ phenotype.

Key words: Yersinia pestis - Hemin storage - Iron - Pig-
mentation ~ Congo red

Introduction

The ability to utilize heme or hemin compounds as
sources of nutritional iron is a characteristic increas-
ingly identified in pathogenic bacteria. The yersiniae
(Perry and Brubaker 1979), neisseriae (Dyer et al. 1987;
West and Sparling 1985), as well as Haemophilus in-
fluenzae (Pidcock et al. 1988), Klebsiella pneumoniae
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(Ward et al. 1986), Shigella flexneri (Lawlor et al. 1987),
Vibrio cholerae (Stoebner and Payne 1988) and Vibrio
vulnificus (Helms et al. 1984) all utilize hemin as a sole
source of iron. The ability to utilize hemin compounds
may provide such pathogens with an alternative nutri-
tional source of iron which is more abundant in mam-
mals and unavailable via siderophore-dependent iron-
acquisition systems. However, the heme moiety or inor-
ganic iron must still be withdrawn from such host li-
gands as hemopexin, albumin, haptoglobin, myogiobin
or hemoglobin (Griffiths 1987; Weinberg 1978). Organ-
isms such as H. influenzae (Pidcock et al. 1988), K.
pneumoniae (Ward et al. 1986), V. vulnificus (Helms et
al. 1984) and the pathogenic neisseriae (Dyer et al.
1987) can utilize some but not all of the above heme
complexes. However, Y. pestis effectively obtains iron
from all forms of bound hemin and hemoglobin (Sik-
kema and Brubaker 1987; Staggs and Perry, unpub-
lished results).

In addition to heme utilization system(s), Y. pestis
cells also possess a hemin-storage (Hms) system. This
property was originally described by Jackson and Bur-
rows (1956a; 1956b) as the pigmentation phenotype
(Pgm™) due to the ability of wild-type cells of Y. pestis,
grown at 26°C but not at 37°C, to absorb sufficient
quantities of exogenous hemin or Congo red (Surgalla
and Beesley 1969) to form dark ‘pigmented’ colonies on
solidified media. Other physiological characteristics as-
sociated with the Pgm ™ phenotype include sensitivity
to the bacteriocin pesticin (Brubaker 1969; Sikkema
and Brubaker 1987), the ability to grow at 37°C in an
iron-deficient medium containing iron chelated by ci-
trate (Sikkema and Brubaker 1987) and the expression
of a number of unique peptides including four iron-
repressible outer-membrane peptides (Sikkema and
Brubaker 1989; Straley and Brubaker 1982). Sponta-
neous Pgm ™ mutants form white (‘nonpigmented’) col-
onies and are avirulent in mice via intraperitoneal or
subcutaneous injection unless given sufficient iron to
saturate transferrin (Brubaker et al. 1965; Jackson and
Burrows 1956b, Une and Brubaker 1984). Although
spontaneous Pgm ™~ organisms no longer express any of
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the above physiological characteristics, they retain
functional hemin-utilization systems (Perry and Bru-
baker 1979; Sikkema and Brubaker 1989; Staggs and
Perry, unpublished results). Thus spontaneous Pgm ™~
mutants of Y. pestis are defective in hemin storage but
not in hemin utilization.

Recently several Ams:mini-kan mutants were iso-
lated which no longer express hemin storage at 26° C.
Using DNA adjacent to these inserts as a probe of ge-
nomic DNA, it was determined that a massive chro-
mosomal deletion event, encompassing at least 18 kb of
DNA, was the mechanism of spontaneous mutation to
the Pgm~ phenotype. A clone containing 9.1 kb of Y.
pestis DNA (pHMS1) restored temperature-regulated
expression of hemin storage in a spontaneous Pgm ™
strain of Y. pestis KIM (Perry et al. 1990). To reflect the
increased complexity of the pgm™ genotype, the acro-
nym Hms is used to refer only to the hemin-storage
component of the Pgm™ phenotype while Pgm™* and
Pgm™ refer specifically to wild-type organisms and
their spontaneous deletion mutants. The pgm locus (en-
compassing at least 18 kb) refers to all genomic DNA
deleted in the spontaneous Pgm~ mutants. This study
identifies two regions, hms4 and hmsB, within a 9.1-kb
locus essential for expression of the Hms™* phenotype
in Y. pestis as well as changes in cell-surface structures
associated with this locus.

