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Mutationss in MVK cause hyperimmunoglobulinemia D and periodic fever syndrome 

Hyperimmunoglobulinaemiaa D and periodic fever  syndrome (HIDS; MI M 260920) is an 
autosomall  recessive disorder  characterized by recurrent episodes of fever  associated 
withh lymphadenopathy, arthralgia , gastrointestinal distress and skin rash [1, 2]. 
Diagnosticc hallmark of HIDS is a constitutively elevated level of serum immunoglobulin 
DD (IgD) although patients have been reported with normal IgD levels [2]. To determine 
thee underlying defect in HDDS, we analyzed urine of several patients and discovered 
increasedd concentrations of mevalonic acid during severe episodes of fever, but not 
betweenn crises. Subsequent analysis of cells from four  unrelated HDDS patients revealed 
reducedd activities of mevalonate kinase (MK ; encoded by the gene MVK), a key enzyme 
off  isoprenoid biosynthesis. Sequence analysis of MVK cDNA from the patients identified 
threee different mutations, one of which was common to all patients. Expression of the 
mutantt  cDNAs in Escherichia coli showed that all three mutations affect the activity of 
thee encoded proteins. Moreover, immunoblot analysis demonstrated a deficiency of MK 
proteinn in patients fibroblasts, indicating a protein-destabilizing effect of the mutations. 

Wee performed organic acid analysis of urine and plasma from an 18-year-old patient obtained 
duringg a severe episode of fever and noticed increased concentrations of mevalonic acid 
(patientt 1; Tables 1 and 2). This patient had suffered from recurrent episodes of fever 
associatedd with clinical signs characteristic of HIDS since the age of 16 months, although he 
neverr displayed elevated serum IgD levels. We therefore examined two additional patients 
clinicallyy diagnosed with HIDS (patients 2 and 3; Table 1). These patients also showed 
increasedd concentrations of mevalonic acid in their urine during, but not between episodes of 
feverr (Table 2). 

Tablee 1. Clinical features of the four HIDS patients, HIDS and mevalonic aciduriaa. 
Clinicall  features Patient number HIDSb Mevalonic aciduria0 

Recurrentt fevers 
Lymphadenopathy y 
Skinn lesions/rash 
Abdominall  pain/diarrhea 
Arthralgia a 
Psychomotorr retardation 
Failuree to thrive 
Hypotonia/myopathy y 
Ataxia/cerebellarr atrophy 
Hepatomegaly y 
Cataracts s 
Dysmorphicc features 
Agee of onset (months) 
Serumm IgD (U/ml) Min. 
Serumm IgD (U/ml) Max. 

a+,, present; ++, moderate; +++, 

1 1 
+ + 
+ + 
+ + 
+ + 
+ + 

--
--
+ + 
--
+ + 
--

--
16 6 
12 2 
32 2 

severe e 

2 2 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
--
--
--
--
--
--
3 3 

960 0 
4244 4 

3 3 
+ + 
+ + 
+ + 
+ + 
+ + 
--
--
--
--
--
--
--
7 7 

222 2 
350 0 

,, -, absent; ?, 

4 4 
++ + 
++ + 
++ + 
++ + 
++ + 
--
--
--
--
++ -
--
--
15 5 
477 >100 
192 2 

+ + 
+ + 
+ + 
+ + 
+ + 

+/+++ + 
+/+++ + 
-/++ + 

-/+++ + 
-/+ + 
-/+ + 
-/+ + 

? ? 

unknown.. bAdapted from [2]. cAdapted 
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Thee increased concentrations of mevalonic acid suggested a defect in the metabolism of 
mevalonate,, which is the physiological substrate of MK. This dimeric protein, reported to be 
localizedd in both cytosol and peroxisomes [3], is a key enzyme of isoprenoid biosynthesis and 
catalysess the phosphorylation of mevalonate to produce 5-phosphomevalonate [4]. We found 
reducedd activity of MK in lymphocytes of four HIDS patients (1.3-3.2% of the mean activity 
inn control lymphocytes; Table 2). Analysis of lymphocytes of the parents of patients 1, 2 and 
33 showed intermediate MK activities (22-46% of the mean activity in control lymphocytes), 
indicatingg heterozygosity for the defect. This is in accordance with the presumed autosomal 
recessivee inheritance of HIDS. 

Thee combination of deficient MK activity and increased concentrations of excreted 
mevalonicc acid are also characteristic for mevalonic aciduria (MTM 251170), a rare and 
severee progressive, multi-systemic disorder associated with periodic fever and caused by 
mutationss in MVK [5-8]. In mevalonic aciduria patients, however, the excretion of mevalonic 
acidd is constitutive and much higher than observed in HIDS patients. To determine the 
relationshipp between HIDS and mevalonic aciduria, we measured the MK activities in 
culturedd skin fibroblasts from HIDS patients 1, 2 and 3, and from 2 patients with mevalonic 
aciduria.. We detected virtually no MK activity in cells of mevalonic aciduria patients (0.2% 
residuall  activity), whereas there was some activity in cells of HIDS patients (0.8-3.6% of the 
meann activity in control fibroblasts). 