Materials and methods

Bacteria and plasmids. All Y. pestis strains used in this study are
avirulent due to the absence of functional Ler plasmids (named
pCDt1 in strain KIM) (Brubaker 1983; Perry et al. 1986; Straley
and Bowmer 1986). The Pgm * determinant and the low-Ca?™* re-
sponse (Ler *) virulence regulon are genetically and biochemically
unrelated (Brubaker 1983; Perry et al. 1990). Pgm * strains are de-
noted by a + behind the strain designation. Strain KIM6+ con-
tains two (pMT1 and pPCP1) of the three endogenous plasmids of
wild-type Y. pestis strains. Y. pestis Kuma+ and Kuma are
Pgm™/Pgm ™~ isogenic strains possessing pMT2 and pPCP2 (Perry
and Brubaker 1979; Perry et al. 1990). Y. pestis KIM6-2008,
KIM6-2009, KIM6-2011, KIM6-2012, KIM6-2024, and KIMé-
2027 are Hms ~, Km" mutants (Perry et al. 1990) resulting from
single insertions of the transposable element mini-kan (Way et al.
1984) into the hms locus of Y. pestis KIM6+ (pAMHG62). E. coli
strains %2338 (Jacobs et al. 1986), DH5a, and HB101 (Ausubel et
al. 1987) served as hosts for recombinant plasmids. Recombinant
plasmid pNPM1 is the cloning vector, pBGL2, with a 19.5-kb Sall
DNA insert (containing hms2012::mini-kan) from KIM6-2012
(Perry et al. 1990). Plasmid pBGL2 (Ap", 4.8 kb) was produced by
excision of a 1.78-kb Bgl/lI fragment from pHC79 (Hohn and Col-
lins 1980). Recombinant plasmid pHMS1 (Km’, 16.4 kb) contains
a 9.1-kb Sau3Al insert from Y. pestis KIM6+ ligated into the
BamH1 site of the low-copy-number cloning vector pLG338
(Stoker et al. 1982). Deletion of EcoR1 or BamHI fragments from
pHMSI resulted in subclones pNPM7 and pNPMS (see Fig. 1).
Plasmid pHMSI1.1 (expressing Cm") was constructed by ligation
of a 9.7-kb HindIII-Sall fragment from pHMSI1 into pACYC184.
Plasmid pHMS1.1 contains the entire insert from pHMS1 plus
about 300 bp of pLG338 DNA at both ends of the insert. Deletion
of a BamHI fragment from pHMS1.1 resulted in pNPM9, while
pNPM11 derives from elimination of a HindII1-Smal fragment
from pHMSI1.1 (see Fig. 1).

Cultivation and labelling of bacterial cells. All bacterial strains
were stored at —20° C in buffered glycerol (Beesley et al. 1967). Y.
pestis cells were grown in liquid heart infusion broth (Difco Labo-
ratories, Detroit, MI) supplemented with 0.2% xylose (HIBX) and
plated on tryptose blood agar base (Difco) plates (TBA). E. coli
strains DH50. and HB101 were grown in Luria broth (LB) and
plated on LB solidified with agar (Difco). Growth of E. coli 2338
cells in LB requires supplementation with diaminopimelic acid,
thymidine, and tryptophan (Jacobs et al. 1986). The CR agar of
Surgalla and Beesley (1969) was used to test for Pgm * and Hms ™
phenotypes. All bacteria harboring antibiotic resistances were cul-
tivated with the appropriate antibiotic at a concentration of 50
ug/ml for kanamycin (Km) or chloramphenicol (Cm). Minicells
were isolated from E. coli %2338 and labelled with [**S]methionine
(ICN Radiochemicals, Irvine, CA) as previously described (Clark-
Curtiss and Curtiss IIT 1983). In surface-labelling experiments,
cells of Y. pestis were grown with aeration (200 rpm setting on a
New Brunswick model G76 gyratory shaker water bath) in defer-
rated PMH. Hemin, MgC1,, and MnSO, supplements were added
after Chelex 100 (Bio-Rad Laboratories, Richmond, CA) treat-
ment of PMH (Dyer et al. 1987). PMH is essentially the chemi-
cally defined TMH medium of Straley and Bowmer (1986) with
glucose substituted for potassium gluconate. At 26°C, growth of
Pgm™ cells in liquid PMH occurs without the severe clumping
observed in several other liquid media (Perry and Brubaker 1979;
unpublished observations). Cells were surface-labelled with %I
(ICN Radiochemicals) using iodobeads (Pierce, Rockford, IL) as
previously described (Armstrong and Parker 1986).

Protein gel electrophoresis. Labelled minicell products were ana-
lyzed on one-dimensional sodium dodecyl sulfate (SDS) gels
(Laemmli 1970) containing 12% (mass/vol.) polyacrylamide, im-
pregnated with En’Hance (New England Nuclear Research Prod-
ucts, Boston, MA) and dried. Extracts from '*I-labelled cells
were analyzed on two-dimensional gels: first by isoelectric focus-
ing (IEF) followed by SDS/PAGE (O’Farrell and O’Farrell 1977).
Molecular mass markers labelled with '*C were purchased from
Bethesda Research Laboratories (BRL, Gaithersburg, MD). Gels
were visualized by exposure to X-Omat AR film (Eastman Kodak
Co., Rochester, NY) at —70°C.

In vitro DNA manipulations. Reactions with DNA restriction en-
donucleases, T4 DNA ligase, DNA polymerase I, or calf intestinal
alkaline phosphatase were performed according to manufactur-
er’s specifications. Genomic DNA from Y. pestis was isolated us-
ing a lysozyme/SDS/proteinase K procedure (Ausubel et al.
1987) and purified by phenol and chloroform extractions. Small-
scale plasmid isolations (Kado and Liu 1981; Birnboim and Doly
1979) were used for rapid plasmid screening. Highly purified plas-
mid DNA was isolated by differential DNA precipitation
(Humphreys et al. 1975) of cleared cell lysates (Birnboim and
Doly 1979). E. coli strains were transformed via a standard CaCl,
procedure (Ausubel et al. 1987). Plasmid DNA was introduced
into Y. pestis cells by electroporation (Dower et al. 1988). Briefly,
late-log-phase cells were harvested, washed once in sterile dis-
tilled, deionized water, and once in sterile 10% (mass/vol.)
poly(ethylene glycol), before resuspension to about 4 x 10 cells/
ml 10% poly(ethylene glycol); 25 pul of this suspension was mixed
with about 2.5 pg plasmid DNA and incubated 20 min on ice
prior to electroporation with a BRL cell-porator. A field strength
of 2 kV/cm (300-V discharge with an electrode gap of 0.15 cm)
with the low resistance (no parallel resistor) and 50-pF settings
were used. Electroporated cells were incubated 1 h in HIBX prior
to plating on the appropriate selective media.

Results and discussion
Isolation and mapping of hms: :mini-kan insertion sites

Recently, Perry et al. (1990) isolated several Y. pestis
mutants containing a mini-kan element inserted into an



hms locus. The mini-kan insertion site was precisely
mapped in one of these mutants from a recombinant
clone (pNPM1) containing a 19.5-kb Sall fragment iso-
lated from KIM6-2012. This fragment contains the
transposon and 17.8-kb of genomic DNA that is del-
eted in spontaneous Pgm ~ strains (Perry et al. 1990).
To map the mini-kan insertion sites of five other Hms
Km" mutants, 15-24-kb Sall genomic DNA fragments
from KIM6-2008, KIM6-2009, KIM6-2011, KIM6-
2024, and KIM6-2027 were separately ligated into the
Sall site of plasmid pBGL2, and transformed into E.
coli HB101 or DH5a. Transformants containing a 19.5-
kb Sall insert encoding Km" were obtained from each
transposon mutant strain and named pNPM2-6.