Tablee 2. Biochemical data and mutations of HIDS patients and their relatives 
Individual l 

controll  subjects 
HIDSS patient 1 

Mother r 
Father r 
Sister r 
Brother r 
HIDSS patient 2 

Mother r 
Father r 
HIDSS patient 3 

Brother r 
Father r 
HIDSS patient 4 

Urinary y 
mevalonicc acida 

0.08-0.3 3 
8.3-9.6 6 

ND D 
ND D 
ND D 
ND D 
6.4 4 

ND D 
ND D 
5.3-27.8 8 

ND D 
ND D 
ND D 

MKK activity in 
lymphocytesb b 

0 0 
2.0(2.1%) ) 

21.11 (22%) 
44.00 (46%) 
30.55 (32%) 
117(122%) ) 
1.3(1.2%) ) 

24.11 (25%) 
38.77 (41%) 
1.9(2%) ) 

31.0(33%) ) 
25.44 (27%) 
3.33 (3.4%) 

Mutation n 

--
59A>C C 
1129G>A A 
59A>C C 
1129G>A A 
1129G>A A 
noo mutation 
59A>C C 
1129G>A A 
ND D 
ND D 
803T>C C 
1129G>A A 
ND D 
ND D 
1129G>A A 

Codingg effect 

--
H20P P 
V377I I 
H20P P 
V377I I 
V377I I 
--
H20P P 
V377I I 
--
--
I268T T 
V377I I 
--
--
V377I I 

ammol/moll  creatinine, pmol/min/mg protein. ND, not determined. 

Sequencee analysis of RT-PCR-amplified MVK cDNAs identified the same 1129G>A 
mutationn in all HIDS patients (Table 2). Patients 1-3 were compound heterozygous for this 
mutationn and an additional mis sense mutation, whereas patient 4 was homozygous for the 
1129G>AA mutation. It cannot be excluded at present, however, that patient 4 is a compound 
heterozygotee for this mutation and a second mutation that produces an unstable mRNA. The 
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1129G>AA mutation changes the valine at position 377 of the MK amino acid sequence [7] to 
ann isoleucine (V377I). Comparison of the human MK amino acid sequence with sequences of 
ratt and mouse MK (82% and 81% identity with human MK, respectively) revealed that this 
valinee is fully conserved (data not shown). Nevertheless, to exclude that this relatively mild 
conversionn was due to a common polymorphism, we analyzed MVK cDNAs of 24 control 
subjects,, including 15 subjects of Dutch origin, for the presence of this V377I allele. None 
carriedd the mutant allele. The 2 additional missense mutations identified in patients 1 and 2 
(59A>C)) and in patient 3 (803T>C) change the histidine at position 20 to a proline (H20P) 
andd the isoleucine at position 268 to a threonine (I268T), respectively. All three mutations 
differr from the two mutations previously reported to cause mevalonic aciduria (N301T and 
A334T)[7,, 8]. The autosomal recessive nature of the disorder was confirmed by the 
heterozygouss presence of 1 of the 2 mutations of patient 1 in MVK cDNA of his symptom-
freee parents and sister (Table 2), and fits with the reported location of MVK on chromosome 
122 [7]. 

WTT l | 

V377II  ~R 

I268TT F ] 

H20P P 
11 1 1 1 1 

0%% 20% 40% 60% 80% 100% 

Percentagee residual MK activity 

Figuree 1. Expression of MVK cDNAs in E. coli. The coding sequences of wild-type and mutant MVK cDNAs 

weree amplified by RT-PCR and expressed as a fusion with glutathione S-transferase (GST) in E. coli. MK 

enzymee activities were measured in E. coli lysates and normalized for GST enzyme activities to correct for 

differencess in expression. MK/GST activity ratios of the mutant fusion proteins are presented as the percentage 

off  the mean ratio of wild-type fusion protein. The results are the mean of four independent measurements. 