Figure 1 shows the restriction enzyme and mini-kan
insertion sites which have been mapped within the
17.8-kb Sall genomic fragment. Four inserts lie be-
tween 9.6-11.5 kb on the map and two others lie =~3.8
kb ‘downstream’ between 15.25 and 15.4 kb (Fig. 1).
Using the Sall insert from pNPM1 as a probe. Perry et
al. (1990) isolated a clone, designated pHMSI, from a
library of KIM6+ genomic DNA. The Hms™ pheno-
type is restored when spontaneous Pgm ~ mutant KIM6
carries pHMS1. All six transposon inserts are encom-
passed by the cloned region of pHMS1 (Fig. 1). The
insertion pattern and the complementation data below
suggest at least two separate genetic units reside within
the cloned locus. We broadly define these two regions
as hmsA (=8.7 to =14.1 kb) and hmsB (=~14.1 to
~17.8 kb); (see Fig. 1).

Complementation analysis

In the spontaneous Pgm~ strains KIM6 and Kuma,
pHMST1 restored temperature-dependent expression of
the Hms* phenotype. When introduced separately into
KIMG6, subclones pNPM7, pNPMS8, and pNPM11 did
not complement this strain’s defect in hemin storage,
indicating that both hms4 and hmsB are required for
the Hms™* phenotype. Since pNPM7 and pNPM8 ex-
press Km’, these plasmids could not be used to perform
complementation testing in the Km® transposon mu-
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tants. Consequently, Cm’ subclones pNPM9 and
pNPM11 were constructed. Plasmid pNPM11 restored
temperature-dependent hemin storage in mutants with
inserts lying within the hmsA4 region (i. e. KIM6-2012,
KIM6-2027, KIM6-2009, and KIM6-2011). As ex-
pected, neither pNPM11 nor pNPM9 complemented
mutations in the AmsB region (KIM6-2024 and KIM6-
2008). Interestingly, subclone pNPM9 complemented
KIM6-2012, KIM6-2027, and KIM6-2009, but not
KIM6-2011 indicating that the region between 11.9-
14.1 kb is necessary for complementation in this mu-
tant. Both the mini-kan insertion pattern and comple-
mentation results suggest that functional Ams4 and
hmsB regions are essential for expression of hemin stor-
age.

Although both regions could be transcribed onto a
single mRNA of 6 kb or more, the simplest interpreta-
tion is that AimsA and AmsB encode separate transcripts.
In addition, the complementation results with KIM6-
2011 harboring pNPM9 suggest that the hmsA region
contains more than one structural gene and could en-
code two or more separate transcripts.

Expression of pHMS 1-encoded polypeptides in E. coli
minicells

The **S-labelled peptide profiles of E. coli %2338 mini-
cells harboring either pHMS1 or the cloning vector
pLG338 are compared in Fig. 2. The 9.1-kb Ams region
encoded at least three polypeptides with molecular
masses of 90, 72, and 37 kDa (Fig. 2, lane 3). At 26°C,
the 90 kDa peptide was not detected although both the
72-kDa and 37-kDa proteins were expressed at this
temperature (Fig. 2, lane 1). Labelling at 37°C also re-
sulted in increased expression of a 29-kDa peptide
which could be encoded on the insert. Alternatively,
this insert could cause over-expression of a pLG338
structural gene at 37° C. Note that the 72-kDa polypep-
tide corresponds in size to a family of Pgm™-specific
products which include iron-repressible polypeptides
IrpB-E (69.1-65.1 kDa) as well as peptide F (72.8 kDa)
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location of restriction sites (in kb)
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Fig. 2. Autoradiogram of plasmid-encoded **S-labelled polypep-
tides from E. coli ¥2338. Minicells of 32338 (pHMS1) were la-
belled at 26° C (lane 1) or 37° C (lane 3). Lane 2 shows polypep-
tides expressed at 37° C by pLG338. Lanes 1-3 contain 40000 cpm
338 precipitable by trichloroacetic acid. Lane 4 contains BRL "C-
labelled molecular mass markers with the indicated molecular
masses (in kDa). The numbers on the left denote molecular
masses of pHMS1-encoded polypeptides

which was described as a possible hemin-storage com-
ponent (Sikkema and Brubaker 1989).

The role of these pHMSIl-encoded peptides in
hemin storage is unclear. In E. coli, none are preferen-
tially expressed at 26°C (Fig. 2, lanes 1 and 3) and
pHMSI1 does not convert E. coli strains %2338, HB101,
or DH5a to an Hms™* phenotype (data not shown). Al-
though the reason for this is not known, it is possible
that the genes encoding proteins necessary for hemin
storage were not expressed in E. coli. However, E. coli
HB101 harboring the intact Ler plasmid, pCD1, does
not display an Lcr™ phenotype (R. D. Perry and S. C.
Straley, unpublished observations) even though low-
level unregulated expression of Y. pestis Ler genes does
occur in E. coli minicells (Perry ¢t al. 1986; Price and
Straley 1989). These observations suggest that strains of
E. coli may express Y. pestis polypeptides without con-
version to the appropriate physiological phenotype.
Consequently, we attempted to identify Hms *-specific
surface polypeptides to compare with those expressed
in minicells.

Identification of Hms™ -linked polypeptides

Cells of Y. pestis KIM6+, KIM6-2012, KIM6, and
KIM6 (pHMS1) were acclimated to growth at 26° C or
37° C by serial transfer for approximately eight genera-
tions in deferrated PMH supplemented with 20pM
hemin. Acclimated cells were transferred to fresh media
and mid-log-phase cells were then harvested, surface-

labelled with '*°I, and subjected to two-dimensional gel
electrophoresis. KIM6 + cells grown at 26° C contained
unique polypeptides in four regions (spots A-D in Fig. 3
A) that were not detected in the spontaneous Pgm ™
mutant KIM6 (Fig. 3D). With the exception of spot C,
each region may represent three or more unique poly-
peptides or different isoelectric forms of the same poly-
peptide. Comparison of KIM6+ and the Hms ™ trans-
poson mutant KIM6-2012 shows both quantitative and
qualitative differences. KIM6-2012 exhibits lower ex-
pression of spot C and region D. In addition, several
discrete spots in regions A, B, and D may be absent in
KIM6-2012 (Fig. 3, A and C). Finally, introduction of
pHMSI1 into KIM6 causes over-expression in regions
A, B, and C while expression of polypeptides in region
D is not restored. Molecular mass measurements of
these proteins from one-dimensional SDS/polyacryl-
amide slab gels (data not shown) indicate that polypep-
tides in regions A and B have a molecular mass of ~ 87
kDa while region ¢ and D polypeptides are =~ 68-73
kDa. These proteins are similar in size to the minicell
polypeptides (Fig. 2); however it is uncertain which, if
any, of the peptides in Figs. 2 and 3 correspond to pre-
viously identified Pgm™-specific peptides (Sikkema
and Brubaker 1989, Straley and Brubaker 1982).

At 37°C, ""I-surface-labelling of proteins in re-
gions A, ¢, and D in KIM6+ is much lower than at
26°C (compare Fig. 3A with Fig. 4A). Thus loss of
hemin storage at 37° C may be due to under-expression
of Hms-specific surface peptides. While region B poly-
peptides are expressed in KIM6 cells grown at 37°C,
regions A, C and D are not expressed in these cells (Fig.
4B). Both KIM6+ and KIMS6 cells express peptide E at
37°C (Fig. 4); although not apparent in Fig. 3 (A and
D), low-level expression of peptide E does occur at
26° C. Only KIM6-2012 cells over-express peptide E at
26° C (Fig. 3C).

The polypeptide expression patterns exhibited in
Figs. 3 and 4 are too complex to identify a single poly-
peptide as essential for hemin storage; indeed, expres-
sion of this phenotype may require an array of outer-
membrane proteins. However, the absence of region D
in KIM6 (pHMS1) cells and the presence of region B in
KIMS6 cells grown at 37° C suggest that these polypep-
tides may not be involved in hemin storage. Finally, the
over-expression of A and C peptides by KIMé6
(pHMS1) provides the strongest evidence for their in-
volvement in hemin storage.