Thee identification of the same V377I allele in the 4 unrelated HIDS patients suggests 
thatt this allele is responsible for the presentation of HIDS. Furthermore, the residual MK 
activityy measured in cells of these patients suggests that the V377I allele produces a mutant 
MKK protein with either reduced activity or stability, or both. Therefore, we examined the 
effectt of the different mutations on MK activity by expressing wild-type and mutant proteins 
fusedd to glutathione S-transferase (GST) in E. coli. It had been previously shown that this 
fusionn stabilizes the MK enzyme and does not change its kinetic properties compared with 
MKK purified from liver [8]. An additional advantage of this approach is that the MK activities 
cann be normalized for the activities of GST to allow direct comparison between wild-type and 
mutantt enzymes. Enzyme measurements in E. coli lysates showed that both H20P and I268T 
mutationss have an effect on the activity of the respective MK proteins (Fig. 1). The V377I 
mutationn also causes a decrease in the MK activity, but the relative residual activity was still 
approximatelyy 10-fold higher than the activity measured in cells of HIDS patients. When we 
performedd immunoblot analysis of fibroblast lysates of the patients, however, we did not 
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detectt MK protein, whereas it was visible in lysates of control fibroblasts (Fig. 2). These 
resultss indicate that although the V377I mutation has some effect on enzyme activity, it 
predominantlyy affects the stability of the MK protein. 
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Figuree 2. Immunoblot analysis of fibroblast lysates of HIDS patients. Cell lysates of cultured skin fibroblasts of 

33 control subjects and HIDS patients 1, 2 and 3 were resolved by SDS-PAGE (100 ug of total protein per lane), 

blottedd onto nitrocellulose and analysed with a polyclonal antibody against human MK. For reference, a liver 

celll  lysate from a control subject (40 ug of total protein) is included. 

Ourr results indicate that HIDS is the consequence of a reduced but not completely 
deficientt activity of mevalonate kinase and therefore may be considered as a mild presentation 
off  mevalonic aciduria. This also is apparent when the clinical features associated with HIDS 
aree compared with those associated with mevalonic aciduria (Table 1). The fact that one of 
thee HIDS patients did not have an elevated level of serum IgD indicates that this elevation, 
whichh is often associated with HIDS, is an epiphenomenon. 

Thee unexpected discovery of a metabolic defect in isoprenoid biosynthesis in patients 
withh periodic fever and a dysregulation of their immune system creates new challenges for the 
understandingg and elucidation of the processes underlying periodic fever or fever in general. 
Isoprenoidss are important intermediates in the generation of several classes of compounds, 
includingg sterols, dolichol, ubiquinone and prenylated proteins, which are involved in a 
varietyy of cellular processes such as cell growth and differentation, glycosylation, signal 
transductionn and electron transport [4]. It is unclear, however, which of these processes are 
linkedd to the pathogenesis of HIDS or to other syndromes associated with periodic fever such 
ass systemic juvenile rheumatoid arthritis, familial Mediterranean fever and familial Hibernian 
feverr [9]. 

Methods s 
Patients Patients 
Alll  patients used in this study were unrelated to each other and of Dutch origin, except for 
patientt 3 who had a father of Indonesian origin. Patients 1-3 were male and patient 4, female. 
Thee diagnosis of HIDS was based on clinical signs and, except for patient 1, elevated serum 
IgDD levels (Table 1). 
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MevalonicMevalonic acid measurements 
Wee determined concentrations of mevalonic acid in urine and plasma by stable isotope 
dilutionn gas chromatography-mass spectrometry of the trimethylsilyl ether esters using 
2H7-mevalonolactonee (C/D/N Isotope) as an internal standard [10]. 

EnzymeEnzyme assays 
MKK was measured using 14C-labeled mevalonate as substrate [11]. Gluthione S-transferase 
activityy was assayed on a spectrophotometer at 335 nm by measuring the formation of the 
conjugatee of glutathione and l-chloro-2,4-dinitrobenzene [12]. 

MutationMutation analysis of human MVK cDNA 
Wee prepared first strand cDNA from total RNA isolated from lymphocytes or fibroblasts as 
describedd [13]. Two sets of MVK-specific primers with -21M13 or M13rev extensions were 
usedd to amplify MVK cDNA in two overlapping fragments by RT-PCR. We sequenced PCR 
fragmentss in both directions by means of -21M13 and M13rev fluorescent primers on an ABI 
377AA automated DNA sequencer according to the manufacturer's protocol (Perkin-Elmer). 

ExpressionExpression of MVK cDNAs in E. coli 
Thee coding sequences of wild-type and mutant MVK cDNAs were amplified by PCR, cloned 
inn frame with the coding sequences of gluthathione S-transferase in pGEX-4T (Pharmacia) 
andd sequenced to exclude Taq polymerase-introduced errors. E. coli DH5a cells were 
transformedd with the resulting expression plasmids, induced for 2 hours with isopropyl-fi-D-
thiogalactosidee (2 mM) and subsequently lysed by sonication. 

AntibodyAntibody preparation and immunoblot analysis 
AA synthetic peptide corresponding to aa 76-90 of human MK [7] was conjugated with keyhole 
limpett hemocyanin and used to produce antibodies in a rabbit (Eurogentech). We affinity 
purifiedd crude "antiserum Tm a column containing MK-GST coupled to cyanogen bromide 
sepharosee (Pharmacia). For immunoblot analysis, we used the affinity-purified antibodies 
(1:100)) and visualized antigen-antibody complexes using anti-IgG-alkaline phosphatase 
conjugate. . 
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