Function of the Hms™ phenotype

We have used the term ‘hemin storage’ to refer to the
physiological trait of pigmented colony formation at
26° C in the presence of excess hemin or Congo red. A
similar Congo-red-binding phenotype (CR ™) has been
described in E. coli (Berkhoff and Vinal 1985), Neisseria

" meningitidis (Payne and Finkelstein 1977), V. cholerae

(Payne and Finkelstein 1977), Y. enterocolitica (Prpic et
al. 1983), Aderomonas salmonicida (Kay et al. 1985), and
several species of Shigella (Daskaleros and Payne 1987;
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Payne and Finkelstein 1977). Only Y. pseudotuberculosis
(described as having highly variable pigmentation: Bur-
rows 1973), A. salmonicida (Kay et al. 1985), S. flexneri,
and enteroinvasive E. coli (Daskaleros and Payne 1987;
Stugard et al. 1989) have been shown to ‘bind’ hemin.
The physiological characteristics and regulation of
CR™* expression do not match the Pgm ™ or Hms ™ phe-
notype of Y. pestis, leaving the degree of functional and
genetic similarities among these systems unresolved.
The function of the Hms™* phenotype in Y. pestis is
unknown. A CR™* phenotype increases the ability of §.
flexneri to invade and infect HeLa cells (Daskaleros
and Payne 1987; Stugard et al. 1989). Thus, hemin mol-
ecules on the surface of the organism may facilitate its
uptake by eucaryotic cells. Alternatively, since iron can
inhibit a variety of nonspecific host defenses (van As-
beck and Verhoef 1983), an array of surface hemin mol-
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Fig. 3. Autoradiograms of cell extracts from
121-surface-labelled Yersinia pestis cells
cultured at 26° C in PMH supplemented

- with 20 pM hemin and separated on
two-dimensional gels. (A-D) Analysis of
125].1abelled material precipitable by
trichloroacetic acid (100000 cpm each) from
strains KIM6+, KIM6 (pHMS1),
KIM6-2012, and KIMS6, respectively. Letters
in A (A-D) indicate regions referred to in
the text

ecules may serve this function. In Y. pestis, the expres-
sion of the Hms ™ phenotype during growth in the hem-
in-rich environment of the flea gut may allow the stor-
age of hemin for later use as a nutritional source of iron
in mammals.

Spontaneous Pgm~ mutants of Y. pestis are aviru-
fent (Jackson and Burrows 1956b; Une and Brubaker
1984). Our studies have shown that this mutation is
caused by a massive deletion of at least 18 kb of chro-
mosomal DNA (Perry et al. 1990). Since this mutation
affects the expression of the pesticin receptor (Bru-
baker 1969; Sikkema and Brubaker 1987), iron-repressi-
ble peptides (Sikkema and Brubaker 1989), Pgm *-spe-
cific peptides (Sikkema and Brubaker 1989; Straley and
Brubaker 1982), and Hms™-specific peptides (this
study), the role of each of these physiological traits in
the virulence of plague remains to be determined.



46

IEF —=
BA : ’ <A B 8
> - - -
4 5 *‘ :
@ -
5 e -_—-
E.
& -
o o —

Genetic organization and regulation of the hms locus

We have identified two essential regions (hms4 and
hmsB) in a locus necessary for the expression of hemin
storage in Y. pestis. This hAms locus may contain two or
more separate transcriptional units as indicated by
complementation studies as well as by analysis of sur-
face proteins present in KIM6+4, KIM6, KIM6
(pHMS1) and KIM6-2012.

KIM6-2012 and KIM6 + appear to differ primarily
in the amount of Hms-specific polypeptides present on
the cell surface. One interpretation of this result is that
the KIM6-2012 min-kan insert lies within a positive
regulatory element necessary for the expression of
hemin storage. Furthermore, the over-expression of
peptide E in KIM6-2012 cells grown at 26° C suggests
that the putative regulatory gene may negatively regul-
ate the structural gene for this protein. Over-expression
of proteins in regions A, B, and c by KIM6 (pHMS1)
suggests that this clone might contain Hms structural
genes as well as the putative regulatory gene disrupted
in KIM6-2012. Whether the Hms~ phenotypes of the
three other mutants with mini-kan inserts in hmsA are
due to disruption of a regulatory or structural gene is
undetermined. While these results are suggestive of reg-
ulation at the transcriptional or translational level, we
have not ruled out regulation at the level of proper as-
sembly on the cell surface.
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